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Method and electronic system for predicting at least one fithess value of a
protein, related computer program product

The present invention concerns a method and a related electronic system for
predicting at least one fitness value of a protein, the protein comprising an amino acid
sequence. The invention also concerns a computer program product including software
instructions which, when implemented by a computer, implement such a method.

Background of the invention

Proteins are biological molecules consisting of at least one chain of amino acids
sequence. Proteins differ from one another primarily in their sequence of amino acids, the
differences between sequences being called “mutations”.

One of the ultimate goals of protein engineering is the design and construction of
peptides, enzymes, proteins or amino acid sequences with desired properties (collectively
called “fitness”). The construction of modified amino acid sequences with engineered
amino acid substitutions, deletions or insertions of amino acids or blocks of amino acids
(chimeric proteins) (i.e. “mutants”) allows an assessment of the role of any particular
amino acid in the fitness and an understanding of the relationships between the protein
structure and its fitness.

The main objective of the quantitative structure—function/fitness relationship analysis
is to investigate and mathematically describe the effect of the changes in structure of a
protein on its fithess. The impact of mutations is related to physico-chemical and other
molecular properties of varying amino acids and can be approached by means of
statistical analysis.

Exploring the fitness landscape, investigating all possible combinations
(permutations) of n single point substitutions is a very difficult task. Indeed the number of

mutants increases very quickly (Table 1).

N° of single point mutations | N° of mutants
2 4
4 16
6 64
8 256
10 1024
12 4096
14 16384
16 65536
40 1.1x 1012

Table 1. Number of possible mutants for n mutations
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Exploring all possible mutants is difficult experimentally, in particular when n
increases. In practice, it is quite easy and cheap to produce mutants with single point
substitutions in wet lab. For each of them, fitness can be readily characterized.

But combining single point substitutions is not so easy in wet lab. Generating all
possible (2") combinations of targeted n single point substitutions can be very fastidious
and costly. Evaluating fithess on large scale is problematic.

Mixed in vitro and in silico approaches have been developed to assist the process of
directed evolution of proteins. They require from the wet lab to construct a library of
mutants (by site-directed, random, or combinatorial mutagenesis), to retrieve the
sequences and/or structures of a limited number of samples from library (called the
“learning data set”) and to assess fitness of each sampled mutant. They further require
from the in silico to extract descriptors for each mutant, to use multivariate statistical
method(s) for establishing relationship between descriptors and fitness (learning phase)
and to establish a model to make predictions for mutants which are not experimentally
tested.

A method based on 3D structure called Quantitative structure-function relationships
(QFSR) has been proposed (Damborsky J, Prot. Eng. (1998) Jan;11(1):21-30). Other
methods, based only on sequence, not on 3D structure, and performing in silico rational
screening using statistical modelling were proposed (Fox R. et al., Protein Eng. (2003)
16(8):589-97; Fox R., Journal of Theoretical Biology (2005), 234:187—-199; Minshull J. et
al., Curr Opin Chem Biol. 2005 Apr;9(2):202-9; Fox R. et al., Nature Biotechnology (2007),
25(3):338-344; Fox R. and Huisman GW Trends Biotechnol. 2008 Mar;26(3):132-8). The
most known is ProSAR (Fox R., Journal of Theoretical Biology (2005), 234:187-199; Fox
R. et al.,, Nature Biotechnology (2007), 25(3):338-344) which is based on a binary
encoding (0 or 1).

The QSFR method is efficient and takes into account information about possible
interactions with non-variants residues. However QSFR needs information on 3D protein
structure, which is still currently limited, and the method is furthermore slow.

Comparatively, ProSAR does not need knowledge of 3D structure as it computed
based on primary sequence only, and can use linear and non-linear models. However,
ProSAR still suffers from drawbacks and its capacity of screening is limited. In particular,
only those residues undergoing variation are included in the modelling and, as a
consequence, information about possible interactions between mutated residues and

other non-variant residues are missing. ProSAR relies on binary encoding (0 or 1) of the
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mutations which does not take into account the physico-chemical or other molecular
properties of the amino acids. Additionally, (i) the new sequences that can be tested are
only sequences with mutations, or combinations of mutations, at the positions that were
used in the learning set used to build the model; (ii) the number of positions of mutations
in the new sequences to be screened cannot be different from the number of mutations in
the train set; and (iii) the calculation time when introducing non-linear terms in order to
build a model is very long on a super computer (up to 2 weeks for 100 non-linear terms).

