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Rapid Screening and Identification 

of ACE Inhibitors in Snake Venoms Using 
At-line Nanofractionation LC−MS4

4 M. Mladic, T. de Waal, L. Burggraaff, G.W. Somsen, W.M.A. Niessen, R.M. Kini, J. Kool. Rapid screening 
and identification of ACE inhibitors in snake venoms using at-line nanofractionation LC−MS, in 
preparation.
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Abstract

This study presents an analytical method for the screening of snake venoms for inhibitors 
of the angiotensin-converting enzyme (ACE) and a strategy for their rapid identification. 
The method is based on an at-line nanofractionation approach, which combines liquid 
chromatography (LC), mass spectrometry (MS) and pharmacology in one platform. After 
initial LC separation of a crude venom, a post-column flow split is introduced enabling 
parallel MS identification and high-resolution fractionation onto 384-well plates. The 
plates are subsequently dried and used in a fluorescence-based ACE activity assay to 
determine the ability of the nanofractions to inhibit ACE activity. Once the bioactive wells 
are identified, the parallel MS data reveals the masses corresponding to the activities found. 
Narrowing done of possible bioactive candidates is provided by comparison of bioactivity 
profiles after both reversed-phase (RPLC) and hydrophilic interaction chromatography 
(HILIC). Additional nanoLC−MS/MS analysis is then performed on the content of the 
bioactive nanofractions to determine peptide sequences. The method described was 
optimized, evaluated and successfully applied for screening of 28 snake venoms for the 
presence of ACE inhibitors. As a result, two new bioactive peptides from the venoms of 
Crotalus adamanteus and Cerastes cereastes cerastes snakes were identified. The identified 
peptides possess a high sequence similarity to other bradykinin-potentiating peptide 
(BPP) ACE inhibitors found in snake venoms.
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1. Introduction

