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Abstract

Snake venoms comprise complex mixtures of peptides and proteins causing modulation of 
diverse physiological functions upon envenomation of the pray organism. The components 
of snake venoms are studied as research tools and as potential drug candidates. However, 
the bioactivity determination with subsequent identification and purification of the 
bioactive compounds is a demanding and often laborious effort involving different 
analytical and pharmacological techniques.
 This study describes the development and optimization of an integrated analytical 
approach for activity profiling and identification of venom constituents targeting the 
cardiovascular system, thrombin and factor Xa enzymes in particular. The approach 
developed encompasses reversed-phase liquid chromatography (RPLC) analysis of a crude 
snake venom with parallel mass spectrometry (MS) and bioactivity analysis. The analytical 
and pharmacological part in this approach are linked using at-line nanofractionation. This 
implies that the bioactivity is assessed after high-resolution nanofractionation (6 s/well) 
onto high-density 384-well microtiter plates and subsequent drying of the plates. 
 The nanofractionation and bioassay conditions were optimized for maintaining 
LC resolution and achieving good bioassay sensitivity. The developed integrated 
analytical approach was successfully applied for the fast screening of snake venoms for 
compounds affecting thrombin and factor Xa activity. Parallel accurate MS measurements 
provided correlation of observed bioactivity to peptide/protein masses. This resulted in 
identification of a few interesting peptides with activity towards the drug target factor 
Xa from a screening campaign involving venoms of 39 snake species. Besides this, many 
positive protease activity peaks were observed in most venoms analysed. These protease 
fingerprint chromatograms were found to be similar for evolutionary closely related 
species and as such might serve as generic snake protease bioactivity fingerprints in 
biological studies on venoms.
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1. Introduction

Natural extracts always represented important sources of pharmaceutically active 
compounds. Even our ancestors knew of medical and/or toxic properties of different 
plants and animal extracts, and used them accordingly. Modern medicine is in a large 
part based on the compounds isolated from natural extracts, mostly originating from 
plants and microorganisms. For example, the discovery of penicillin from the extract of 
Penicillium fungi by Alexander Fleming has made a significant turn in the treatment of 
bacterial infections and subsequently lead to discovery of other natural and synthetic 
antibiotics. The treatment of hypertension was revolutionized by the development 
and introduction of captopril, an angiotensin converting enzyme (ACE) inhibitor. This 
lead to the development of other ACE inhibitors that became first-choice drugs to treat 
hypertension. Captopril itself was synthesized in 1975 based on a peptide found in the 
venom of the Brazilian lancehead viper, Bothrops jararaca (1,2). Since then, the interest 
in venoms from snakes and other venomous animals as sources of drug candidates has 
increased and many academic groups have studied venoms for drug discovery purposes. 
As a result, based on studies of venoms, compounds have been reported with anticancer, 
antifungal, antiviral and/or blood pressure regulating activity (3). Several drugs developed 
from peptides and proteins found in venoms are now registered on the market, such as 
Prialt (4), Integrilin (5), Byetta (6) and Aggrastat (7), while many other candidates are 
currently commencing clinical trials. Additionally, peptides found in venoms can also be 
used as pharmacological tools to study diseases (8). For example, the study of the snake 
toxin α-bungarotoxin led to isolation of the nicotinic acetylcholine receptor (nAChR) 
and the understanding of neurotransmission and the disease myasthenia gravis (9). The 
number and diversity of bioactive peptides in venoms and thousands of animal species 
(including snake, scorpion, spider, bee, wasp, centipede, sea anemone and cone snail) that 
produce them, mean that venoms constitute huge libraries of potentially new drugs and 
useful research tools. However, considering the complex composition of the venoms, the 
identification and purification of the bioactive compound is often a laborious task involving 
different analytical techniques combined with pharmacological assays. Traditionally, a 
so-called Bioassay-Guided Fractionation (BGF) is conducted for this purpose. Three main 
steps are distinguished in the BGF approach. Firstly, the mixture (e.g., snake venom) is 
separated using liquid chromatography (LC) and commonly low resolution fractions of 
the LC effluent are collected. This step, also known as a microfractionation step, uses often 
ion-exchange chromatography (IEC) or size-exclusion chromatography (SEC) for initial 
separation of the peptides and proteins (10,11). Secondly, each fraction is subjected to a 
bioassay of a choice to find the bioactive fraction. Lastly, an orthogonal LC analysis, usually 
with RPLC, is performed followed by a second round of fractionation and bioassaying, 
after which the bioactive fractions are processed and analyze by LC−mass spectrometry 
(MS) to identify the bioactive compounds. In some cases, the first dimension separation 
is omitted. Since the microfractionation approach is a low-resolution fractionation, even 
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when using two-dimensional chromatography, collected fractions often still represent 
complex mixtures. Therefore, further iterative cycles of separation and microfractionation 
are needed in order to purify and identify the bioactive compounds. To overcome the 
drawbacks of traditional BGF, this study is aimed at the development and optimization of 
an alternative analytical approach for the rapid screening of venoms and other complex 
mixtures, in this particular case inhibitors of thrombin and/or factor Xa activity. Both 
thrombin and factor Xa are involved in the coagulation process, which is responsible for 
stopping the leakage of blood during injury, the repair of blood vessels, and healing of 
the wounds. The coagulation cascade consists of a number of enzymatic reactions that 
sequentially activates various coagulation factors. This activation processes finally lead to 
the formation of a fibrin clot. Therefore, dysfunction of coagulation can lead to increased 
risk of bleeding (hemorrhage) or obstructive clotting (thrombosis). Serious dysfunctions 
related to thrombosis include deep-vein thrombosis, pulmonary embolism, stroke, and 
myocardial infarction. Thrombosis can be treated with anticoagulant drugs such as 
vitamin K antagonists, heparin and heparin-related compounds. Common characteristic 
of these drugs is their effect on multiple coagulation factors (12,13). At the same time, 
orally administrated anticoagulant drugs may show serious side effects, such as bleeding 
(14). For these reasons, pharmaceutical industry and academia are interested in finding 
new anticoagulant drugs targeting a specific coagulation factor. In that respect, thrombin 
(factor IIa) and factor Xa represent valid drug targets and significant efforts were put in 
developing direct inhibitors of these coagulation factors (15−17). Studies have already 
shown that components of some snake venoms target these enzymes as well as other 
factors involved in blood coagulation (18,19). Thus, screening of venoms for proteins 
affecting the coagulation process can lead to identification of new biopharmaceutical lead 
compounds for the development of novel therapeutic agents to treat thrombosis-related 
disorders.
 This study reports the development and application of nanofractionation analytics 
for rapid screening of snake venoms for compounds inhibiting thrombin and/or factor Xa 
activity, and monitoring snake protease activity. The analytical approach described here 
combines a reversed-phase liquid chromatography (RPLC) separation of crude venoms 
with parallel MS detection and high-resolution fractionation onto 384-well plates. Parallel 
MS detection and fractionation are enabled by a post-column flow-split in a 1:9 ratio. The 
smaller fraction (60 μL/min) is directed towards the MS and larger fraction (540 μL/min) 
is directed towards a fractionation device. After evaporation in a vacuum centrifuge, 
the fractions are subjected to a bioassay of choice. For the wells showing bioactivity, the 
parallel MS data reveal the accurate masses of the corresponding compounds. Considering 
the high-resolution (3−12 s/well) fractionation followed by the subsequent bioactivity 
determination of collected fractions and the parallel MS detection, the term at-line 
nanofractionation is used to describe the new analytical approach in order to make a 
distinction from the traditional BGF.
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2. Experimental procedure