A versatile and fast in silico approach to help in the process of directed evolution of
proteins is therefore still needed. The invention provides a method fulfilling these
requirements and which is based on Digital Signal Processing (DSP).

Digital Signal Processing techniques are analytic procedures, which decompose and
process signals in order to reveal information embedded in them. The signals may be
continuous (unending), or discrete such as the protein residues. In proteins, Fourier
transform methods have been used for biosequence (DNA and protein) comparison,
characterization of protein families and pattern recognition, classification and other
structure based studies such as analysis of symmetry and repeating structural units or
patterns, prediction of secondary/tertiary structure prediction, prediction of hydrophobic
core, motifs, conserved domains, prediction of membrane proteins, prediction of
conserved regions, prediction of protein subcellular location, for the study of secondary
structure content in amino acids sequence and for the detection of periodicity in protein.
More recently new methods for the detection of solenoids domains in protein structures
were proposed.

Digital Signal Processing techniques have helped analyse protein interactions (Cosic
l., IEEE Trans Biomed Eng. (1994) 41(12):1101-14) and made biological functionalities
calculable. These studies have been reviewed in detail in Nwankwo N. and Seker H. (J
Proteomics Bioinform (2011) 4(12): 260-268).

In these approaches, protein residues are first converted into numerical sequences
using one of the available AAindex from the database AAindex (Kawashima, S. and
Kanehisa, M. Nucleic Acids Res. (2000), 28(1):374 ; Kawashima, S. et al., Nucleic Acids
Res. Jan 2008; 36), representing a biochemical property or physico-chemical parameter
for each amino acid. These numerical sequences are then processed by means of
Discrete Fourier Transform (DFT) to present the biological characteristics of the proteins
in the form of Informational Spectrum. This procedure is called Informational Spectrum
Method (ISM) (Veljkovic V, et al., IEEE Trans Biomed Eng. 1985 May;32(5):337-41). ISM
procedure has been used to investigate principal arrangement in Calcium binding protein
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(Viari A, et al., Comput Appl Biosci. 1990 Apr;6(2):71-80) and Influenza viruses (Veljkovic
V., et al. BMC Struct Biol. 2009 Apr 7;9:21, Veljkovic V., et al. BMC Struct Biol. 2009 Sep
28;9:62).

A variant of the ISM, which engages amino acids parameter called Electron-lon
Interaction Potential (EIIP) is referred as Resonant Recognition Model (RRM). In this
procedure, biological functionalities are presented as spectral characteristics. This
physico-mathematical process is based on the fact that biomolecules with same biological
characteristics recognise and bio-attach to themselves when their valence electrons
oscillate and then reverberate in an electromagnetic field (Cosic I., IEEE Trans Biomed
Eng. (1994) 41(12):1101-14; Cosic |., The Resonant Recognition Model of
Macromolecular Bioactivity Birkhauser Verlag,1997).

The Resonant Recognition Model involves four steps (see Nwankwo N. and Seker
H., J Proteomics Bioinform (2011) 4(12): 260-268):

- Step 1: Conversion of the Protein Residues into Numerical Values of Electron-lon

Interaction Potential (EIIP) Parameter.

- Step 2: Zero-padding/Up-sampling. The process uses a zero padding to fill the
gaps in the sequence of the proteins to be analysed at any position as signal
processing requires that the window length of all proteins be the same.

- Step 3: processing of the Numerical Sequences using Fast Fourier Transform
(FFT) to yield Spectral Characteristics (SC) and point-wise multiplied to generate the
Cross Spectral (CS) features during step 4.

- Step 4: Cross-Spectral Analysis: Cross-Spectral (CS) analysis represents the
point-wise multiplication of the Spectral Characteristics (SC).

Therefore the CS analysis has been used qualitatively, to predict, for instance,
ligand-receptor binding based on common frequencies (resonance) between the ligand
and receptor spectra. Another example is to predict a ras-like activity or not, i.e. ability or
not to transform cells, by applying the RRM to Ha-ras p21 protein sequence.

The information provided by these prior art methods are useful, but are however
insufficient to identify the most valuable protein mutants generated by directed evolution.

