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1 Modifications to negative data sampling methods

In order to ensure fair benchmarking of negative data sampling methods, we introduced a few general changes. All
sampling methods were run on the same negative data set created from sequences downloaded from UniProt [IJ;
CS-AMPpred originally used sequences from PDB database [2]. For SM:AMAP, SM:dbAMP, SM:CS-AMPpred,
SM:Witten&Witten and SM:Gabere&Noble, we added a step removing sequences with ambiguous letters or non-
standard amino acids because some model architectures do not handle such characters.

While filtering with keywords, we used only those present on the UniProt keyword list as identifiers to allow
automatic filtering of sequences in the file with annotations downloaded from UniProt [I]. Consequently, some keywords
were changed to match those present on the identifiers’ list, such as: 'microbicidal’ to ’antimicrobial’ for SM:AMPlify,
‘excreted’ to ’secreted’ for SM:AmpGram and SM:AMPScanner V2, ’antifungal’ to ’fungicide’ for SM:AmpGram
and SM:AMPIlify, ’toxic’ to ’toxin’ for SM:dbAMP, 'membrane’ to ’transmembrane’ for SM:dbAMP, ’secretory’ to
‘secreted’ for SM:dbAMP. Some sampling methods were also modified by not including keywords absent from the list
of UniProt identifiers and without any equivalents, such as: ’anticancer’ for SM:dbAMP and SM:AMPIlify; ’effector’
for SM:AMPScanner V2; and ’antiparasitic’, ’antimalarial’, ’antiprotist’, ’cathelicidin’ and "histatin’ for SM:AMPlify.

Further changes were necessitated by the input data requirements. The simplest sampling methods demanded only a
set of sequences with UniProt annotations whereas others depended on the positive data set, e.g. to ensure equal set size
and/or equal sequence length distribution. For most methods: SM:Wang et al., SM:AmpGram, SM:Witten& Witten,



SM:AMPScanner V2, SM:Gabere&Noble and SM:AMAP, we ran negative data sampling separately for training and
benchmarking using corresponding positive data sets. To prevent information leakage in methods that needed only
sequences with annotations: SM:iAMP-2L, SM:dbAMP, i.e. did not depend on the positive data set, we generated
single data sets and then split them into the training and benchmark sample.

We also introduced a few method-specific changes. In the case of SM:ampir-mature, we generated a negative data
set and then divided it for training and benchmarking. Next, to ensure that the positive and negative set do not
overlap, we filtered out sequences from the negative set using sequences from the corresponding positive samples. To
ensure equal positive and negative set size for SM:CS-AMPpred, we used the number of sequences in the positive set
to create a single negative sample and then split it for training and benchmarking.

Additionally, a few discrepancies occurred during the implementation of some sampling methods. First, to obtain
equal length distribution in the positive and negative data set for SM:AMPIlify, non-AMP sequences were generated
from peptide/protein fragment or fragments instead of being selected from whole peptides/proteins. Second, for
SM:AmpGram, we filtered out secretory proteins using the keyword ’secreted’. Third, for SM:AMPScanner V2 the
step of CD-HIT reduction was omitted.

2 Modifications to model architectures

For all models requiring calculation of PseAAC, we used the implementation available in protr R package [3]. In the
case of A:AMAP, we assumed default SVM hyperparameters; they were not provided by the authors. PseKRAAC in
A:DeepAmPEP30 were calculated assuming k=1 and the default values of lambda and gap; they were not provided
in the article. The architecture description of DeepAmPEP30 indicated that there is no padding both in the pooling
and convolution layer. However, in the schema, the dimensionality of vector output does not change and therefore we
did apply padding. AmpGram and ampir were modified to handle sequences shorter than 10 amino acids. In the case
of AmpGram, we created an implementation that worked on 5-mers instead of 10-mers. For ampir, we changed the
minimum sequence length to 5 after communication with the authors. The full description of changes is provided in
the Table

3 Tables

Table S1: Thresholds used for CD-HIT homology reduction of positive data set in the original papers describing
negative data sampling methods we reimplemented.

Method Threshold
AMAP 0.4*
AmpGram 0.9
ampir-mature 0.9
AMPIlify 1
AMPScannerV?2 0.9
CS-AMPpred -
dbAMP 0.4
Gabere&Noble 0.9
iAMP-2L 0.4"
Wang et al. 0.7
WittenWitten -

@Homology partitioning at 40% for cross-validation
PReduction performed only for selected subsets
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Table S4: Number of sequences in the training data sets: the positive sample and five replicates of a given negative
sampling method.