Snake venoms comprise a myriad of bioactive peptides and proteins causing multiple 
physiological reactions upon envenomation of a prey organism. The diversity of effects 
involving varying mechanisms of action, together with the high target-specificity of each 
single constituent, make snake venoms very attractive materials in the discovery of 
new drugs for the treatment of different diseases. Animal venoms have been the origin 
of several major drugs or drug classes. One of the best known examples is provided by 
angiotensin-converting enzyme (ACE) inhibitors (1). Other snake venom-derived drugs 
include the highly potent analgesic hannaalgesin (2) from the venom of the King cobra, 
Ophiophagus hannah, and antiplatelet agents, tirofiban (3) and eptifibatide (4), from the 
venoms of the saw-scaled viper, Echis carinatus, and the southeastern pygmy rattlesnake, 
Sistrurus miliarius barbouri, respectively.
 Angiotensin-converting enzyme (ACE) is part of the renin-angiotensin-aldosterone 
system (RAAS), which, together with the sympathetic component of the autonomic 
nervous system, plays an important role in regulation of blood pressure and volume in the 
organism. ACE is responsible for the conversion of angiotensin I into angiotensin II, which 
is a very potent vasoconstrictor acting through the angiotensin II receptor types 1 and 2 
(AT1 and AT2 receptors) located in vascular smooth muscle cells. ACE is also catalyzing 
the deactivation of bradykinin, an endogenous vasodilating peptide. Therefore, inhibition 
of ACE activity leads to a decrease in the blood pressure. ACE inhibitors are one of the most 
often used drugs in medical treatment of hypertension and congestive heart failure. The 
first ACE inhibitor registered on the market was captopril, which was synthesized based on 
the structure of a peptide found in 1970s in the venom of the Brazilian pit viper Bothrops 
jararaca (5−7). Since then, a large number of peptides inhibiting ACE have been identified 
in snake venoms (8−10). These peptides are named bradykinin-potentiating peptides 
(BPPs), owing their name to increased bradykinin activity caused by ACE inhibition.
 Screening, purification and characterization of relevant bioactive compounds from 
snake venoms is a challenging and often laborious task. Many groups are successfully 
applying the bioassay-guided fractionation approach to identify bioactive compounds in 
venoms (11−13). However, these studies can be very time-consuming before the bioactive 
compound is identified, because the bioassays are often not directly linked to the chemical 
identification, which is mostly performed by separately conducted MS analysis. Recently, 
a new method based on the at-line nanofractionation methodology was developed and 
applied in screening of snake venoms for compounds affecting thrombin and factor Xa 
activity (14). This method combines reversed-phase liquid chromatography (RPLC) 
analysis of a crude snake venom with parallel mass spectrometry (MS) identification 
and high-resolution nanofractionation onto 384-well plates, enabled by the presence of 
a post-column flow split. After nanofractionation, 384-well plates are dried to eliminate 
the organic modifiers present in the LC eluents and then directly bioassayed. The bioassay 
results are plotted in a so-called bioactivity chromatogram resembling the bioactivity 
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profile of a snake venom tested in the particular assay. Since the at-line nanofractionation 
is performed in 6-s resolution, the retention and resolution of eluting compounds from the 
LC separation is retained in the bioactivity chromatograms. After the bioactive peaks are 
identified in the bioactivity profile, the parallel MS measurement gives information on the 
m/z-value corresponding to the bioactivity detected. Extracted ion chromatograms (XICs) 
of all the possible candidates are plotted and the peak shapes and retention times of the 
peaks are then correlated to the bioactive peaks detected in the bioactivity chromatogram 
(14).
 In this study, the at-line nanofractionation methodology was optimized and evaluated 
for screening mixtures such as snake venoms towards ACE activity. The optimized method 
was then applied to the screening of 28 snake venoms. All snake venoms were initially 
screened using RPLC resulting in the identification of several snake venoms containing 
ACE inhibitors. Additional RPLC re-screening was performed on the snake venoms with 
positive hits to confirm the presence of the bioactives. The identified bioactive peaks 
were correlated to corresponding accurate m/z-values obtained in the parallel MS 
measurements. In cases, where multiple possible m/z-values were found due to co-eluting 
compounds, a hydrophilic interaction liquid chromatography (HILIC) separation was used 
to re-screen the respective crude venom as an orthogonal separation, in order to narrow 
down the number of candidates for the bioactivity observed. After correlation of bioactivity 
to an accurate m/z-value, the bioactive nanofractions were subsequently subjected to the 
nanoLC-MS/MSMS analysis in order to reveal the sequence of the bioactive peptides. 

2. Experimental

2.1. Chemicals
Water was purified using a Milli-Q Plus system from Millipore (Amsterdam, The 
Netherlands). Acetonitrile (ACN) (ULC−MS grade) and formic acid (FA) were obtained 
from Biosolve (Valkenswaard, The Netherlands). Tris, ZnCl2, glycerol, hydrochloric acid, 
angiotensin-converting enzyme (ACE) from rabbit lung (≥2.0 units/mg protein) and 
captopril were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Abz-Gly-p-
nitroPhe-Pro-OH (M1100) was obtained from Bachem (Bubendorf, Switzerland). DMSO 
was obtained from Riedel-de Haën (Zwijndrecht, The Netherlands). Lyophilized snake 
venoms were kept at –20° C. Prior to analysis, snake venoms were diluted in water to an 
end concentration of approximately 2±0.1 mg/mL. After analysis, the samples were kept 
at –80° C for later re-analysis.