Summary of the invention

The invention therefore relates to a method for predicting at least one fitness value
of a protein, the method being implemented on a computer and including the following
steps:
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- encoding the amino acid sequence of the protein into a numerical sequence
according to a protein database, the numerical sequence comprising a value for each
amino acid of the sequence;

- calculating a protein spectrum according to the numerical sequence; and

for each fitness:

- comparing the calculated protein spectrum with protein spectrum values of a
predetermined database, said database containing protein spectrum values for different
values of said fitness,

- predicting a value of said fithess according to the comparison step.

Thus, the method developed by the inventors involves a quantitative analysis of the
protein spectra which makes it possible to predict fitness values of proteins, and not only
to predict the presence or not of a given activity.

According to other advantageous aspects of the invention, the method comprises
one or more of the following features taken alone or according to all technically possible
combinations:

- the calculated protein spectrum includes at least one frequency value and the
calculated protein spectrum is compared with said protein spectrum values for each
frequency value;

- during the protein spectrum calculation step, a Fourier Transform, such as a Fast
Fourier Transform, is applied to the numerical sequence obtained further to the encoding
step;

- each protein spectrum verifies the following equation:

v 4

- —2i
il = [ xe exp—= i)
where j is an index-number of the protein spectrum |fj|;
the numerical sequence includes N value(s) denoted x,, with 0 <=k <N-1 and N
= 1;and
i defining the imaginary number such that i2 = -1;

- during the encoding step, the protein database includes at least one index of
biochemical or physico-chemical property values, each property value being given for a
respective amino acid; and, for each amino acid, the value in the numerical sequence is
equal to the property value for said amino acid in a given index;

- during the encoding step, the protein database includes several indexes of property
values; and the method further includes a step of selecting the best index based on a

comparison of measured fitness values for sample proteins with predicted fitness values
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previously obtained for said sample proteins according to each index; the encoding step
being then performed using the selected index ;
- during the selection step, the selected index is the index with the smallest root
mean square error, wherein the root mean square error for each index verifies the
5 following equation:

s a2
RMSEIndex_ i Z%
i=1

where y; is the measured fitness of the i sample protein,

¥;; is the predicted fitness of the i'" sample protein with the j" index, and

S the number of sample proteins;
10 - during the selection step, the selected index is the index with the coefficient of

determination nearest to 1, wherein the coefficient of determination for each index verifies

the following equation:

S p—
Q=D =)’
S = ) S o~

20 =G,
i=1 i=1

where y; is the measured fitness of the i sample protein,

2
R Index_j =

15 ¥,; is the predicted fitness of the i" sample protein with the j" index,
S the number of sample proteins,

y is an average of the measured fitness for the S sample proteins, and

5 is an average of the predicted fitness for the S sample proteins;

- the method further includes, after the encoding step and before the protein
20 spectrum calculation step, the following step:

+ normalizing the numerical sequence obtained via the encoding step, by
subtracting to each value of the numerical sequence a mean of the numerical
sequence values;

the protein spectrum calculation step being then performed on the normalized

25 numerical sequence;
- the method further includes, after the encoding step and before the protein
spectrum calculation step, the following step:

+ zero padding the numerical sequence obtained via the encoding step, by
adding M zeros at one end of said numerical sequence, with M equal to (N — P)

30 where N is a predetermined integer and P is the number of values in said numerical
sequence;
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the protein spectrum calculation step being then performed on the numerical
sequence obtained further to the zero padding step;

- the comparison step comprises determining, in the predetermined database of
protein spectrum values for different values of said fitness, the protein spectrum value
which is the closest to the calculated protein spectrum according to a predetermined
criterion, the predicted value of said fithess being then equal to the fitness value which is
associated in said database with the determined protein spectrum value;

- during the protein spectrum calculation step, several protein spectra are calculated
for said protein according to several frequency ranges, and

wherein, during the prediction step, an intermediate value of the fitness is estimated
for each protein spectrum according to the comparison step, and the predicted value of
the fitness is then computed using the intermediate fitness values,

preferably with a regression, such as a partial least square regression, on the
intermediate fitness values; and

- the method includes a step of:

- analysis of the protein according to the calculated protein spectrum, for screening
of mutants libraries,

the analysis being done using preferably a factorial discriminant analysis or a
principal component analysis.

The invention also relates to a computer program product including software
instructions which, when implemented by a computer, implement a method as defined
above.