2.1. Chemicals and standard solutions
Human thrombin and bovine factor Xa were purchased from Haematologic Technologies, 
Inc. (Essex Junction, VT, USA) as the 50% glycerol/50% water solutions and stored at 
–20° C according to the suppliers recommendations. The concentrations of the stock 
solutions were 6.8 µg/mL for thrombin and 100 µg/ml for factor Xa. Rhodamin 110, bis-
(p-Tosyl-L-Glycyl-L-Prolyl-L-Arginine Amide) was obtained from Life Technologies Europe 
BV (Bleiswijk, The Netherlands), dissolved in DMSO to 10 mM concentration and stored 
at –20° C. Lyophilized snake venoms were stored at –20° C. The stock solutions of crude 
venoms (approximately 2±0.1 mg/mL) were made in water prior to analysis and stored at 
–80° C for later use after the first analysis. For the list of snake venoms tested, please see 
Table 4.S1 in the supporting information. Water was treated with a Milli-Q Plus system 
(Millipore, Amsterdam, The Netherlands). Acetonitrile (ACN) (ULC−MS grade) and formic 
acid (FA) were obtained from Biosolve (Valkenswaard, The Netherlands). DMSO was 
supplied by Riedel-de Haën (Zwijndrecht, The Netherlands). All the constituents of the 
buffers (NaHPO4, NaH2PO4, Tris, HCl, CaCl2), Argatroban and Pefabloc® TH acetate salt 
were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). The 100 µM stock 
solutions of Argatroban and Pefabloc were made in water and kept at 4° C. Variegin was 
synthesized and purified in house (20)and kept at –20° C as a 400 µg/mL stock solution 
in water.