2.2. Liquid chromatography, at-line nanofractionation and mass spectrometry
Liquid chromatography separation was performed on a Shimadzu (‘s Hertogenbosch, 
The Netherlands) UPLC system controlled via Shimadzu Lab Solutions software. Sample 
injection was performed with a Shimadzu SIL-30AC autosampler using a 50-μL injection 
volume for RPLC separation and a 20-μL injection volume for HILIC separation. A gradient 
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separation was performed on a Waters (Milford, MA) xBridge C18 column (100×4.6 mm; 
5 μm) with an xBridge C18 guard column (10×4.6 mm; 5 µm) in RPLC mode. In HILIC 
mode, an Atlantis™ HILIC silica column (150×2.1 mm; 3 µm) was used. The columns were 
thermostated at 37° C in a Shimadzu CTD-30A column oven. The solvent delivery was 
performed with two Shimadzu LC-30 AD parallel pumps with 0.6 mL/min and 0.15 mL/min 
total flow rates for RPLC and HILIC separation, respectively. The mobile phases consisted 
of eluent A (98% H2O, 2% CAN, and 0.1% FA) and eluent B (98% ACN, 2% H2O, and 0.1% 
FA). The setup was optimized and validated in RPLC mode using the following gradient: 
linear increase from 0 to 30% B in 20 min followed by 5 min isocratic elution at 30% B and 
a subsequent decrease to 0% B in 1 min with a 5 min equilibration time. The snake venoms 
screening for ACE activity was performed both in RPLC and HILIC mode. In the RPLC 
mode, venoms were analysed using a 20 min linear gradient from 0 to 50% B followed by a 
linear increase to 90% B in 2 min and then a 2 min isocratic elution at 90% B before going 
back to 0% B in 1 min. The column was then equilibrated for 5 min. In the HILIC mode, 
separation started at 50% B and decreased linearly to 0% B in 20 min. This was followed 
by 4 min column washing at 0% B and a subsequent increase to 50% B in 1 min. The 
column was then equilibrated for 10 min. After the column, a flow split was introduced 
in a 1:9 ratio. The larger flow portion was directed to a Gilson 235P autosampler for 6-s 
nanofractionation onto black 384-well plates (Greiner Bio One, Alphen aan den Rijn, The 
Netherlands). The nanofractionated plates were subsequently dried in a Christ Rotational 
Vacuum Concentrator (Salm en Kipp, Breukelen, The Netherlands) RVC 2−33 CD plus and 
then stored at –20° C until use. Ariadne, an in-house written software, was used to control 
the nanofractionation. The smaller flow portion was directed towards a Shimadzu SPD-
M20A prominence diode array detector followed by a Waters Ultima quadrupole–time-of-
flight (q−TOF) mass spectrometer equipped with an electrospray ionization (ESI) source. 
The MS was operated in positive-ion mode with the following settings for the ESI source 
parameters: source temperature 100° C, desolvation temperature 200° C, capillary voltage 
3 kV and gas flow 350 L/min. Spectra were acquired at 1 spectrum/s rate in the range of 
m/z 50 to 2000.

2.3. ACE bioactivity assay
ACE was stored at –20° C as a 1-U/mL solution in 50% glycerol/50-% 0.15 M Tris-HCl pH 
8.3 supplemented with 5 mM ZnCl2. M1100 was stored as a 10 mM solution in DMSO at 
–20° C. The assay was performed in a 0.15 M Tris-HCl buffer pH 8.3 supplemented with 
0.5 M NaCl. Prior to pipetting, both ACE and M1100 were diluted directly in the buffer at 
room temperature to final concentrations of 1 mU and 40 µM, respectively. This solution 
was then added directly to the nanofractionated plates at room temperature using a 
MultidropTM 384 Reagent Dispenser (Thermo Fisher Scientific, Ermelo, The Netherlands). 
The final volume of the assay was 75 µL/well. The readout of the assay was fluorescence 
measured with a Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, 
Ermelo, The Netherlands) at 320 nm excitation and 420 nm emission wavelength. The 
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measurements were performed at 37° C after 1 h and after 2 h from the start of addition of 
the assay solution to the plates. Between the two time points, the plates were incubated at 
37° C. The activity of ACE in the wells was expressed as the slope of the kinetic curve that 
resulted from the two time point measurements. The resulting slopes were normalized 
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. NanoLC−MS/MSMS
NanoLC separation was performed using an UltiMate 3000 RSLCnano system (Thermo 
Fisher Scientific, Ermelo, The Netherlands). An autosampler was run in full-loop injection 
mode with the injection volume set at 1 µL. The samples were separated on an analytical 
capillary column (150 mm × 75 µm) packed in-house with Aqua C18 particles (3 µm particle 
size and 200 Å pore diameter; Phenomenex, Utrecht, The Netherlands). The mobile phases 
consisted of eluent A (98% H2O, 2% ACN, 0.1% TFA) and eluent B (98% ACN, 2% H2O, 
0.1% TFA). The following gradient program was used for the separation: 2 min isocratic 
separation at 5% B, linear increase to 80% B in 15 min, 3 min isocratic separation at 80% B, 
decrease to 5% B in 0.5 min and equilibration for 9 min. The column was thermostated at 
30° C in the column compartment. Detection was carried out with a Variable Wavelength 
Detector set at 254 nm followed by a micro-q−TOF mass spectrometer (Bruker, Bremen, 
Germany). The MS had an electrospray ionization (ESI) source and was operated in 
positive-ion mode. Typical settings of the ESI source parameters for the micro-q−TOF 
MS were the following: source temperature 200° C, capillary voltage 4.5 kV and gas flow 
10 L/min Spectra were acquired at 1 spectrum/s in the range of m/z 50 to 3000. MS/MS 
spectra were recorded in data-dependent mode using 35-eV collision energy in the CID 
collision cell. Bruker DataAnalysis software was used for data analysis.

