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Abstract
Background: Activated factor IX (FIXa) is an inefficient enzyme that needs ac-
tivated factor VIII (FVIII) for full activity. Recently, we identified a network of 
FVIII-driven changes in FIXa employing hydrogen-deuterium eXchange mass spec-
trometry (HDX-MS). Some changes also occurred in active-site inhibited FIXa, but 
others were not cofactor-driven, in particular those within the 220-loop (in chymot-
rypsin numbering).
Objective: The aim of this work is to better understand the zymogen-to-enzyme tran-
sition in FIX, with specific focus on substrate-driven changes at the catalytic site.
Methods: Footprinting mass spectrometry by HDX and Tandem-Mass Tags (TMT) la-
belling were used to explore changes occurring upon the conversion from FIX into 
FIXa. Mutagenesis and kinetic studies served to assess the role of the 220-loop.
Results: HDX-MS displayed remarkably few differences between FIX and FIXa. In 
comparison with FIX, FIXa did exhibit decreased deuterium uptake at the N-terminus 
region. This was more prominent when the FIXa active site was occupied by an ir-
reversible inhibitor. TMT-labelling showed that the N-terminus is largely protected 
from labelling, and that inhibitor binding increases protection to a minor extent. 
Occupation of the active site also reduced deuterium uptake within the 220-loop 
backbone. Mutagenesis within the 220-loop revealed that a putative H-bond network 
contributes to FIXa activity. TMT labeling of the N-terminus suggested that these 
220-loop variants are more zymogen-like than wild-type FIXa.
Conclusion: In the absence of cofactor and substrate, FIXa is predominantly zymogen-
like. Stabilization in its enzyme-like form involves, apart from FVIII-binding, also inter-
play between the 220-loop, N-terminus, and the substrate binding site.
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1  |  INTRODUC TION

Factor IX (FIX) is an essential constituent of the coagulation cas-
cade, which is characterized by the sequential conversion of inac-
tive zymogens into active serine proteases.1,2 Apart from FIX, other 
zymogens in the cascade include FVII, FX, and prothrombin. These 
are the precursors of their active counterparts FIXa, FVIIa, FXa, and 
thrombin, respectively. As members of the chymotrypsin superfam-
ily of serine proteases, they require limited proteolysis for activation. 
Proteolysis at the N-terminal region of the catalytic domain exposes 
a novel N-terminus, which refolds into the protease domain and 
thereby stabilizes the catalytic site.3-5 The FIX zymogen circulates as 
a single-chain molecule. It comprises a γ-carboxyglutamic acid-rich 
domain (Gla domain) at the N-terminus, followed by two epidermal 
growth factor (EGF)-like domains (EGF1 and EGF2), a glycosylated 
activation peptide, and the protease domain at the C-terminus.6-8 
FIX is converted into FIXa by FVIIa or activated factor XI (FXIa).6 
Activation involves the release of the glycosylated activation pep-
tide by two subsequent steps, at Arg145 and Arg180. This results a 
two-chain molecule, a light chain of amino acids 1 to 145 (the Gla-
EGF1-EGF2 section), and a heavy chain of residues 181 to 415. The 
latter represents the serine protease domain, with Val181{16CT} as 
the N-terminus (subscript CT denotes chymotrypsin numbering).

As with other serine proteases, the catalytic domain of FIX dis-
plays a dual antiparallel β-barrel architecture, in which the interface 
between the β-barrel domains encloses the catalytic center and 
the substrate recognition pockets.3,5 Apart from these common 
structural elements, the β-barrels carry eight surface loops that are 
variable between individual serine proteases. These loops provide 
insertions that protrude from the protein core, and support unique, 
protease-specific interactions, or more general allosteric events.9 
The latter includes the 70-loopCT, which provides a Ca2+-binding site 
that plays an allosteric role in FVIIa, FIXa, and FXa.10-12 Similarly, the 
220-loopCT, together with the 180-loopCT, comprises a Na+-binding 
site that contributes to the catalytic activity of thrombin, FXa, and, 
to a lesser extent, of FIXa.13-15 More specific allosteric changes in 
these proteases are driven by assembly with their natural cofactors, 
such as in the tissue factor (TF)-FVIIa complex, and in the complex 
of FIXa with activated factor VIII (FVIIIa).16,17

It has been well established that FIXa displays low intrinsic ac-
tivity, and needs assembly with its cofactor FVIIIa on phospholipid 

membranes to develop its full enzymatic potential.18,19 Obviously, 
the generation of the novel N-terminus, and the putative insertion 
thereof into the catalytic site, is insufficient to fully activate FIX. 
Although in chymotrypsin limited proteolysis alone seems suffi-
cient to drive the protease domain into the fully active state, the 
coagulation proteases display a more complex zymogen to prote-
ase transition.20-22 Structural information and rapid kinetics have 
established that thrombin, despite being fully activated in terms of 
proteolytic processing, can adopt both protease-like and zymogen-
like forms, which are in dynamic equilibrium. This includes the dis-
tinction between “fast” and “slow” thrombin, or in more general 
terms, between zymogen-like enzymes and enzyme-like zymo-
gens.23 As for the zymogen/enzyme pair FVII/FVIIa, hydrogen/
deuterium exchange mass spectrometry (HDX-MS) studies have 
demonstrated that FVII and FVIIa share the same solution struc-
ture, whereas the transition of FVIIa into a protease-like confor-
mation is driven either by assembly with its cofactor TF, or by the 
incorporation of an irreversible inhibitor into the active site.16 This 
raises the question as to whether FIXa, despite being proteolyti-
cally activated, could be predominantly zymogen-like, thus explain-
ing its low enzymatic activity.