The invention also relates to an electronic prediction system for predicting at least
one fitness value of a protein, the prediction system including:

- an encoding module configured for encoding the amino acid sequence into a
numerical sequence according to a protein database, the numerical sequence comprising
a value for each amino acid of the sequence;

- a calculation module configured for calculating a protein spectrum according to the
numerical sequence; and

- a prediction module configured for, for each fitness:

+ comparing the calculated protein spectrum with protein spectrum values of a
predetermined database, said database containing protein spectrum values for
different values of said fithess, and
+ predicting a value of said fitness according to said comparison.
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Brief description of the drawings

The invention will be better understood upon reading of the following description,
which is given solely by way of example and with reference to the appended drawings, in
which:

- Figure 1 is a schematic view of an electronic prediction system for predicting at
least one fitness value of a protein, the prediction system including an encoding module
configured for encoding the amino acid sequence into a numerical sequence, a calculation
module configured for calculating a protein spectrum according to the numerical
sequence; and a prediction module configured for predicting at least one value of each
fitness;

- Figure 2 is a schematic flow chart of a method for predicting at least one fitness
value of a protein, according to the invention;

- Figure 3 represents curves of protein spectra obtained for native and mutant forms
of human GLP1 protein;

- Figure 4 is a set of points illustrating predicted and measured values of the
thermostability for a set of proteins of the cytochrome P450 family, each point being
related to a respective protein with the ordinate corresponding to the predicted value and
the abscissa corresponding to the measured value, with the use of all the frequencies
included in the protein spectra;

- Figures 5 and 6 are views similar to that of Figure 4, respectively obtained for
training and validation subsets of the set of proteins from the cytochrome P450 family, the
training subset being used for computing a database containing protein spectrum values
for different values of the thermostability, and the validation subset being distinct from the
training subset and used for testing the relevance of the predicted values in comparison
with corresponding measured values;

- Figure 7 is a view similar to that of Figure 4 with predicted and measured values of
the binding affinity for a set of GLP1 mutants;

- Figure 8 is a view similar to that of Figure 4 with predicted and measured values of
the potency for a set of GLP1 mutants;

- Figures 9 and 10 are views similar to that of Figure 4 with predicted and measured
values of the thermostability, respectively obtained for training and validation subsets of a
set of Enterotoxins SEE and SEA, the training subset being used for computing a
database containing protein spectrum values for different values of said thermostability,
and the validation subset being distinct from the training subset and used for testing the
relevance of the predicted values;
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- Figures 11 and 12 are views similar to that of Figure 4 with predicted and
measured values of the binding affinity, respectively obtained for training and validation
subsets of a set of TNF mutants, the training subset being used for computing a database
containing protein spectrum values for different values of said binding affinity, and the
validation subset being distinct from the training subset and used for testing the relevance
of the predicted values;

- Figure 13 is a view similar to that of Figure 4, using a selection of frequency values
from the protein spectrum;

- Figure 14 is a view similar to that of Figure 4 with predicted and measured values
of the enantioselectivity for a set of proteins of an epoxide hydrolase family;

- Figure 15 represents a screening of a library of of 512 mutants of Epoxide
hydrolase;

- Figure 16 represents a classification of protein spectra of 10 mutants of Epoxyde
hydrolase using multivariate analysis (Principal Component Analysis) for protein
screening;

- Figure 17 is a view similar to that of Figure 4 with predicted and measured values
of protein expression levels for Bruton's tyrosine kinase variants;

- Figure 18 is a view similar to that of Figure 4 with predicted and measured values
of MRNA expression levels for RNA in the K562 cell line;

- Figure 19 is a view similar to that of Figure 4 with predicted and measured values
of protein expression levels for proteins in heart cell; and

- Figure 20 is a view similar to that of Figure 4 with predicted and measured values
of protein expression levels for proteins in Kidney cell.

Detailed description of preferred embodiments

By "protein", as used herein, is meant at least 2 amino acids linked together by a
peptide bond. The term “protein” includes proteins, oligopeptides, polypeptides and
peptides. The peptidyl group may comprise naturally occurring amino acids and peptide
bonds, or synthetic peptidomimetic structures, i.e. "analogs”, such as peptoids. The amino
acids may either be naturally occurring or non-naturally occurring. In preferred
embodiments, a protein comprises at least 10 amino acids, but less amino acides can be
managed.