2.2. Liquid chromatography, at-line nanofractionation and mass spectrometry
Samples (50 μL) were injected with a Shimadzu SIL-30AC autosampler and liquid 
chromatography separation was performed on a Shimadzu UPLC system (‘s Hertogenbosch, 
The Netherlands) controlled via Shimadzu Lab Solutions software. The gradient was 
established using two Shimadzu LC-30AD pumps at a flow rate of 600 µL/min. Both 
the 100×4.6 mm analytical column and the 10×4.6 mm guard column were packed 
with Waters XBridge reversed-phase C18 material (5 μm) and maintained at 37° C in a 
Shimadzu CTD-30A column oven. Mobile phase A contained 98% H2O, 2% ACN and 0.1% 
FA, and mobile phase B contained 98% ACN, 2% H2O and 0.1% FA. The optimization and 
validation steps were done using the following gradient: linear increase from 0 to 50% B 
in 20 min followed by linear increase from 50% to 90% B in 2 min, isocratic separation 
at 90% B for 2 min, decrease from 90 to 0 B in 1 min and 5 min equilibration time. The 
column eluate was split in a 1 to 9 ratio; the smaller fraction went via the Shimadzu SPD-
M30A photodiode array detector to an Ultima quadrupole–time-of-flight (q−TOF) mass 
spectrometer (Waters, Manchester, UK). The larger fraction was sent to a Gilson 235P 
autoinjector modified into a nanofraction collector. The mass spectrometry was equipped 
with an electrospray ionisation source (ESI) and operated in positive-ion mode. The 
parameters of the ESI source were: source temperature 125° C, desolvation temperature 
400° C, capillary voltage 3 kV and gas flow 600 L/min. Scan time for a m/z 50-2000 range 
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was set to 1 s with 0.1 s inter scan time. The nanofraction collector was operated using 
Ariadne, an in-house written software that allows nanofractionation onto 384-well plates 
(up to four plates in sequence). The nanofractions were collected onto black 384-well 
plates (Greiner Bio One, Alphen aan den Rijn, The Netherlands) in 3−12 s/well resolution. 
After nanofractionation, positive controls and blanks were added in triplicate to unused 
wells. Subsequently, the plates were dried using a Christ Rotational Vacuum Concentrator 
(Salm en Kipp, Breukelen, The Netherlands) RVC 2−33 CD plus for 16−24 h. Afterwards, 
the plates were stored at –20° C until the bioassay measurements.

2.3. Thrombin activity assay
The thrombin activity assay was performed in phosphate buffer saline (1×PBS) pH 7.4. A 
ten times (10×) more concentrated PBS was prepared first by dissolving 80 g NaCl, 2 g KCl, 
14.4 g NaHPO4 and 2.4 g KH2PO4 in water to a total volume of 1 L and adjusting the pH to 
6.8. This solution was kept at room temperature and diluted 10×prior to analysis to give 
the 1 × PBS pH 7.4. Thrombin and rhodamin 110-based substrate were diluted at room 
temperature, prior to pipetting, in this 1×PBS pH 7.4 to an end concentration of 5 ng/mL 
and 5 nM, respectively. The bioassay mixture was pipetted onto the nanofractionated 
plates using a MultidropTM 384 Reagent Dispenser (Thermo Fisher Scientific, Ermelo, The 
Netherlands), set to dispense 25 µL/well volume. The fluorescence was measured using 
a Victor3 Plate Reader (PerkinElmer, Inc, Waltham, MA, USA) at 488 nm excitation and 
522 nm emission wavelengths. The kinetic measurements were performed in 11 cycles 
at 32° C and the thrombin activity in each well was expressed as the slope of the kinetic 
curve. The resulting slopes were normalized (unless stated otherwise) and plotted in a 
graph versus time of each nanofraction collected using GraphPad Prism 6 software (La 
Jolla, CA, USA). The slopes were normalized by dividing each slope value with the median 
of all the values obtained in a single measurement.

2.4. Factor Xa activity assay
The factor Xa activity assay was performed in a similar fashion as the thrombin activity 
assay with the following adaptations: 50 mM Tris-HCl buffer pH 7.4 supplemented with 
5 mM CaCl2 was used instead of 1×PBS pH 7.4; the end concentrations of factor Xa and 
rhodamin 110-based substrate were 80 ng/mL and 4 µM, respectively. The fluorescence 
readout was performed using a FLUOstar Omega microplate reader (BMG Labtech Gmbh, 
Ortenberg, Germany) at 485 nm excitation and 520 nm emission wavelength. The kinetic 
measurements were performed in the same way as with thrombin.

3. Results and Discussion

3.1. The strategy for at-line nanofractionation approach
This study describes the application of at-line nanofractionation in combination with MS 
detection and bioactivity assessment for the rapid screening of snake venoms for activity 
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Fig. 1. Schematic overview of the at-line nanofractionation analytical approach. Crude snake venoms 
are injected onto the LC system and separated with a C18 column. After the separation, a post-column 
flow split of 9:1 ratio is introduced allowing nanofractionation (3−12 s/well) of the larger fraction 
onto 384-well plates with parallel MS analysis of the smaller fraction. The nanofractionated plates are 
dried and subsequently bioassayed. The results of the bioassay are plotted as reconstituted bioactivity 
chromatograms and correlated to the LC−MS data obtained in the parallel MS measurements.