We recently explored FVIII-driven changes in FIXa by HDX-MS, 
and observed a variety of allosteric changes, suggesting an overall 
rigidification of the FIXa catalytic domain upon FVIIIa binding.17 
Cofactor-induced changes proved to overlap partially with those 
because of the occupation of the substrate-binding site by an ac-
tive site-directed inhibitor. Moreover, occupation of the S1 pocket, 
but not cofactor binding, induced changes in the 220-loopCT, re-
flecting a specific linkage between this loop and maturation of 
the active site.15,17 Although this implies that FIXa requires both 
active site occupation and cofactor binding to develop its full 
catalytic potential, it remains unclear to what extent free FIXa is 
enzyme or zymogen like. In the present paper, we address this 
question by comparing the FIX zymogen, FIXa, and inhibitor-
bound FIXa, with particular reference to the interplay between the 
220-loopCT and the N-terminus Val181{16CT} of the protease do-
main. Employing HDX-MS combined with tandem-mass tag (TMT) 
studies, site-directed mutagenesis, and functional analysis, we ob-
served that FIXa is predominantly zymogen-like, but does display 
a few enzyme-like properties that are inherent to its proteolytic 
activation.

Essentials

•	 Activated Factor IX (FIXa) is a poor enzyme that needs factor VIII-driven stabilization for ef-
ficient catalysis.

•	 Mass spectrometry reveals that the protease domain of FIXa is predominantly zymogen-like.
•	 The active conformation involves interplay between the 220-loop N-terminus and 

substrate-binding.
•	 The full catalytic potential of FIXa requires both cofactor- and substrate-driven structural 

changes.
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2  |  MATERIAL S AND METHODS

2.1  |  Materials

Chromogenic substrate CH3SO2-(D)-CHG-Gly-Arg-pNa 
(Pefachrome FIXa) was obtained from Pentapharm and S-2765 
containing the thrombin inhibitor I-2581 was from Chromogenix. 
H-Glu-Gly-Arg-chloromethylketone (EGRck) was from Bachem. 
Calcium chloride 1  M solution and deuterium oxide 99.9% were 
from Sigma-Aldrich. Ultrapure urea, Molecular Biology grade 5 M 
NaCl solution, and Tris-HCl were from Invitrogen. Chicken egg L-α-
phosphatidylcholine (PC) and porcine brain L-α-phosphatidylserine 
were from Avanti Polar Lipids Inc. N-2 hydroxyethylpiperazine-N’-
ethanesulfonic acid (HEPES) was from Serva. Tris(2-carboxyethyl)
phosphine hydrochloride, the TMTduplex Isobaric Tagging 
kit, Zeba Spin columns (7  K, 0.5  mL), and chymotrypsin were 
from Thermo Scientific. All other chemicals were from Merck 
(Darmstadt, Germany).

Images of crystal structures were processed in PyMol v2.4 sup-
plied by Schrӧdinger. Peaks 7.0 software was used for peptide iden-
tification was from Bioinformatics Solution Inc. Deuteration level 
percentages were calculated using HDeXaminer 2.2.0 software 
(Sierra Analytics).

2.2  |  Proteins used in this study

FIX variants with amino acid substitutions E387A{217CT}, 
E388A{219CT}, or K394A{224CT} were constructed by site directed 
mutagenesis in a pcDNA3.1(-) vector encoding wild-type FIX.24 
Mutagenesis was performed using the QuikChange kit (Agilent 
Technologies, Amstelveen, the Netherlands) using appropriate prim-
ers. Mutagenesis was verified by sequencing of the FIX encoding 
parts on the mutant plasmids. Transfection of HEK293 cells and 
production of recombinant FIX variants were performed essentially 
as described elsewhere.24 Immunopurification using a monoclonal 
antibody directed against the Gla domain (CLB-FIX 11),25 subse-
quent activation, and quantification of recombinant FIX variants 
have been described elsewhere.24,26 Human plasma-derived FIX was 
obtained as immunopurified concentrate (Nonafact, Sanquin Plasma 
Products), which was further processed by hydrophobic interaction 
chromatography (Toyopearl-Phenyl 650  M, Tosoh Bioscience) and 
concentrated by anion exchange chromatography (Q-Sepharose, GE 
Healthcare, Eindhoven, the Netherlands). Plasma-derived FIX was 
activated using FXIa. FIXa was purified from the activation mixture, 
and quantified by active-site titration as described.26 Active site-
inhibited FIXa (FIXaEGR) was prepared by incubation of plasma-
derived FIXa (66.5  µM) with EGRck (4  mM) for 45  min at 37°C. 
Excess of EGRck was removed by anion exchange chromatography 
employing Q-Sepharose as outlined previously.24 FIXaEGR was 
quantified by the Bradford method.27 Purified FIX and recombinant 
FIX variants were stored in 20 mM HEPES (pH 7.4) 150 mM NaCl at 
−30°C. FIXa, FIXaEGR, and FIXa variants were stored at −20°C in a 

buffer containing 20 mM HEPES (pH 7.4), 150 mM NaCl and 50% 
(v/v) glycerol.