The “fitness” of a protein refers to its adaptation to a criterion, such as catalytic
efficacy, catalytic activity, kinetic constant, Km, Keq, binding affinity, thermostability,
solubility, aggregation, potency, toxicity, allergenicity, immunogenicity, thermodynamic
stability, flexibility. According to the invention, the “fitness” is also called “activity” and it will
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be considered in the following of the description that the fitness and the activity refer to the
same feature.

The catalytic efficacy is usually expressed in s".M™ and refers to the ratio kcat/Km.

The catalytic activity is usually expressed in mol.s” and refers to the enzymatic
activity level in enzyme catalysis.

The kinetic constant kcat is usually expressed in s and refers to the numerical
parameter that quantifies the velocity of a reaction.

The Km is usually expressed in M and refers to the substrate concentration at which
the velocity of reaction is half its maximum.

The Keq is usually expressed in (M, M or no unit) and quantity characterizing a
chemical equilibrium in a chemical reaction,

The binding affinity is usually expressed in M and refers to the strength of
interactions between proteins or proteins and ligand (peptide or small chemical molecule).

The thermostability is usually expressed in °C and usually refers to the measured
activity Tgg defined as the temperature at which 50% of the protein is irreversibly

denatured after incubation time of 10 minutes.

The solubility is usually expressed in mol/L and refers to the number of moles of a
substance (the solute) that can be dissolved per liter of solution before the solution
becomes saturated.

The aggregation is usually expressed using aggregation Index (from a simple
absorption measurement at 280 nm and 340 nm) and refers to the biological phenomenon
in which mis-folded protein aggregate (i.e., accumulate and clump together) either intra- or
extracellularly.

The potency is usually expressed in M and refers to the measure of drug activity
expressed in terms of the amount required to produce an effect of given intensity.

The toxicity is usually expressed in M and refers to the degree to which a substance
(a toxin or poison) can harm humans or animals.

The allergenicity is usually expressed in Bioequivalent Allergy Unit per mL (BAU/mL)
and refers to the capacity of an antigenic substance to produce immediate hypersensitivity
(allergy).

The immunogenicity is usually expressed as the unit of the amount of antibody in a
sample and refers to the ability of a particular substance, such as an antigen or epitope, to
provoke an immune response in the body of a human or animal

The stability is usually expressed as AAG (kcal/mol-1) and refers to thermodynamic
stability of a protein that unfolds and refolds rapidly, reversibly, and cooperatively.
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The flexibility is usually expressed in A° and refers to protein disorder and

conformational changes.

In Figure 1, an electronic prediction system 20 for predicting at least one fitness
value of a protein includes a data processing unit 30, a display screen 32 and input means
34 for inputting data into the data processing unit 30.

The data processing unit 30 is, for example, made of a memory 40 and a processor
42 associated to the memory 40.

The display screen 32 and the input means 34 are known per se.

The memory 40 is adapted for storing an encoding computer program 50 configured
for encoding the amino acid sequence into a numerical sequence according to a protein
database 51 and a calculation computer program 52 configured for calculating, according
to the numerical sequence, a protein spectrum denoted hereinafter |f| with j an index-
number of the protein spectrum.

The memory 40 is also adapted for storing a modeling computer program 54
configured for predetermining a protein spectra database 55 containing protein spectrum
values for different values of said fitness.

The memory 40 is adapted for storing a prediction computer program 56 configured,
for each fitness, for comparing the calculated protein spectrum with protein spectrum
values of said predetermined database and for predicting a value of said fitness according
to said comparison; and optionally further, for screening mutants libraries.

In optional addition, the memory 40 is adapted for storing a screening computer
program 58 configured for analyzing the protein according to the calculated protein
spectrum, thereby for screening mutants libraries, the analysis being preferably a factorial
discriminant analysis or a principal component analysis.

The processor 42 is configured for executing each of the encoding, calculation,
modeling, prediction and screening computer programs 50, 52, 54, 56, 58. The encoding,
calculation, modeling, prediction and screening computer programs 50, 52, 54, 56, 58
form, when they are executed by the processor 42, respectively an encoding module for
encoding the amino acid sequence into the numerical sequence according to the protein
database; a calculation module for calculating the protein spectrum according to the
numerical sequence; a modeling module for predetermining the database containing
protein spectrum values; a prediction module for comparing the calculated protein
spectrum with protein spectrum values of said predetermined database and for predicting
a value of said fithess according to said comparison and for screening; and a screening
module for analyzing the protein according to the calculated protein spectrum.
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Alternatively, the encoding module 50, the calculation module 52, the modeling
module 54, the prediction module 56 and the screening module 58 are in the form of
programmable logic components, or in the form of dedicated integrated circuits.