modulation of thrombin and factor Xa, key enzymes of the blood coagulation cascade. The 
instrument setup is shown in Fig. 1. Crude snake venom is injected into LC and separated 
on a RP C18 column after which the eluate is split (1:9) for parallel MS detection and at-
line nanofractionation onto 384-well plates. The nanofractionation is performed in high-
resolution (3−12 s/well). The plates are subsequently used in a bioassay based on the 
enzymatic conversion of the rhodamin 110-based substrate into a fluorescent product. 
From the bioassay readout, a bioactivity profile is reconstructed. The nanofractionation 
maintains the high-resolution obtained during LC separation. Each point of the bioactivity 
profile represents a slope of the enzymatic activity in a corresponding well plotted against 
time. The time value for each well is expressed in min and was calculated using following 
equation: twi= R/2 + (i-1)*R, where twi is the time assigned to a well/fraction i, i is a well/
fraction number, and R is the resolution of the fractionation.
 There are three types of signal that can be distinguished in the bioactivity profile: 
the baseline, a peak with a negative maximum and a peak with a positive maximum. The 
baseline of the bioactivity profile corresponds to the basal activity of the enzyme activity 
as measured in non-active nanofractions. In the presence of an enzyme inhibitor, the basal 
activity of the enzyme is reduced resulting in a negative peak. A positive peak is the result 
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of increased enzymatic cleavage of rhodamin 110-based substrate caused by the presence 
of an enzyme activator or by the presence of a snake protease that can cleave the substrate. 
Thus, the bioactivity profile reflects the combined inhibitor and protease profile of a snake 
venom for a set of experimental conditions. More specifically related to the positive peaks, 
they are likely caused by thrombin and factor Xa-like enzymes, and non-specific proteases. 
In parallel to bioactivity assessment, the MS detection is performed to determine the m/z 
values corresponding to the compounds present in the bioactive wells. Subsequent MS−
MS would be necessary to further identify or confirm the identity of a bioactive compound.

3.2. Optimization and validation of the at-line nanofractionation approach
The analytical approach was first optimized and evaluated using known inhibitors of 
thrombin and factor Xa, such as variegin and argatroban for thrombin, and pefabloc and 
argatroban for factor Xa. The approach was optimized for the enzyme concentration, 
substrate concentration and nanofractionation resolution. The results of the method 
optimization for thrombin and factor Xa are given in Fig. 2 and 3, respectively. Each 
experiment was done in triplicate and the bioactivity profiles obtained represent the mean 
of three measurements. For each condition tested, other parameters in the corresponding 
bioactivity assay were kept constant.
 In the first step, the enzyme concentration was optimized. Three different 
concentrations of both enzymes, 2.5, 5 and 10 ng/mL for thrombin and 40, 80 and 
160 ng/mL for factor Xa, were tested. The normalized bioactivity profiles are shown in 
Fig. 2a and Fig. 3a. It is important to note that the concentration of active thrombin in 
the stock solutions appeared to vary under the storing conditions recommended by the 
manufacturer and therefore it had to be determined before each experiment. The decrease 
in the active enzyme concentration was probably due to the high autocatalytic activity of 
thrombin and denaturation due to freeze-thaw cycles. After the first freeze-thaw cycle, it 
was determined that for the 5 nM substrate and 5 ng/mL enzyme the number of counts 
in the first measurement equals 10000. Before every next measurement, the number of 
counts was checked using these conditions and the enzyme dilution from a stock solution 
was adjusted according to it. In the thrombin assay activity, the use of the lowest enzyme 
concentration (2.5 ng/mL) gave many spikes, while using higher concentrations gave no 
spikes and good signal to noise ratios. Since no significant difference between the 5 and 
10 ng/mL enzyme concentrations was seen in terms of assay window, 5 ng/mL enzyme 
concentration was chosen for further measurements. On the other hand, in the factor Xa 
activity assay no significant difference between the three experiments using different 
enzyme concentrations in terms of assay window was seen. A factor Xa concentration of 
80 ng/mL was chosen for further measurements.
 In the second step, the rhodamin 110-based substrate concentration was optimized 
using the optimized enzyme concentrations. Rhodamin 110- based substrate, a thrombin 
substrate, is also cleaved by factor Xa at higher enzyme concentrations. Three different 
substrate concentrations were tested for each enzyme: 2.5, 5, and 10 nM in the thrombin 
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Fig. 2. Optimization of the at-line nanofractionation approach for analysis of thrombin activity. 
(a) Optimization of the thrombin concentration. Reconstructed bioactivity chromatograms obtained in 
the thrombin activity assay using 10 (i), 5 (ii), and 2.5 (iii) ng/mL thrombin concentration. The thrombin 
activity assay was performed by pipetting a freshly prepared mixture of thrombin and the rhodamin-
based substrate (5 nM) on the dried plates containing 6-s nanofractions from the nanofractionated 
mixture (i.e., 100 nM argatroban and 5.5 µM variegin). (b) Optimization of the substrate concentration. 
Reconstructed bioactivity chromatograms obtained in the thrombin activity assay using 10 (i), 5 (ii) and 
2.5 (iii) nM rhodamin-based substrate. The thrombin activity assay was performed by pipetting a freshly 
prepared mixture of thrombin (5 ng/mL) and rhodamin-based substrate on the dried plates containing 
6-s nanofractions from the nanofractionated mixture. (c) Optimization of the nanofractionation 
resolution. Reconstructed bioactivity chromatograms obtained in the thrombin activity assay using 12 (i), 
6 (ii), and 3 (iii) s nanofractionation resolution. The thrombin activity assay was performed by pipetting a 
freshly prepared mixture of thrombin (5 ng/mL) and rhodamin-based substrate (5 nM) on the dried plates 
containing nanofractions from the nanofractionated mixture (d) LC-MS traces depicted as extracted ion 
currents (XICs) of argatroban and variegin are given for correlation with the negative inhibition peaks of 
argatroban and variegin.
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Fig. 3. Optimization of the at-line nanofractionation approach for analysis of factor Xa activity. (a) 
Optimization of the factor Xa concentration Reconstructed bioactivity chromatograms obtained in 
the factor Xa activity assay using 160 (i), 80 (ii), and 40 (iii) ng/mL factor Xa concentration. The factor 
Xa activity assay was performed by pipetting a freshly prepared mixture of factor Xa and rhodamin-
based substrate (4 µM) on the dried plates containing 6-s nanofractions of nanofractionated mixture of 
argatroban and pefabloc at a 25 µM concentration for both compounds. (b) Optimization of the substrate 
concentration. Reconstructed bioactivity chromatograms obtained in the factor Xa activity assay using 8 
(i), 4 (ii) and 2 (iii) µM rhodamin-based substrate. The factor Xa activity assay was performed by pipetting 
a freshly prepared mixture of factor Xa (80 ng/mL) and rhodamin-based substrate on the freeze-dried 
plates containing 6-s nanofractions of nanofractionated mixture of argatroban and pefabloc at a 25 µM 
concentration per compound. (c) LC-MS traces depicted as extracted ion currents (XICs) of argatroban 
and pefabloc are given for the correlation with the negative inhibition peaks of argatroban and pefabloc.