B-domain-deleted recombinant FVIII was purified with VK34 
monoclonal antibody28 and stored at −20°C in 20 mM HEPES (pH 
7.4), 800 mM NaCl, 10 mM CaCl2, and 50% (v/v) glycerol. α-thrombin 
and FX were obtained as described elsewhere.29-31 FXIa was from 
Enzyme Research Laboratories and human serum albumin (HSA) 
from Sanquin Plasma Products.

2.3  |  Enzymatic activity of recombinant 
FIX variants

Activity of wild-type recombinant FIXa, FIXaE387A{217CT}, 
FIXaE388A{219CT} and FIXaK394A{224CT} (150  nM) toward the 
substrate CH3SO2-(D)-CHG-Gly-Arg-pNa (0-5 mM) was assessed in 
50 mM Tris (pH 7.4), 100 mM NaCl, 5 mM CaCl2, and 0.2% HSA at 
37°C as described.24 Activity toward FX was determined in presence 
of phospholipids (50% PS/50% PC vesicles prepared as described28) 
and varying concentrations of FX in a buffer containing 50  mM 
Tris (pH 7.4), 150 mM NaCl, 10 mM CaCl2, and 0.2% HSA at 37°C. 
FXa formation was quantified using S-2765/I-2581 as described.24 
Kinetic constants for amidolytic activity and FX activation were cal-
culated using the Michaelis-Menten equation to obtain Km and kcat 
values.

2.4  |  Hydrogen/deuterium exchange studies

Plasma-derived FIX, FIXa, or FIXa-EGR (0.03  mM) were prein-
cubated in a buffer containing 200 mM Hepes, 1500 mM NaCl, 
and 50 mM CaCl2 (pH 7.1). Proteins were then diluted 10-fold 
in D2O at 24°C and incubated for 10, 50, 100, 500, 10 000, and 
50  000 seconds using an automated sampling handling robot 
(LEAP technologies, Morrisville, NC).32 HDX was quenched add-
ing an equal volume of 1.25  M tris(2-carboxyethyl)phosphine 
hydrochloride, 2 M urea (pH 2.5) at 4°C. Further processing of 
in-line digestion into peptides and liquid chromatography was 
done at 4°C. Pepsin digestion was performed by passage of 
the samples over a Poroszyme Immobilized Pepsin Cartridge 
(Thermo Scientific) using isocratic flow of 0.1% formic acid with 
5% acetonitrile at 100  µl/min for 5  min. Generated peptides 
were collected on an ethyl-bridged hybrid C18 1.7 µm VanGuard 
precolumn (Waters). Following 30 s of washing, the precolumn 
was switched in line with a Hypersil GOLD C18 analytic col-
umn (3 µm, 1 × 30 mm, Thermo Scientific). Mass spectrometry 
analysis was performed as described17 with the exception that 
peptides were separated using a 12-minute gradient going from 
8% to 40% of a mobile phase of 0.1% (v/v) formic acid in 80% 
(v/v) acetonitrile under a flow of 50 µl/min. Data were analyzed 
as described previously.17 Because relative deuterium uptake of 
individual peptides was compared, no back-exchange correction 
was performed.
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2.5  |  Tandem mass tag labelling studies

Primary amine labelling of wild-type FIXa was performed using 
the TMT-126 reagent, whereas FIXaEGR or recombinant FIXa 
variants were labelled by the TMT-127 reagent. Protein (0.5 µM) 
and TMT reagent (2.5  mM) were incubated for 7.5 minutes at 
25°C in a buffer containing 20  mM HEPES (pH 7.4), 150  mM 
NaCl, and 5  mM CaCl2 in a volume of 80 µl. The reaction was 
quenched by incubation with 1  μl of 50% hydroxylamine for 
15 min. For pairwise quantification, FIXa species labelled by TMT-
126 and TMT-127 were mixed in a 1:1 molar ratio. Reduction, 
alkylation, and proteolytic processing into peptides were per-
formed as described elsewhere.33 To quantify labelling of the 
N-terminus, peptides were analyzed using MS3 fragmentation in 
an Orbitrap Fusion mass spectrometer (Thermo Scientific, Breda, 
The Netherlands). Peptides were separated by reversed phase 
liquid chromatography on a C18-column packed in-house with 
ReproSil-Pur C18-AQ, 1.9-μm resin (Dr. Maisch, Ammerbuch-
Entringen, Germany) in a 20-cm fused silica emitter (75-360 µm 
inner-outer diameter, New Objective, Woburn, MA). Elution was 
performed by increasing solution B (0.1% formic acid, 80% ace-
tonitrile) from 5% to 30% (22-132  min) and 30% to 60% (132-
147  min). Peptides were sprayed into an Orbitrap Fusion mass 
spectrometer. Data-dependent acquisition was initiated by a full 
scan in the Orbitrap with 120,000 resolution power, a scan range 
between 400 and 1500 m/z, 4.0 × 105 ion count target, and maxi-
mum injection time of 50  ms. The 10 most intense precursors 
with a charge state of 2 to 8 were sampled for MS2. MS2 scans 
were attained following collision-induced dissociation at 35% 
collision energy and detection in the ion-trap comprising a frag-
ment isolation window of 1.6 m/z and 60 ms maximum injection 
time. The five most intense ions were selected for subsequent 
MS3 fragmentation to quantify the TMT labels. MS3 fragmenta-
tion was performed by higher energy collision–induced dissocia-
tion at 65% collision energy and a MS2 isolation width of 2 m/z. 
The TMT reporter groups were detected in the Orbitrap with 
60 000 resolution power.