3. Results and Discussion

3.1. Optimization, calibration and evaluation of the screening method assay
Prior to optimization of the analytical methodology and the screening of snake venoms, the 
ACE bioassay used in 384-well plate was optimized regarding the substrate and enzyme 
concentration. This was done by performing enzyme kinetic experiments using different 
substrate and enzyme concentrations. In total five different enzyme concentrations (2,5, 5, 
10, 20, and 40 mU) were tested in the ACE bioactivity assay, at eight substrate concentrations 
(5–500 µM), in a matrix fashion. For each enzyme concentration, the maximum conversion 
rate was reached already at 250-µM substrate concentration and it dropped down at the 
last substrate concentration tested. This phenomena was already reported for the M1100 
substrate, where it was attributed to decreased fluorescence intensity of the product 
at high concentrations due to the absorption at the excitation or emission wavelength 
(15). Therefore, the results excluding the highest concentration tested (500 µM) were 
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fitted into a Michaelis-Menten enzyme kinetic model. The Km value was determined to 
be approximately 60 µM for all enzyme concentrations tested (supporting information; 
Fig. S1), which is in the range of values previously reported in literature (15,16). The data 
presented was normalized for comparison reasons (supporting information, Fig. S1). The 
lowest enzyme concentration (2.5 mU) showed a lower signal-to-noise ratio (S/N) (larger 
standard error bars), while for the higher concentrations, no significant difference could 
be seen. Therefore, a 5-mU concentration of the enzyme was considered as optimal for 
further method optimization and validation. The optimal substrate concentration was 
considered to be 60 µM, corresponding to its Km value. However, for economic reasons, 
the concentration of both the enzyme and the substrate were lowered to 1 mU and 
40 µM, respectively. The lowering of enzyme and substrate concentration slowed down 
the enzymatic reaction for a large percentage compared to the conditions determined to 
be optimal at first. However, when using sufficiently long incubation times, low enzyme 
concentrations will yield a sufficient assay window for obtaining good S/N, also in 
combination with much lower than the Km substrate concentrations. In practice, these 
assay conditions allowed for two measurement points at 1 and 2 h after the beginning 
of the incubation resulting in repeatable slope determination of the enzymatic product 
formation.
 Optimization was followed by transfer of the bioassay to the nanofractionation setup 
for calibration and evaluation in which parallel LC−MS analysis and nanofractionation is 
performed in the same setup as previously described (14). Calibration and validation of the 
screening method was done in RPLC mode. For this, different concentrations of captopril 
(5 nM to 20 µM) were injected into the LC system and nanofractionated in serpentine 
fashion onto 384-well plates using a 6-s resolution. The nanofractionated plates were then 
dried and subsequently bioassayed. For each well, a time point is assigned and a slope 
of the enzymatic reaction is calculated and plotted versus time. The time point of each 
well is defined as half the fractionation resolution time plus the fractionation resolution 
multiplied by the number of preceding fractions. That means that the first well corresponds 
to the 0.05 min time point and each next well to a time point that is 0.1 min (6 s) increased 
compared to the previous one. The results obtained from the bioassay performed after 
nanofractionation of different captopril concentrations are presented in Fig. 1 as 
bioactivity chromatograms. Each point in the bioactivity chromatogram represents the 
slope of the enzymatic reaction of the corresponding well on the 384–well plate. The limit 
of detection was found to be at an injected concentration of 40-nM captopril.