activity assay; and 2, 4, and 8 µM in the factor Xa activity assay. The results are presented 
as normalized bioactivity profiles for thrombin (Fig. 2b) and factor Xa (Fig. 3b). In both 
cases, the lowest substrate concentration gave bioactivity profiles with poorer signal to 
noise ratios. This is more apparent for thrombin than for factor Xa. At higher substrate 
concentrations signal to noise ratios improved with no significant differences between the 
different substrate concentrations. Therefore, 5 nM for thrombin and 4 µM for factor Xa 
were selected for further experiments.
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Subsequently, the nanofractionation resolution was optimized using the thrombin 
activity assay as a representative of both assay formats. Three different nanofractionation 
resolutions were tested: 3, 6, and 12 s/well. As expected, the bioactivity peaks become 
narrower with the use of higher nanofractionation resolutions (Fig. 2c). The total amount 
of compound is distributed over more wells at higher resolution nanofractionation. As a 
consequence, higher resolution nanofractions contain lower concentrations of compound 
compared to lower resolution nanofractions, thus giving lower inhibitory signals. It should 
be noted that the peak heights remained approximately the same for all bioactivity profiles, 
indicating that the maximum inhibition was achieved in the wells. The baseline becomes 
noisier with the use of 3-s/well resolution, while there is no significant difference between 
the 6- and 12-s/well resolution nanofractionations. The 6-s/well resolution provides an 
advantage of more data points per eluting compound in the reconstruction of bioactivity 
profile. At least 5 to 10 bioactivity points are essential for reconstruction of a real bioactivity 
peak. Higher resolutions of fraction collection will only result in further dilution of eluting 
compounds over more wells and thus lower bioactivity signals per measured well. We 
selected the resolution of 6 s/well as sufficient for maintaining resolution without 
compromising dilution effects. In the case of higher resolution UPLC separations, one can 
consider higher nanofractionation resolutions to maintain chromatographic resolution in 
the bioactivity profiles.
 During the optimization using known inhibitors, a delay of 1.05 min between 
the bioassay and MS measurement was observed. Keeping this delay in mind, the 
chromatograms obtained with snake venoms from the two different detection techniques 
were aligned. Next to the peak position, the peak shape in the bioactivity and MS 
chromatogram were used for the correlation of the data (see below).
 The optimized method was further evaluated by analyzing serial dilutions of 
standard inhibitors for each enzyme. Various concentrations of variegin and argatroban 
were tested in thrombin assay (Fig. 4a), while pefabloc and argatroban were tested in 
factor Xa assay (Fig. 4b). The concentrations of the inhibitors argatroban and pefabloc 
tested in the thrombin assay were much lower than those tested in the factor Xa assay, 
since these thrombin selective inhibitors evidently inhibit factor Xa activity at higher 
concentrations. When high concentrations of inhibitors are separated, the inhibitory 
peak in the bioactivity profiles becomes broad and shows a flattened negative maximum, 
representing full inhibition (Fig. 4a−v). The bioactivity peak become narrower with 
decreasing concentration injected and finally, the (negative) peak height decreases until 
the concentration injected is no longer detectable (Fig. 4b−i). The minimum concentration 
that can be detected in the bioactivity profile depends on the potency of a particular 
inhibitor: the more potent inhibitors can be detected in lower concentrations than the 
less potent ones. This is seen for argatroban, which has a higher affinity for thrombin than 
for factor Xa. The minimal concentration injected into LC that can be detected is 50 nM 
in the thrombin assay and 25 µM in the factor Xa assay. It is important to note that the 
concentrations injected are not the actual concentrations in the well. This is due to two 
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reasons: (a) the distribution of an injected compound over multiple wells due to the band 
broadening during the chromatographic separation, which also leads to dilution of the 
sample injected; and (b) the difference between the injection volume and the final volume 