3  |  RESULTS

3.1  |  HDX-MS analysis of FIX, FIXa, and FIXaEGR

Initial inspection of our present HDX-MS data set revealed 93% 
coverage of the FIX protease domain and 16% of the light chain 
(Figure S1). As observed previously, peptides from the Gla and EGF-1 
domains were not recovered because of the posttranslational modi-
fications therein (i.e., γ-carboxylation and glycosylation), and thus 
remained beyond the scope of the study.17 Heat maps suggested 
limited difference between FIX and FIXa, and an overall protection 
against deuterium incorporation in FIXaEGR (Figure S1). The amend-
ments in the HDX protocol, compared with our previous study,17 
resulted in higher levels of deuterium uptake. This facilitated the 

comparison between FIX and its activated counterparts in the pre-
sent study.

Deuterium uptake plots for all individual peptides are given in 
supporting Figure S2 and a selection thereof is shown in Figure 1. In 
comparison with FIXa, FIXaEGR displayed reduced deuterium incor-
poration in the same peptides as in our previous study,17 including 
the 70-loopCT, 140-loopCT, and 180-loopCT (Figure 1A,C,E). Also, the 
typical increase in deuterium incorporation in the 99-loopCT was ap-
parent, in particular in the initial time points (Figure 1B). In contrast 
to FIXaEGR, FIXa and the FIX zymogen displayed similar deuterium 
uptake. For the vast majority of peptides, there was no apprecia-
ble difference between peptides derived from FIX (black) and those 
from FIXa (red) because virtually all uptake plots were overlapping 
(Figure 1B,C,D,E and Figure S2). Exceptions included the EGF-2 do-
main (Figure 1F), the 70-loopCT (Figure 1A), and the N-terminus re-
gion (Figure 1H).

Apart from the FIX-derived peptides that were shared with 
FIXa and FIXaEGR, some peptides were zymogen-specific and 
comprised the cleavage sites Arg145-Glu146 and Arg180-
Val181{16CT} (Figure  S3). These peptides displayed a deuterium 
uptake of 5 Da and more, which was higher than for most of the 
other peptides (Figure 1). The enhanced deuterium uptake seems 
compatible with these cleavage sites being flexible and accessible 
for proteolysis. Peptides containing Val181{16CT} were of partic-
ular interest, because they were overlapping with the N-terminal 
peptide Val181{16CT}-Gln195{30CT} that was derived from FIXa 
and FIXaEGR (Figure  1G). Although it remains difficult to com-
pare peptides that are not fully identical, the deuterium uptake 
for the closest matching peptide Thr179-Gln195{30CT} proved 
strikingly higher than its counterpart, which was truncated by two 
amino acids because of proteolytic activation (dashed black line 
in Figure 1G). This suggests that the Val181{16CT}-containing re-
gion loses flexibility upon activation, and is further rigidified by 
EGR incorporation into the active site (Figure 1G). Similar differ-
ences, although much less prominent, were observed in the pep-
tide Asp186{21CT}-Leu198{33CT} (Figure  1H). This suggests that 
the changes observed in the N-terminal region are mainly from 
the few amino acids surrounding the Arg180-Val181{16CT} scissile 
bond.

3.2  |  Tandem mass tag labelling of the N-
terminal region

The changes at the N-terminus of the protease domain (Figure 1G) 
could reflect the insertion of the newly generated N-terminus into 
the protease domain, in particular in FIXaEGR. Because HDX ac-
counts for backbone amide changes but not for exposure of pri-
mary amines such Lys side chains and the N-terminus, we used 
TMT labelling to address this issue. Control experiments (data not 
shown) demonstrated that the labelling protocol resulted in >90% 
labelling of surface-exposed Lys side chains such as Lys265{98CT}, 
Lys316{148CT}, and Lys400{230CT}. As for the N-terminal peptide 
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VVGGEDAKPGQFPW, derivatives with and without TMT labels on 
Val181{16CT} and/or Lys188{23CT} were identified and m/z values of 
these peptide derivatives were used to reconstruct ion chromato-
grams. As shown in Figure 2A, these resolved four distinct deriva-
tives, which were unlabeled (red peak), labelled on Lys188{23CT} 
only (orange), on Val181{16CT} only (black), and labelled in both 
positions (green). The intensity of these peaks suggested that ap-
proximately 80% of the recovered N-terminal peptides did not bear 

a modified N-terminus, whereas approximately 20% did carry a TMT 
modification at Val181{16CT}. This suggests that a predominant frac-
tion of the N-terminus in FIXa is protected from labelling by the TMT 
reagent.

The ion chromatogram shown in Figure  2A is derived from an 
equimolar mixture of FIXa and FIXaEGR, where each was separately 
labelled by a different TMT label (see Methods section). This al-
lowed for the quantitative comparison between FIXa and FIXaEGR 