3.2. Screening of snake venoms
In total, the venoms of 28 different snakes were screened with the optimized bioassay 
conditions in RPLC mode. A list of snake species from which the venoms were screened is 
given in Table 1. 
 The venoms containing ACE inhibitors are indicated in this table. All 28 bioactivity 
chromatograms are presented in the supporting information. A significant ACE inhibition 
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was observed in the venoms of 2 species, i.e., the Saharan horned viper, Cerastes cerastes 
cerastes, and the eastern diamondback rattlesnake, Crotalus adamanteus.

Fig. 1. Calibration and evaluation of the methodology for screening complex mixtures for ACE 
inhibitors. (A) Traces i−vi represent reconstructed bioactivity chromatograms that resulted from the 
bioassay after 50 µL injection of different concentrations of captopril (5 nM to 200 µM). Fractions were 
collected in 6-s resolution. (B) The extracted ion current of captopril is given for correlation between the 
MS and bioassay data.
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Table 1. List of snake species screened towards ACE inhibition. The significant presence of ACE inhibitors 
is marked with a + sign and their absence with – sign.

Snake species Inhibitory activity

Atheris squamigera -

Agkistrodon contortrix contortrix -

Agkistrodon contortrix laticinctus -

Agkistrodon contortrix mokasen -

Agkistrodon bilineatus bilineatus -

Agkistrodon piscivorus conanti -

Agkistrodon piscivorus piscivorus -

Gloydius blomhoffi -

Bitis arietans -

Bothrops alternatus -

Bungarus candidus -

Bothrops atrox -

Boiga irregularis -

Calloselasma rhodostoma -

Cerastes cerastes cerastes +

Crotalus adamanteus +

Crotalus atrox -

Crotalus basiliscus -

Crotalus durissus culmiatus -

Crotalus durissus cumanensis -

Crotalus durissus terrificus -

Crotalus durissus vergrandis -

Oxyuranus microlepidota -

Oxyuranus scutellatus -

Pseudonaja affinis -

Pseudonaja nuchalis -

Hemachatus haemachatus -

Naja nigricolis -

The steps taken to go from measured inhibitory bioactivity, i.e., a negative peak in the 
bioactivity chromatogram, to the identification of inhibitory peptides is described with the 
example of screening the snake venom from C. cerastes. The results of the initial screening, 
performed with RPLC separation, are presented in Fig. 2a. 
 One inhibitory peak is detected in the bioactivity chromatogram at the retention time 
of 15.95 min. In the corresponding MS spectrum, multiple m/z-values are found that could 
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correspond to the bioactivity. However, after plotting the XICs for these m/z-values, only the 
trace for m/z 1547 corresponded to the bioactivity peak in both peak shape and retention 
time, leading to the conclusion that the bioactive is most probably a peptide with a mass of 
1546 Da. The same snake venom was then re-screened for confirmation of the bioactivity. 
For this, bioactivity screens were performed after both a RPLC and a HILIC separation. 
Re-screening after RPLC separation gave the same results (data not shown). The results 
of the screening after the orthogonal HILIC separation are presented in Fig. 2b. Only 
one inhibition peak was detected. As expected, the negative peak in HILIC is lower than 
in RPLC since an injection volume of 20 µl was used for HILIC and 50 µl for RPLC. After 
plotting the XICs for the m/z-values that could correspond to the bioactivity, again only the 
trace for m/z 1547 matched the bioactivity peak with respect to peak shape and retention 
time. After identifying the m/z and consequently the molecular mass of the potential 
bioactive peptide, i.e., approximately 1546 Da, the content of one of the wells containing 
the bioactive peptide was injected directly onto nanoLC−MS/MSMS. Analysis of the MS 
spectrum and fragmentation spectra resulted in full sequence identification (Fig. 3). After 
analysis of the fragmentation spectra, the following sequence for the bioactive peptide  