Fig. 4. Evaluation of the at-line nanofractionation approach for analysis of thrombin and factor Xa 
activity. (a) Reconstructed bioactivity chromatograms obtained in the thrombin activity assay after 
injecting a serial dilution of a mixture of argatroban and variegin. The injected concentrations of 
argatroban and variegin were: 25 nM and 1.4 µM (i), 50 nM and 2.8 µM (ii), 100 nM and 5.5 µM (iii), 200 nM 
and 11 µM (iv), and 400 nM and 22 µM (v), respectively. The thrombin activity assay was performed by 
pipetting a freshly prepared mixture of thrombin (5 ng/mL) and rhodamin-based substrate (5 nM) on the 
dried plates containing 6-s nanofractions of nanofractionated mixture of argatroban and variegin. LC−MS 
traces depicted as extracted ion currents (XICs) of argatroban and variegin are given for correlation 
with inhibiting activity represented as negative bioactivity peaks (vi). (b) Reconstructed bioactivity 
chromatograms obtained in the factor Xa activity assay after injecting a serial dilution of a mixture 
of argatroban and pefabloc. The injected concentrations (same concentration of both compounds for 
each analysis) were: 12.5 µM (i), 25 µM (ii), 50 µM (iii), 100 µM (iv). The factor Xa activity assay was 
performed by pipetting a freshly prepared mixture of factor Xa (80 ng/mL) and rhodamin-based substrate 
(4 µM) on the dried plates containing 6-s nanofractions of nanofractionated mixture of argatroban and 
pefabloc. LC-MS traces depicted as extracted ion currents (XICs) of argatroban and pefabloc are given for 
the correlation with inhibiting activity (vi).

in the well. In our case, 50-µl sample was injected while the fractions (54 μL) in each well 
were evaporated and redissolved in 25 µl for bioassays directly leading to a two-fold higher 
concentration in the assay conditions. Thus, this is different from a conventional bioassay, 
where the total amount of the compound is directly added to the single well. The actual 
protein concentrations in wells at maximum eluted concentrations can be experimentally 
determined by measuring the response intensity using a calibration curve prepared using 
a conventional bioassay. In the described method for analysis of inhibitors, it was found 
that the inhibitor concentration in the wells containing the negative peak maximum is 
approximately 2.5 times (2.25−2.95) lower than the concentration injected.
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3.3. Screening of snake venoms for thrombin and factor Xa inhibitors
The optimized and evaluated method was used to screen 39 snake venoms for inhibitory 
activity towards thrombin and/or factor Xa. The bioactivity profiles of 10 different snake 
venoms screened in factor Xa activity assay are presented in Fig. 5. Other bioassay 
chromatograms for each snake venom using both assays can be found in the supporting 
information file. The bioactivity profiles represent plots of the slopes of three consecutive 
measurements per well versus time. Each venom gives a characteristic bioactivity profile 
reflecting the bioactivity of its eluted constituents. Interestingly, most of the snake 
venoms show increases in the baseline (Fig. 5 b−j), as manifested by the positive peaks 
in the bioactivity profile. Considering the peptide-based structure of rhodamin 110-based 
substrate and the presence of proteases in snake venoms, these positive peaks are most 
likely result from the proteolytic cleavage of the substrate by snake proteases. When 
many proteases elute together, the proteases are detected as positive co-eluting peaks. 
This is corroborated by the procoagulant activity of many snake venoms (21,22) that were 
analyzed in this study. For example, snake venoms from several Australian elapids, such 
as Oxyuranus scutellatus and Pseudonaja affinis, owe their procoagulant activity due to the 
presence of factor Xa-like prothrombin activating enzymes (23). Furthermore, some of these 
snake venoms also contain thrombin-like enzymes (24) and other nonspecific proteases. It 
is important to note that the later-eluting peaks may exhibit decreased proteolytic activity 
due to denaturation effects of the higher concentrations of organic modifier. In general, not 
many inhibitors of thrombin and/or factor Xa were detected in this study. This does not 
necessarily imply their absence, but their inhibitory activity towards the enzymes could be 
masked by the presence of snake proteases. For example, the excessively high activity of a 
snake protease can block the inhibition signal of an inhibitor present or the inhibitor could 
undergo proteolytic degradation by the protease present in the same nanofraction and 
under the assay conditions used. The additional careful analysis was required to identify 
novel inhibitors. Here we demonstrate this case in point with Daboia russelii russelii venom. 
Inhibitory activity was found in this venom when tested in the factor Xa and thrombin 
assays (Fig. 6). In Fig. 6a, the results of screening of the D. russelii russelii venom in factor 
Xa (i−iii) and thrombin (iv) activity assay are shown. The bioactivity profile in the factor Xa 
assay could not be plotted from the slopes of kinetic measurements due to extremely high 
snake protease activity of co-eluting proteases that converted the substrate fully in the first 
time point of measurement. In these cases, normalized data of the fluorescent responses 
at three time points are plotted (Fig. 6b (i−iii)). The high protease activity between 13.95 
and 15.35 min led to the maximum signal at the first point of kinetic measurement. 
When the bioactivity profiles are plotted, the positive peak that comes from the protease 
activity would become a peak with the negative maximum and thus misinterpreted as an 
inhibitor (See Fig. S1). In the bioactivity profile reconstructed from the first time point 
measurement (Fig. 6a (iii)), three factor Xa inhibitors at 2.55, 5.65, and 7.05 min were 
detected next to the protease activity. However, the bioactivity profile of the thrombin 
assay did not show presence of the inhibitory activity (Fig. 6b (iv)) indicating that these 
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Fig. 5. Bioactivity profiles of ten different snake venoms tested in the factor Xa activity assay. The 
factor Xa activity assay was performed by pipetting a freshly prepared mixture of factor Xa (80 ng/mL) and 
rhodamin-based substrate (4 µM) on the dried plates containing 6-s nanofractions of each nanofractionated 
crude venom. The bioactivity profiles represent plots of the slopes of three consecutive measurements per 
well versus time.
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Fig. 6. Analysis of a crude venom from Daboia russelii russelii. (a) Bioactivity profiles of Daboia 
russelii russelii in the thrombin and factor Xa activity assays. Reconstructed bioactivity chromatograms 
obtained in the factor Xa activity assay are presented as a plot of the enzyme activity per well, expressed as 
the relative fluorescence after one (iii), three (ii) and five (i) consecutive measurements, versus time. The 
presence of three factor Xa inhibitors is detected. The reconstructed bioactivity chromatogram obtained 
in the thrombin activity assay is presented as a plot of the slopes of eleven consecutive measurements per 
well versus time (iv). The LC−MS trace depicted as total ion current (TIC) is given for informative purposes 
(v). (b) Identification of factor Xa inhibiting peptides from the crude venom of Daboia russelii 
russelii. The time points of the beginning and the maximum of each peak for three factor Xa inhibitors 
(at 2.55, 5.65, and 7.05 min) detected in the reconstructed bioactivity chromatogram (i) are correlated 
to the extracted ion currents (XICs) of the m/z values detected in the mass spectra corresponding to the 
bioactivity regions (ii, iii, iv). Trace (ii) is identical to trace (i) and depicts the single points that were used 
for the reconstruction of the bioactivity profile The correlation of the bioactivity peak and the XIC is based 
on an identical retention time and peak shape in both chromatograms. To each bioactivity peak, the m/z 
values from their respective XICs are assigned that have both the same peak shape and retention time 
corresponding to the bioactivity.