Data set 1 2 3 4 5
Positive 4151

TSM:AMAP 3999 4005 3998 4037 4007
TSM:AmpGram 4151 4151 4151 4151 4151
TSM:ampir-mature 2856 2854 2859 2863 2866
TSM:AMPlify 4151 4151 4151 4151 4151
TSM:AMPScannerV2 4151 4151 4151 4151 4151
TSM:CS-AMPPred 4151 4151 4151 4151 4151
TSM:dbAMP 4112 4112 4112 4112 4112
TSM:Gabere&Noble 24906 24906 24906 24906 24906
TSM:iAMP-2L 5862 5862 5862 5862 5862
TSM:Wang et. al 8316 8304 8393 8342 8430

TSM:Witten& Witten 4151 4151 4151 4151 4151

Table S5: Number of sequences in the benchmark data sets: the positive sample and five replicates of a given negative
sampling method.

Data set 1 2 3 4 5
Positive 1039

BSM:AMAP 1470 1472 1478 1519 1474
BSM:AmpGram 1039 1039 1039 1039 1039
BSM:ampir-mature 750 74T 749 744 751
BSM:AMPIlify 1039 1039 1039 1039 1039

BSM:AMPScannerV2 1039 1039 1039 1039 1039
BSM:CS-AMPPred 1039 1039 1039 1039 1039

BSM:dbAMP 1028 1028 1028 1028 1028
BSM:Gabere&Noble 6234 6234 6234 6234 6234
BSM:iAMP-2L 1466 1466 1466 1466 1466
BSM:Wang et. al 8545 8546 8420 8491 8513

BSM:Witten&Witten 1039 1039 1039 1039 1039

Table S6: Architecture performance depending on the negative data sampling method used for training and bench-
marking.

Mean Mean

Architecture AUCL  AUC2
AMAP 0.90 0.82
AmPEP 0.62 0.69
AmPEPpy 0.95 0.86
AmpGram 0.96 0.92
Ampir 0.97 0.87
AMPScannerV2 0.97 0.86
CS-AMPPred 0.87 0.82
Deep-AmPEP30 0.91 0.78
iAMP-2L 0.63 0.66
MACREL 0.96 0.89
MLAMP 0.97 0.85
SVM-LZ 0.80 0.77

'Mean AUC calculated for models trained and benchmarked on sets produced by the same sampling methods
2Mean AUC calculated for models trained and benchmarked on sets produced by different sampling methods



Table S7: Kruskal-Wallis test with Bonferroni correction for models trained and benchmarked on sets produced by
the same and different negative data sampling methods.

Architecture Bonferroni corrected p-value
AMAP 2.11e-09
AmPEP 1.54e-06
AmPEPpy 2.59e-17
AmpGram 4.29e-10
Ampir 4.72e-18
AMPScannerV?2 8.29e-18
CS-AMPPred 3.85e-06
Deep-AmPEP30 1.09e-16
iAMP-2L 1
MACREL 1.47e-16
MLAMP 3.33e-17
SVM-LZ 0.141
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Table S11: Mean standard deviation (SD) of AUC value for the five replicates of data sets.

Architecture Mean SD Min SD Max SD
AMAP 0.00502  0.00099 0.01153
AmPEP 0.00813  0.00174 0.01789
AmPEPpy 0.00400  0.00010  0.01399
AmpGram 0.00353  0.00072 0.01414
Ampir 0.00370  0.00021  0.01460

AMPScannerV2  0.01859  0.00058  0.09374
CS-AMPPred 0.00508  0.00143 0.01397
Deep-AmPEP30  0.01440  0.00079  0.05347

iAMP-2L 0.03470  0.00082  0.09706
MACREL 0.00323  0.00031 0.01520
MLAMP 0.00428  0.00013  0.01407
SVM-LZ 0.00572  0.00099 0.01414
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4 Figures
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Figure S1: Length distribution of sequences in the positive and five replicates of the negative data sets.
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Figure S2: Amino acid composition of sequences in the positive and negative data sets. The global comparison of all
sequences included in the positive sample and the negative ones indicated that AMPs are richer in positively charged
amino acids: lysine (K) and arginine (R), and hydrophobic residues: tryptophan (W) and leucine (L). They were also
abundant in cysteine (C), but not as much as the negative sets of ampir-mature; C is responsible for stabilization of
motif and domain structure [32]. Interestingly, glycine, important for peptide conformational flexibility, was not as
abundant in AMP compared to non-AMP sequences as previous studies indicated [10]. AMPs are also depleted in
negatively charged amino acids: aspartate (D) and glutamate (E), and other hydrophilic ones such as: asparagine (N),
glutamine (Q), serine (S), threonine (T) and tyrosine (Y). They are also poor in methionine (M) though methionine is
a moderately hydrophobic amino acid that was shown to enhance antimicrobial properties at least for some peptides