Fig. 2. Screening of the venom of the horned desert viper (Cerastes cerastes cerastes) for ACE 
inhibitors. (A) The results of the screening performed after the RPLC separation. (B) The results of 
the screening preformed after the HILIC separation. i Reconstructed bioactivity chromatograms after 
corresponding LC separation and nanofractionation of a crude venom. Fractions were collected with 
6-s resolution onto 384-well plates after 50-µL injection of the crude venom. ii Total ion current (TIC) 
and iii extracted ion currents (XICs) of the potential bioactives obtained from the corresponding MS 
measurement. iv MS spectra corresponding to the bioactivity detected.
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was derived pEWPPWPPRPP(I/L)PP, where pE represents pyroglutamate. The proposed 
structure shows similarity with BPPs found in other snake venoms that usually contain a 
PP sequence at the C-terminal and pyroglutamate at the N-terminal of the peptide (9,17). 
Based on the analogy with other BPPs, the presence of Ile rather than Leu can be assumed, 
but actual differentiation between Ile and Leu was not possible under the experimental 
conditions used.
 The same approach was used to analyze the ACE activity profile of snake venom from 
Crotalus adamanteus. The results of the screening are shown in Fig. 4. Two bioactivity 
peaks were correlated and identified in the bioactivity profiles after both the RPLC 
(Fig. 4a) and the HILIC separation (Fig. 4b) and found to correspond to m/z-values 
1276 and 1201. The nanoLC−MS/MS analysis of the bioactive wells and sequencing of 

Fig. 3. Annotated fragmentation spectra of ACE inhibitor with m/z 1547.626 found in the venom of 
the Saharan horned viper (C. cerastes cerastes).
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these bioactive peptides resulted in the following sequences: pEQWPPGHH(I/L)PP and 
pENWPRPKVPP corresponding to m/z 1276.6264 and 1201.6520, respectively. Annotated 
MS/MS spectra can be found in Figs. 5 and 6 accompanied with the m/z-values identified 
and their corresponding mass accuracy shown in Tables 5.2 and 5.3, respectively. The two 
ACE inhibitory peptides found in the C. adamanteus venom were previously described by 
Wermelinger et al. (10).
 The first sequence was in line with this previous study, while the second sequence 
differed a few amino acids. The sequence described in this study is likely to be correct, 
since most of the b and y ions were detected together with the internal sequence ions 
supporting our interpretation (see Fig. 6). The mass accuracy of all the ions detected 
is within 7 ppm, (see Table 3). Moreover the accurate m/z value measured is closer to 
the theoretical m/z value of the sequence proposed in this study (1201. 648) compared 
to the theoretical m/z value of the sequence previously proposed by Wermelinger et al 
(1201.612). Further support for this sequence to be correct comes from the transcriptome 
of the C. adamanteus described by Rokyta et al. (18). They deposited the following protein 
sequence for a BPP and a C-natriuretic peptide in the NCBI database:
FVSRLAASGLLLLALLAVSLDG KPVQQWSQNWPRPKVPPLVVQQWPPGHHIPPLVVQNWKS 
PTQLQARESPAGGTTALREELSLGPEAALD TPPAGPDVGPRGSKAAAAPQRLSKSKGASATSAAS 
RPMRDLRTDGKQARQNWGRMVNPDHHSAAGGG GGGGGGARRLKGLAKKRAGNGCFGLKLDR 
IGSMSGLGC.

Fig. 4. Screening of venom of the eastern diamondback rattlesnake (Crotalus adamanteus) for 
ACE inhibitors. (A) The results of the screening performed after the RPLC separation. (B) The results 
of the screening preformed after the HILIC separation. i Reconstructed bioactivity chromatograms after 
corresponding LC separation and nanofractionation of a crude venom. Fractions were collected with 6-s 
resolution onto 384-well plates after 50-µL injection of the crude venom. ii Total ion current (TIC) and iii 
extracted ion currents (XICs) of the potential bioactives obtained from the corresponding MS measurement.
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Fig. 5. Annotated fragmentation spectra of ACE inhibitor with m/z 1276.626 found in the venom of 
the eastern diamondback rattlesnake (C. adamanteus).