are possibly selective factor Xa inhibitors. The bioactivity profiles were correlated to the 
data from the parallel MS detection to determine the accurate masses of these inhibitors. 
This was done in three steps: Firstly, the time points of the beginning, peak maximum, and 
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end point of each peak were determined and assigned to the corresponding time points 
in the total ion current (TIC; Fig. 6a (v)). Secondly, the corresponding MS spectra were 
plotted by averaging the spectra taken in the time interval corresponding to the bioactive 
peak and subtracting the background spectra. Finally, the extracted ion currents (XICs) of 
each mass detected in the MS spectrum were plotted and correlated to the corresponding 
activity peak based on retention time and peak shape. With the successful correlation, the 
accurate mass was assigned to the bioactivity peak (Fig. 6b). The zoomed-in traces i and 
ii represent the results of factor Xa activity to show the three inhibitory peaks. Trace ii is 
identical to the trace i and depicts the single points that were used for the reconstruction 
of the bioactivity profile. Traces iii, iv and v represent the XICs of the masses found in the 
corresponding MS spectra. For demonstration purpose, only 4−7 relevant XICs of masses 
found in the MS spectra are shown in Fig. 6b. Multiple masses (m/z 193, 769, 961, and 
1153) correspond both in retention time and peak shape to the early eluting bioactive 
peak at 2.55 min. It is most probable that these masses belong to the same peptide and 
are products of its in-source fragmentation, as was also observed for other small peptides 
under the experimental conditions used in this study. This could be overcome by adjusting 
the experimental ionization conditions to the analysis of both small and large peptides. It 
also has to be noted that the retention time of 2.55 min is around the chromatographic dead 
time and consequently non-retained compounds co-elute here. Because of these reasons, 
it is difficult to determine the mass of the inhibitor eluting at 2.55 min. After correlation 
in both retention time and peak shape, the masses that most probably corresponded to 
the second and third bioactive peak were 7550 Da for the peak eluting at 5.65 min and 
6941 Da for the peak eluting at 7.05 min. These masses seem to correspond to the Kunitz-
type serine protease inhibitors DrKIn-I and DrKIn-II, respectively, described by Cheng et 
al. (25,26).