F I G U R E  1  HDX-MS of FIX, FIXa, and FIXaEGR. (A-H) Examples of hydrogen-deuterium eXchange (HDX) plots. The peptide sequence 
is indicated on top of each graph with FIX numbering of the first and last residue. Chymotrypsin numbering is indicated between brackets. 
Each region is indicated on the crystal structure (PDB code 2wpm50). HDX was performed for seven time points (from 10 to 50,000 seconds) 
as described in Materials and Methods. FIX uptake curves are indicated in black, FIXa is indicated in red, whereas FIXaEGR is shown in blue. 
Error bars represent the standard deviation of two to six independent measurements. The dashed black curve marked with the asterisk in 
panel G represents the FIX-unique peptide TRVVGGEDAKPGQFPWQ for comparison with the N-terminal peptide VVGGEDAKPGQFPWQ, 
which is present in FIXa and FIXaEGR, but not in FIX. See Figure S2 for the full set of peptides and Figure S3 for FIX unique uptake plots 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  2  Inspection of the N-terminal fragment of the protease domain of FIX. (A) TMT labelling of the N-terminus of FIXa and 
FIXaEGR. N-terminal peptide VVGGEDAKPGQFPW derivatives with and without TMT labels on Val16CT and/or Lys23CT were identified 
using Peaks software; m/z values of these peptides were used to extract reconstructed ion chromatograms (RICs). RICs were extracted 
for N-terminal ions VVGGEDAKPGQFPW (red), VVGGEDAkPGQFPW (orange), vVGGEDAKPGQFPW (black), and vVGGEDAkPGQFPW 
(green). Small and bold v and k represent modified V and K residues carrying a tandem mass tag. Peptides were identified from MS2 and 
abundance percentages were estimated by the highest intensity values. (B) VVGGEDAkPGQFPW peptide (m/z 856.44) was fragmented by 
CID; subsequently, the b8 ion containing the TMT-labelled Lys23 (m/z 981.70) was subjected to MS3 by HCD to obtain the TMT intensities 
126.13 and 127.13. (C) The double labelled vVGGEDAkPGQFPW peptide (m/z 969.53) was fragmented by CID; subsequently, the b6 ion 
(m/z 782.54) containing only the TMT-labelled N-terminus (Val16) was subjected to MS3 by HCD to obtain the TMT intensities 126.13 and 
127.13. [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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by MS2 and MS3 fragmentation (Figure 2B,C). In the fraction labelled 
on Lys188{23CT} only (orange), the intensity for FIXa and FIXaEGR 
was similar (Figure 2B). In contrast, the fraction labelled in both po-
sitions (green), labelling of Val181{16CT} proved approximately four-
fold less intense in FIXaEGR (Figure  2C). These data suggest that 
the N-terminus of the FIXa protease domain is largely protected in 
FIXaEGR, but also, although to a lesser extent, in noninhibited FIXa.

3.3  |  HDX-MS analysis of the 220-loopCT

We previously identified the 220-loopCT as a section that displays 
protection against deuterium exchange upon active site occupation 
by EGR, but not by assembly with FVIIIa.17 We therefore addressed 
the question whether this loop, being located at the edge of the 

activation pocket in FIXa7,8 displays any changes upon zymogen ac-
tivation. Interestingly however, no appreciable difference between 
FIX and FIXa occurred in this region (Figure  3C-F). One peptide 
(Figure 3B), showed slightly different time courses, but because of 
experimental variability, these were considered as overlapping. As 
anticipated, FIXaEGR displayed reduced deuterium uptake in this 
region. This was particularly prominent in peptides spanning resi-
dues 209-219CT and 220-228CT (Figure 3B,C), and decreased upon 
extension toward the C-terminus (Figure 3E,F). This pinpoints the 
protection against deuterium uptake in FIXaEGR to the 220-loopCT 
and its immediately preceding β-sheet (Figure 3A). Apparently, fill-
ing the substrate binding pocket with EGR strongly reduces the 
flexibility of this part of the protein backbone, whereas noninhib-
ited FIXa remains indistinguishable from the FIX zymogen in this 
section.

F I G U R E  3  HDX-MS plots of FIX, FIXa, and FIXaEGR 220-loopCT. (A) The 220-loopCT region is highlighted in color gradient on the FIXa 
crystal structure (PDB code 2wpm50). Charged residues E217CT, E219CT, and K224CT are displayed in sticks representation. (B-F) HDX-MS 
plots of the 220-loopCT region are shown with FIX uptake curves indicated in black, FIXa in red, and FIXaEGR in blue. Peptides are mapped 
in color gradient in panel A [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.4  |  Characterization of 220-loopCT variants

With regard to the 209-228CT segment, it is interesting to note that 
this region has previously been observed to be affected by FIX zymo-
gen to enzyme conversion.15 It further comprises a H-bond network 
wherein the side chain of Lys394{224CT} contacts the carboxylate 
groups of E387{217CT} and E388{219CT}15 (see Figure 3A). To assess 
the role of this putative stabilizing network, we produced the re-
combinant FIXa variants FIXaE387A{217CT}, FIXaE388A{219CT}, and 
FIXaK394A{224CT}. All three substitutions had a major detrimental 
effect on FIXa activity (Figure 4). Residual amidolytic activity toward 
the synthetic substrate CH3SO2-(D)-CHG-Gly-Arg-pNa (Table  1) 
was similar for FIXaE387A{217CT} and FIXaK394A{224CT}, and was 
mainly reflected by reduction of kcat (Table 1). For FIXaE388A{219CT}, 
kcat was slightly less affected, but still 5-fold lower compared with 
that of wild-type FIXa. In the absence of FVIIIa, FX activation by 
FIXaE387A{217CT} and FIXaK394A{224CT} again proved equally af-
fected (Figure 4A,B and Table 1). The same was observed in the pres-
ence of FVIIIa (Figure 4C,D, Table 1). The FIXaE388A{219CT} variant 
differed from the other two in that its defect was less severe. These 
data suggest that disruption of the putative H-bond network does 
reduce enzymatic activity. The observation that FIXaE387A{217CT} 
and FIXaK394A{224CT} are virtually indistinguishable seems com-
patible with disruption of a direct interaction between these resi-
dues that greatly contributes to FIXa enzymatic activity.