The sequences of the two BPPs that were identified in our study are highlighted in bold. 
Here, it should be noted that without the availability of accurate mass measurements, 
the sequence described by Wermelinger et al. (10) could also be derived due to a slightly 
different interpretation of the MSMS spectra. However, the fragments due to internal 
sequence ions greatly assisted in deriving the correct sequence from the MSMS spectra for 
this particular peptide.
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Table 2. Mass accuracy of ions detected in the fragmentation spectra (Fig. 5) of peptide with m/z 1276. 
626 found in venom of Crotalus adamanteus. The mass error is calculated as measured m/z – calculated 
m/z (in mDa).

Proposed interpretation of 
the ion detected

Measured accurate 
m/z 

Calculated exact 
m/z

Mass error  
(mDa)

Mass error  
(ppm)

a3 398.1840 398.1829 +1.1 +2.76255

a6 649.3099 649.3099 0 0

a7 786.3704 786.3688 +1.6 +2.034669

a8 923.4299 923.4277 +2.2 +2.382428

a9 1036.5140 1036.5120 +2.2 +2.122504

b2 240.0996 240.0985 +1.1 +4.581453

b3 426.1792 426.1778 +1.4 +3.285014

b4 523.2316 523.2305 +1.1 +2.102324

b6 677.3013 677.3048 –3.5 –5.167541

b7 814.3658 814.3637 +2.1 +2.578700

b8 951.4253 951.4226 +2.7 +2.837856

b9 1064.5090 1064.5007 +1.8 +1.690924

y11 1276.6260 1276.6230 +3.6 +2.819940

y8 851.4550 851.4528 +2.2 +2.583819

y7 754.4018 754.4000 +1.79 +2.372747

y6 657.3482 657.3473 +0.9 +1.369139

y5 600.3271 600.3258 +1.3 +2.165491

y4 463.2678 463.2669 +0.9 +1.942725

y3 326.2090 326.2080 +1 +3.065529

y2 213.1254 213.1240 +1.4 +6.568946

y1 116.0717 116.0712 +0.5 +4.307701

PPGHHIP 736.3912 736.3895 +1.7 +2.308561

WPPGHHI 825.4176 825.4161 +1.5 +1.817265

PGHHIP/PPGHHI 639.3391 639.3367 +2.4 +3.753891

WPPGHH 712.3334 712.3320 +1.4 +1.965376

GHHIP/PGHHI 542.2859 542.2840 +1.9 +3.503699

WPPGH 575.2747 575.2731 +1.61 +2.798671

GHHI 445.2323 445.2312 +1.1 +2.470626

PGHH 429.2014 429.1999 +1.5 +3.494875

PPGH 389.1953 389.1938 +1.5 +3.854121

HHI 388.2108 388.2098 +1 +2.575927

GHH 332.1480 332.1472 +0.8 +2.408571

PGH 292.1421 292.1410 +1.1 +3.765305

PPG 252.1359 252.1349 +1 +3.966131

HHI 275.1266 275.1257 +0.9 +3.271232

WP 284.1410 284.1399 +1.1 +3.871332

IP 211.1455 211.1447 +0.8 +3.788871



ACE inhibitors in snake venoms

133

C5

Table 3. Mass accuracy of ions detected in the fragmentation spectra (Fig. 6) of peptide with m/z 1201. 
652 found in venom of Crotalus adamanteus. The mass error is calculated as measured m/z – calculated 
m/z (in mDa).