3.4. Screening of snake venoms to understand functional phylogeny
In addition to the detection of snake proteases and/or inhibitors of thrombin and factor 
Xa in different snake venoms, it could be interesting to compare the bioactivity profiles 
of snake venoms from closely related species. For this purpose, the bioactivity profiles of 
venoms from ten Crotalus species in the factor Xa assay were plotted (Fig. 7). Interestingly, 
all ten species to a great extent show similar bioactivity profiles, when compared to the 
bioactivity profiles of venoms from phylogenetically distant snakes (see Fig. 5). The 
protease activity detected in all the Crotalus species started with compounds eluting at 
around 16 min. However, different intensities of the different bioactive peaks or positive 
bioactivity areas are noticeable between the different species. Some species seem not to 
contain certain proteases. For example, six species (Fig. 7 (v−x)) show a protease activity 
at approximately 25 min with the differences in the peak heights, while four species (Fig. 5 
(i−iv)) do not. It is, however, possible that these species produce similar enzymes in lower 
quantities and therefore cannot be detected with the fast analytical gradients used. In 
fact, it is known that the same species from different regions can have different venom  
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Fig. 7. Bioactivity profiles of ten snake venoms from Crotalus species tested in the factor Xa activity 
assay. The factor Xa activity assay was performed by pipetting a freshly prepared mixture of factor Xa 
(80 ng/mL) and rhodamin-based substrate (4 µM) on the dried plates containing 6-s nanofractions of each 
nanofractionated crude venom. The bioactivity profiles represent plots of the slopes of three consecutive 
measurements per well versus time.
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composition resulting in different effects upon envenomation of the prey (27). A detailed 
study of the bioactivity and proteolytic profiles and parallel MS data is needed for better 
understanding, but this is beyond the scope of the current study. The biology-oriented 
audience with in depth knowledge of intra- and interspecies differences could use the 
current analytical methodology to analyze and explain such observations. Moreover, their 
interest can be in comparison of protease bioactivity profiles within species based on 
geographic origin, diet and/or age of a snake, or similarities and difference in protease 
bioactivity profiles between species.

4. Conclusion

An analytical method for rapid screening of snake venoms for thrombin and/or factor 
Xa inhibitors with their parallel MS based identification was optimized and successfully 
applied to the screening of 39 crude snake venoms. In this method, at-line nanofractionation 
was used to link LC–MS analysis with enzyme activity assays. The bioactivity was assessed 
directly after the freeze-drying of 384-well plates containing the nanofractions collected. 
The bioactivity profiles were plotted representing bioactivity profiles of the snake venom. 
Since the nanofractionation is performed in 6 s resolution, the chromatographic resolution 
of the LC separation is retained. Therefore, at-line nanofractionation allows correlation 
of the data obtained in the bioassays with the corresponding MS data based on retention 
times and peak shapes where negative peaks represent eluting inhibitors. This was 
demonstrated on the example of factor Xa inhibitors found in venom of D. russelii russelii. 
Moreover, the obtained bioactivity profiles were found to contain many positive peaks in 
most snake venoms analyzed, probably representing snake proteases that also convert the 
substrate used in the bioassays. These bioactivity profiles may also be used to evaluate 
the phylogenetic relatedness of snakes as well as to study ontogenetic changes in snakes.
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Supporting information

Table S1. List of snake species used in the screening program towards inhibitors of thrombin and factor Xa

Acanthophis antarcticus Crotalus durissus culmiatus

Atheris squamigera Crotalus durissus cumanensis

Agkistrodon contortrix laticinctus Crotalus durissus terrificus

Agkistrodon contortrix mokasen Crotalus durissus vergrandis

Agkistrodon bilineatus bilineatus Crotalus horridus

Agkistrodon piscivorus conanti Crotalus horridus atricaudatus

Agkistrodon piscivorus piscivorus Crotalus viridis viridis

Gloydius blomhoffi Daboia russelii russelii

Bitis arietans Dendroaspis viridis

Bitis gabonica “rhinoceros” Hoplocephalus stephensii

Bothrops alternatus Micrurus nigrocinctus

Bungarus candidus Oxyuranus microlepidota

Atropoides mexicanus Oxyuranus scutellatus

Boiga irregularis Pseudechis australis

Calloselasma rhodostoma Pseudonaja affinis

Causus rhombeatus Pseudonaja inframacula

Cerastes cerastes cerastes Pseudonaja textilis

Crotalus adamanteus Bothrops atrox

Crotalus atrox Crotalus ruber ruber

Crotalus basiliscus

Fig. S1. Bioactivity profile of Daboia russelii russelii in Facotr Xa activity assay with slopes calculated for 
the full kinetic measurement. 
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Fig. S2. Screening of snake venoms in thrombin activity assay.
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Fig. S2. (Continued)



Chapter 4

104

C4

Fig. S2. (Continued)
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Fig. S2. (Continued)
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Fig. S2. (Continued)
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Fig. S2. (Continued)
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Fig. S2. (Continued)
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Fig. S3. Screening of snake venoms is factor Xa assay.
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Fig. S3. (Continued)
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Fig. S3. (Continued)
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Fig. S3. (Continued)
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Fig. S3. (Continued)
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Fig. S3. (Continued)
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Fig. S3. Screening of snake venoms is factor Xa assay.