The prominent reduction of FIXa activity in these molecular 
variants raises the possibility that destabilization of the 220-loopCT 
drives the catalytic domain into a more zymogen-like form. This pos-
sibility was addressed by the same TMT labelling method as used 
for comparing FIXa and FIXaEGR (Figure 2). Pairwise comparison of 
mutant and wild-type FIXa is shown in Figure 5. The reconstructed 

ion chromatograms (Figure 5A,B,C) show that the N-terminal pep-
tide VVGGEDAKPGQFPW was mainly recovered as nonlabelled 
(red) or labelled on Lys188{23CT} only (orange). The fractions car-
rying the label on the N-terminus Val181{16CT} only (black) or on 
both Val181{16CT} and Lys188{23CT} (green in Figure 5A) appeared 
more abundant than observed for wild-type FIXa (Figure 2), in par-
ticular for the variant FIXaK394A{224CT}. Because these data rep-
resent equimolar mixtures of wild-type and mutant FIXa, it remains 
difficult to derive quantitative information directly from these 
chromatograms, however. Therefore, both MS2 and MS3 fragmen-
tation were used for further quantification based on the TMT labels. 
Analysis of the fraction that was labelled on both Val181{16CT} and 
Lys188{23CT} (green peaks in Figure  5A) showed that N-terminus 
labelling in FIXaE387A{217CT} and FIXaK394A{224CT} was 4- to 
8-fold more prominent than in wild-type FIXa, while labelling was 
slightly reduced in FIXaE388A{219CT} (Figure 5B). These data sug-
gest that the 220-loopCT variants are similar to wild-type FIXa in 
that their N-terminus is largely protected against TMT-labelling. 
However, the extent of protection is lower in FIXaE387A{217CT} 
and FIXaK394A{224CT}, which seems compatible with these 
variants being more zymogen-like. This was not apparent for 
FIXaE388A{219CT}, which displayed a less severe enzymatic defect 
than the other two variants (Table 1).

4  |  DISCUSSION

During the past 5 decades, numerous studies have advanced our un-
derstanding of the zymogen to enzyme transition within the class 
of chymotrypsin-like serine proteases. In the 1970s, crystallographic 
studies established that chymotrypsinogen and trypsinogen are very 

F I G U R E  4  Kinetics of FIXa 220-loop 
variants FIXaE217ACT, FIXaE219ACT, and 
FIXaK224ACT. (A) FX was converted to 
FXa in the absence of FVIIIa by 30 nM 
of wild-type FIXa (black) or FIXa variants 
FIXaE219ACT (red), FIXaE217ACT (blue), 
and FIXaK224ACT (green). (B) Zoom of 
FIXaE219ACT (red), FIXaE217ACT (blue), 
FIXaK224ACT (green) kinetics in the 
absence of FVIIIa. (C) FX activation 
by 0.3 nM of wild-type FIXa (black), 
FIXaE219ACT (red), FIXaE217ACT (blue), 
and FIXaK224ACT (green) in presence 
of FVIIIa (0.35 nM). (D) Close-up of 
FIXaE219ACT (red), FIXaE217ACT (blue), 
and FIXaK224ACT (green) kinetics in 
the presence of FVIIIa. Experimental 
conditions are described in Materials and 
Methods [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com


    |  1455FREATO et al.

similar to their enzyme counterparts, except for a few sections that 
are disordered in the zymogens. These include some specific surface 
loops that comprise the “activation domain” and the position of the 
N-terminal section that, once cleaved at the Arg15-Ile16 bond, in-
serts into the catalytic region and stabilizes the catalytic pocket.34-36 
At the same time, however, it has been recognized that zymogens 
may display low enzymatic activity toward small substrates and ac-
tive site-directed inhibitors.37,38 Since then, numerous studies have 
provided evidence that the classical distinction between inactive 
zymogens and active zymogens is no longer tenable. For instance, 

tissue-type plasminogen activator displays substantial proteolytic 
activity in its single-chain form, while lacking the novel N-terminus 
that has been regarded as a hallmark of serine protease activa-
tion.39 Similarly, prothrombin can be activated by binding to the 
bacterial protein staphylocoagulase, thus providing an example of 
ligand-induced zymogen activation, independent of limited prote-
olysis.31,40 On the other hand, enzymes such as FVIIa and FIXa, de-
spite being processed at the appropriate cleavage sites, display low 
enzymatic activity in the absence of their cofactors and thus may 
seem predominantly zymogen-like. More recently, numerous studies 

Amidolytic Activity
FX Activation in 
Absence of FVIIIa

FX Activation in the 
Presence of FVIIIa

Km kcat Km,app

103x 
kcat,app Km,app kcat,app

(mM) (min−1) (μM) (min−1) (nM) (min−1)

FIXa wild-type 2.0 ± 0.3 66.7 ± 4 0.6 ± 0.1 121 ± 8 35 ± 7 28 ± 2

FIXaE217ACT 1.6 ± 0.4 5.3 ± 0.6 0.3 ± 0.1 1.2 ± 0.2 NDa  0.4 ± 0.1

FIXaE219ACT 3.1 ± 0.5 13.3 ± 1 0.6 ± 0.1 10 ± 1 NDa  4.2 ± 1.2

FIXaK224ACT 2.0 ± 0.7 5.3 ± 0.7 0.3 ± 0.1 0.7 ± 0.1 NDa  0.9 ± 0.1

aThe Km,app could not be determined (ND) due to substrate inhibition.