Proposed interpretation of 
the ion detected

Measured accurate 
m/z 

Calculated exact 
m/z

Mass error  
(mDa)

Mass error  
(ppm)

a3 384.1683 384.1672 +1.1 +2.863337

a5 637.3223 637.3211 +1.2 +1.882881

a8 961.5403 961.5372 +3.1 +3.224004

a9 2+ 529.8009 529.7989 +2 +3.775017

a9 1058.5940 1058.5900 +4 +3.778611

b2 226.0837 226.0828 +0.9 +3.980842

b3 412.1630 412.1621 +0.9 +2.183607

b5 665.3179 665.3160 +1.9 +2.855786

b7 890.4637 890.4637 0 0

b8 989.5351 989.5321 +3 +3.031736

b9 2+ 543.7981 543.7964 +1.7 +3.126170

y1 116.0717 116.0712 +0.5 +4.307701

y2 213.1254 213.1240 +1.4 +6.568946

y3 312.1934 312.1924 +1 +3.203153

y6 657.3482 657.3473 +0.9 +1.369139

y7 754.4018 754.4000 +1.79 +2.372747

y8 851.4550 851.4528 +2.2 +2.583819

y7 754.4018 754.4000 +1.79 +2.372747

y10 2+ 601.3297 601.3280 +1.7 +2.827076

y10 1201.6520 1201.6482 +3.8 +3.162323

y8-17.026548 959.5246 959.5467 –22.1 –23.03171

y8-17.026548 +2 480.2662 480.2773 –11.1 –23.11165

b8-18.010565 971.5249 971.5215 +3.4 +3.499665

b8-18.010565 +2 486.2664 486.2647 +1.7 +3.496038

WPRPKV 764.4586 764.4872 –28.6 –37.41070

NWPRPK 779.3972 779.4317 –34.5 –44.26302

RPKVP/PRPKV 578.3792 578.3779 +1.3 +2.247665

RPKVP/PRPKV -28 550.3842 550.3830 +1.2 +2.180300

PKVP 422.2774 422.2768 +0.6 +1.420869

PRPK 479.3107 479.3095 +1.2 +2.503602

KVP/PKV 325.2250 325.2240 +1 +3.074804

RPK 382.2575 382.2567 +0.8 +2.092834

VP 197.1300 197.1290 +1 +5.072820

PK 226.1567 226.1556 +1.1 +4.863908

RP 254.1618 254.1617 +0.1 +0.393450

NW 301.1306 301.1301 +0.5 +1.660412
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Fig. 6. Annotated fragmentation spectra of ACE inhibitor with m/z 1201.652 found in the venom of 
the eastern diamondback rattlesnake (C. adamanteus).

4. Conclusion

The here described analytical method combined LC−MS with ACE bioassays via at-line 
nanofractionation. It was first optimized and evaluated for the analysis of ACE inhibitors 
in mixtures and then followed by a snake venom screening program. In total, 28 snake 
venoms were screened for the presence of ACE inhibitors. Three bioactive peaks in two 
different snake venoms were detected using the method developed. The high-resolution 
at-line nanofractionation allowed to keep the resolution of LC separation and thereby 
allowed to accurately correlate peak shape and retention time of negative bioactive peaks 
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in the bioactivity chromatograms with the XICs from the parallel obtained MS data. An 
orthogonal HILIC separation of a crude snake venom was introduced to successfully 
narrow down the number of candidate m/z-values for the bioactive peptides. The (partial) 
peptide sequence was determined by direct analysis of a bioactive well using accurate-mass 
nanoLC−MS/MSMS. It is important to note that these separate runs on the nanoLC−MS/
MSMS could be avoided if MSMS measurements are employed during the initial analysis, 
but this would compromise the sensitivity. Furthermore, nanoLC−MS/MSMS analysis 
of bioactive wells allows in general more sensitive analysis of a bioactive fraction due 
to the intrinsic sensitivity of nanoLC−MS for peptide analysis, and has the possibility of 
injecting high sample concentrations while only using low sample volumes. The developed 
methodology is therefore an excellent tool for rapid screening of snake venoms for ACE 
inhibitors followed by straightforward identification of the hits found. Furthermore, the 
use of this method can be extended to other drug targets and natural sources. The at-line 
nanofractionation of complex mixtures with subsequent bioassaying could significantly 
speed up the process of identifying bioactives from venoms for pharmaceutical research.
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Supporting Information

Fig. S1. Michaelis-Menten enzyme kinetic model for ACE enzyme using substrate concentrations ranging 
from 5 to 500 μM.