I33].
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Figure S3: Hierarchical clustering using Euclidian distance performed on amino acid composition for sequences from
the positive and five replicates of the negative data sets. The length of branches represents the similarity between the
data sets, i.e. the shorter the branches the more similar they are. The x-axis of the heat map represents amino acids
ordered alphabetically according to the one-letter code system. The y-axis represents the methods of negative data
sampling (five replicates each) and the positive data set. The over- and under-representation of amino acids for each
data set are indicated as shades of brown and yellow, respectively.
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Figure S4: Mann-Whitney U test for the comparison of fractions of a given amino acid per peptide.
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Figure S5: Principal component analysis performed on amino acid composition for sequences from the positive (red
triangle) and negative data sets (colourful dots). Each dot represents a replicate of a given data set. The dots are
coloured according to method of negative data sampling. The original variables, i.e. amino acid frequencies, are shown
as vectors and letters according to the one-letter code name. The first (PC1) and second (PC2) principal component

account for 67.8% of the variation in the data sets.
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Figure S6: Principal component analysis performed on n-grams for sequences from the positive (red triangle) and
negative data sets (colourful dots). N-grams are amino acid motifs of n elements. We performed the PCA on bigrams
(n-gram of size 2) and trigrams (n-gram of size 3). For bigrams, we also considered n-grams with a gap length of 1,
whereas the trigrams could contain only a single gap between the first and the second or the second and the third
position. FEach dot represents a replicate of a given data set. The dots are coloured according to method of negative
data sampling. The sole first principal component (PC1) accounts for 79.9% of the variation in the data sets.
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Figure S15: ROC curves 145-168 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S16: ROC curves 169-192 of 1452. Each subplot presents results for five replications indicated by different line
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Figure S17: ROC curves 193-216 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S18: ROC curves 217-240 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S20: ROC curves 265-288 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S21: ROC curves 289-312 of 1452. Each subplot presents
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Figure S22: ROC curves 313-336 of 1452. Each subplot presents

colors.
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Figure S23: ROC curves 337-360 of 1452. Each subplot presents

colors.
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Figure S24: ROC curves 361-384 of 1452. Each subplot presents
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Figure S26: ROC curves 409-432 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S28: ROC curves 457-480 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S30: ROC curves 505-528 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S36: ROC curves 649-672 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S37: ROC curves 673-696 of 1452. Each subplot presents results for five replications indicated by different line
colors.
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Figure S40: ROC curves 745-768 of 1452. Each subplot presents results for five replications indicated by different line
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Figure S41: ROC curves 769-792 of 1452. Each subplot presents results for five replications indicated by different line

colors.
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Figure S55: ROC curves 1105-1128 of 1452. Each subplot presents results for five replications indicated by different

line colors.
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Figure S56: ROC curves 1129-1152 of 1452. Each subplot presents results for five replications indicated by different
line colors.
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Figure S57: ROC curves 1153-1176 of 1452. Each subplot presents results for five replications indicated by different

line colors.
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Figure S58: ROC curves 1177-1200 of 1452. Each subplot presents results for five replications indicated by different
line colors.
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Figure S59: ROC curves 1201-1224 of 1452. Each subplot presents results for five replications indicated by different

line colors.
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line colors.
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Figure S64: ROC curves 1321-1344 of 1452. Each subplot presents results for five replications indicated by different

line colors.
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Figure S66: ROC curves 1369-1392 of 1452. Each subplot presents results for five replications indicated by different

line colors.
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Figure S67: ROC curves 1393-1416 of 1452. Each subplot presents results for five replications indicated by different
line colors.
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Figure S68: ROC curves 1417-1440 of 1452. Each subplot presents results for five replications indicated by different

line colors.
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Figure S69: ROC curves 1441-1452 of 1452. Each subplot presents results for five replications indicated by different
line colors.
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Figure S70: Model architecture performance with standard deviations. The x-axis represents mean AUC for archi-
tectures trained and tested on sets generated by the same negative data sampling method. The y-axis represents
mean AUC for architectures trained and tested on sets generated by different negative data sampling methods. The
architectures on the right of the diagonal perform better when the training and benchmark sample are produced by
the same method while the architectures on the left when the methods are different. Horizontal and vertical lines
indicate standard deviations.
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negative data sampling methods. The architectures on the right of the diagonal perform better when the training
and benchmark sample are produced by the same method while the architectures on the left when the methods are
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