TA B L E  1  Kinetic properties of 
220-loopCT mutants for cleavage of 
CH3SO2-(D)-CHG-Gly-Arg-pNa and the 
natural substrate FX in absence and 
presence of FVIIIa

F I G U R E  5  Labelling of the N-terminal segment of the protease domain of FIXa variants. TMT-labelling of the N-terminus of (A) 
FIXaE217ACT, (B) FIXaE219ACT, and (C) FIXaK224ACT. After TMT-labelling and proteolytic digestion, reconstructed ion chromatograms 
(RICs) were extracted for N-terminal ions VVGGEDAKPGQFPW (red), VVGGEDAkPGQFPW (orange), vVGGEDAKPGQFPW (black), and 
vVGGEDAkPGQFPW (green). These peptides were identified from MS2 spectra (CID) using Peaks Studio software. Abundance percentages 
of the fractions with unlabeled Val16CT were estimated and compared with the labelled Val16CT fractions. A representative TMT 
quantification spectrum is shown for the b6 ion vVGGED for each FIXa variant [Color figure can be viewed at wileyonlinelibrary.com]
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addressing the prothrombin/thrombin pair have established that the 
classical zymogen/enzyme distinction is blurred by the existence 
of zymogen-like proteases and protease-like zymogens,23 or, by an 
equilibrium between closed (“collapsed”) and open zymogen (Z* or 
Z) and enzyme (E* and E) forms.41

For the FIX zymogen, no crystal structure is available to facilitate 
comparison with FIXa. By computational techniques, a model for the 
zymogen has been derived that predicts a substantial orientational 
change in the catalytic domain, and the exposure of a largely hy-
drophobic surface upon release of the activation peptide.42 In this 
regard, it seems remarkable that our HDX-MS data indicate that 
on the backbone level the solution structures of FIX and FIXa are 
nearly indistinguishable, even in peptides that represent the typi-
cal “activation loops,”23 such as the 140-, 180-, and 220-loopsCT 
(Figures  1, 3 and supporting Figure  S2). The few differences that 
did occur relate to zymogen-specific peptides spanning the scissile 
bonds at Arg145 and Arg180, and therefore were anticipated (sup-
porting Figure S3). One difference was observed in a peptide from 
the EGF-2 domain (Figure 1F), wherein the zymogen displayed lower 
deuterium incorporation. We cannot exclude that FIXa differs from 
FIX in additional sites in the FIXa light chain, because peptides from 
the Gla-EGF-1 section were not recovered in our protocol. In this 
regard, it seems of interest that the activation intermediate FIXα, 
in which only cleavage at Arg145 has occurred, binds to FVIII, and 
displays amidolytic activity, despite the Arg180-Val181 scissile 
bond being intact and the activation peptide still being attached.26 
As such, this FIX derivative may represent an enzyme-like zymogen 
with the light chain of the FIXa enzyme and the heavy chain of the 
FIX zymogen. Proteolytic activity, however, remains fully dependent 
on the cleavage at Arg180 and the generation of the new terminus 
Val181{16CT}.26 Our present study shows that this cleavage event 
is accompanied by a reduction in deuterium uptake (Figure 1G) and 
substantial protection of the N-terminus from labelling (Figure 2).

We previously observed that the 220-loopCT displays reduced 
deuterium uptake that is not driven by FVIIIa, but by occupancy 
of the active site.17 This loop is of particular interest because it is 
immediately following the region 215 to 217, which is collapsed in 
the closed Z* and E* conformations and open in enzyme-like Z and 
E structures.41 A putative H-bond network herein has been iden-
tified that could stabilize the 220-loopCT, involving the side chains 
of E387{217CT}, E388{219CT}, and Lys394{224CT} (Figure  3A).15 
Inspection of 23 available FIXa crystal structures (data not shown) 
reveals that in all structures the side chains of E387{217CT} and 
Lys394{224CT} are sufficiently close (3-4 Å) to support a salt bridge 
between these two residues. This is supported by our mutagenesis 
study, which indicates that replacement of either of the two by Ala 
results in dysfunctional FIXa molecules with an identical phenotype 
(Figure 4, Table 1). These mutants further displayed an increase in N-
terminus labelling (Figure 5), which could be compatible with a more 
zymogen-like state of these FIXa variants compared with wild-type 
FIXa. Interestingly, the hemophilia B database contains multiple sub-
stitutions in these positions, underlining that disruption of this salt 
bridge is indeed disease associated.43

Together with the 180-loopCT, the 220-loopCT comprises a 
binding site for Na+, which is coordinated to four backbone car-
bonyl groups, including the one of Lys394{224CT} substituted in our 
study.15,44 We considered the possibility that disruption of the H-
bond network might affect Na+-binding and as such could explain 
reduced FIXa activity. However, the amidolytic activity of neither 
wild-type FIXa, nor that of the three FIXa mutants displayed any ap-
preciable Na+-dependence under the conditions tested (Figure S4). 
Therefore, the functional defect of the FIXa mutants in the 
220-loopCT region is not due to altered Na+-dependence.

Although substitution of E388{219CT} resulted in a less severe 
phenotype, its defect still is compatible with a major role within the 
220-loopCT of FIXa (Figure 4; Table 1). Figure 6 shows two examples 

F I G U R E  6  Putative network between the 220-loop residues and the N-terminus. (A) Upon occupation of the active site, the interaction 
of the E219CT carbonyl group with the substrate P1Arg occurs and the distance with K224CT appears to increase (≈7.2 Å, PDB code 2wpm50), 
whereas V17CT in the N-terminal segment pairs with D189CT, which takes further contact with the P1Arg. This suggests that the occupation 
of the S1 pocket drives the substantial interactions that stabilize the active configuration of FIXa. (B) These interactions, however, seem to 
be missing in absence of a substrate in the S1 pocket and E219CT appears to take a closer contact (distance ≈ 4.3 Å; PDB code 4yzu51) with 
K224CT [Color figure can be viewed at wileyonlinelibrary.com]
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from available FIXa structures that indicate that E388{219CT} may 
not participate in the putative H-bond network that has been iden-
tified in the structure of FIXa with p-aminobenzamidine in the ac-
tive site.15 Instead, in structures containing EGR-derived inhibitors, 
the backbone carbonyl group of E388{219CT} interacts with the 
substrate P1Arg, whereas its side chain seems to be pulled away 
from E387{217CT} (Figure  6A). A similar position of E388{219CT} 
is seen in the structure of FIXa stabilized by a synthetic inhibitor 
that binds beyond the active site (Figure  6B). The dysfunction of 
the E388A{219CT} variant suggests that Ala in this position disturbs 
the stabilization of the P1Arg-binding pocket, possibly because of 
a backbone rearrangement within this part of the 220-loopCT. It is 
of interest that, except for FIXa, other serine proteases have Gly 
in position 219CT, suggesting that this particular S1 site geometry 
may be unique for FIXa.45 It seems conceivable that conformational 
plasticity of the 220-loopCT allows for multiple conformations of 
E388{219CT} that switch FIXa between free and substrate-bound 
states during substrate cleavage and subsequent product release, 
and as such maintains the catalytic cycle.

Substrate-driven changes in FIXa also occur in surface elements 
other than the 220-loopCT, including the 162-helixCT (Figure  S2) 
that is involved in FVIIIa binding.17 This suggests a critical linkage 
between this helix and active site occupation, possibly mediated 
by the disulfide bridge C168CT to C182CT.17 Other substrate-driven 
changes, including those in peptides from the 140-loopCT and 
180-loopCT, (Figure  1 and Figure  S2) were not further explored 
because these were also cofactor-driven,17 and thus considered 
not predominantly substrate-specific. In our studies, we used the 
inhibitor EGRck to assess the effect of active site occupation in 
FIXa. Binding of the natural substrate FX, however, is more complex 
and probably also involves exosites distant from the active site.46 
Therefore, substrate-driven changes in FIXa may be more extensive 
than we observed in active-site inhibited FIXa. Further studies could 
dissect substrate- and cofactor-driven changes in more detail. MS 
protocols employing further fragmentation of individual peptides 
into smaller ions should have the potential to analyze such changes 
at near-residue resolution.

One might question whether related coagulation enzymes dis-
play a zymogen-like structure similar to FIXa. In this regard the 
FVII(a) zymogen/enzyme pair is the best documented example. 
HDX-MS studies have provided ample evidence that FVIIa retains 
zymogen-like properties following limited proteolysis, and does not 
spontaneously rearrange into the active configuration.16,47 This re-
quires assembly of FVIIa with its cofactor TF, which drives the in-
sertion of the N-terminus into the bottom of the S1-pocket and the 
rigidification of several surface loops, including the 220-loopCT, re-
ferred to as activation loop 3.16 Although our HDX-MS data suggest 
that FVIIa and FIXa both display an overall zymogen-like structure, 
there are also differences suggesting that the transition into enzyme 
in FIXa may be more complex. First, the apparent rigidification at the 
N-terminus and the 220-loopCT, which are driven by TF in FVIIa,16 
are largely EGR-driven in FIXa (Figures 1 and 2) with limited contri-
bution by FVIII.17 Apparently, full activation of FIXa is driven by both 

cofactor and substrate. This may also be reflected by the effect of 
cofactor binding on amidolytic activity: although TF increases FVIIa 
activity substantially,48 assembly with FVIIIa has little or no effect 
on cleavage of peptide substrates by FIXa.49 Another difference is 
that in FVIIa the 220-loopCT contains no acidic and basic residues as 
in FIXa.16,45 Thus, FVIIa may lack the putative H-bond network, with 
its concomitant effect on N-terminus insertion in FIXa (Figure 6). A 
difference in structural plasticity between FVIIa and FIXa in this re-
gion may explain why its rigidification is not cofactor-driven in FIXa, 
but apparently requires occupation of the ArgP1-site by the pseudo-
substrate EGR.

Our present data support a picture of two distinct pathways 
for the allosteric regulation of FIXa: one driven by substrate and 
another by cofactor binding.17 The concerted action of both path-
ways is required to stabilize the zymogen-like FIXa into its active 
conformation. From a regulatory perspective, it may be beneficial 
that enzymes in the initial phase of coagulation are zymogen-like, 
and require further transition into fully competent enzymes. For 
FIXa function, the dependence on both FVIIIa binding and active site 
occupation apparently represents a dual barrier. This may serve to 
limit the risk of premature FX activation, and subsequent amplifica-
tion thereof downstream in the cascade, thereby reducing the risk of 
excessive thrombin formation and disruption of the intricate balance 
between bleeding and thrombosis.
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