The encoding module 50 is adapted for encoding the amino acid sequence into the
numerical sequence according to the protein database 51, the numerical sequence
comprising a value x, for each amino acid of the sequence. The numerical sequence is
constituted of P value(s) xk, with 0 <k < P-1 and P 2 1, k and P being integers.

The protein database 51 is, for example, stored in the memory 40. Alternatively, the
protein database 51 is stored in a remote memory, not shown, which is distinct from the
memory 40.

The protein database 51 is preferably the Amino Acid Index Database, also called
AAlndex. Amino Acid Index Database is available from http://www.genome.jp/dbget-
bin‘'www_bfind?aaindex (version Release 9.1, Aug 06).

The protein database 51 includes at least one index of biochemical or physico-
chemical property values, each property value being given for a respective amino acid.
The protein database 51 includes preferably several indexes of biochemical or physico-
chemical property values. Each index corresponds for example AAindex code, as it will be
illustrated in the following in light of the respective examples. The chosen AAindex codes
for encoding the amino acid sequence are for example: D Normalized frequency of
extended structure, D Electron-ion interaction potential values, D SD of AA composition of
total proteins, D pK-C or D Weights from the IFH scale.

For encoding the amino acid sequence, the encoding module 50 is then adapted to
determine, for each amino acid, the property value for said amino acid in the given index,
each encoded value x¢ in the numerical sequence being then equal to a respective
property value.

In addition, in an optional manner, when the protein database 51 includes several
indexes of property values; the encoding module 50 is further configured for selecting the
best index based on a comparison of measured fithess values for sample proteins with
predicted fitness values previously obtained for said sample proteins according to each
index; and then for encoding the amino acid sequence using the selected index.

The selected index is, for example, the index with the smallest root mean square

error, wherein the root mean square error for each index verifies the following equation:

S (y, — j’i, ')2
RMSEIndex_j = ZT] (1)
i=1

where y; is the measured fitness of the i sample protein,
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¥, is the predicted fitness of the i"" sample protein with the " index, and
S the number of sample proteins.

Alternatively, the selected index is the index with the coefficient of determination

nearest to 1, wherein the coefficient of determination for each index verifies the following
equation:

QX =PG,, —)°
PACESIDNCHES N

where y; is the measured fitness of the i sample protein,

2
R Index _j =

¥, is the predicted fitness of the i"" sample protein with the j" index,
S the number of sample proteins,

y is an average of the measured fitness for the S sample proteins, and

5 is an average of the predicted fitness for the S sample proteins.

In addition, in an optional manner, the encoding module 50 is further configured for
normalizing the obtained numerical sequence, for example by subtracting to each value x
of the numerical sequence a mean Xx of the numerical sequence values.

In other words, each normalized value, denoted X, , verifies the following equation:

~

X, =x,—X (3)

The mean X is, for example, an arithmetic mean and satisfies:
1 P-1

X =—X Z X, (4)
P i3

Alternatively, the mean Xxis a geometric mean, a harmonic mean or a quadratic
mean.

In addition, in an optional manner, the encoding module 50 is further configured for
zero-padding the obtained numerical sequence by adding M zeros at one end of said
numerical sequence, with M equal to (N — P) where N is a predetermined integer and P is
the initial number of values in said numerical sequence. N is therefore the total number of
values in the numerical sequence after zero-padding.

The calculation module 52 is configured for calculating the protein spectrum
according to the numerical sequence. The calculated protein spectrum includes at least
one frequency value.

The calculation module 52 is configured for calculating the protein spectrum |fj,

preferably by applying a Fourier Transform, such as a Fast Fourier Transform, to the
obtained numerical sequence.
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Each protein spectrum |fj| therefore verifies, for example, the following equation:

v 4

P-1
17| = 2% exp( k) (5)

where j is an index-number of the protein spectrum |[fj|; and

i defines the imaginary number such that iz = -1.

In addition, when the numerical sequence is normalized by the encoding module 50,
the calculation module 52 is further configured for performing the protein spectrum
calculation on the normalized numerical sequence.

In other words, in this case, each protein spectrum |[f| therefore verifies, for example,

the following equation:

7] =[S 5 e 2 o) 6)

k=0
In addition, when zero-padding is performed on the numerical sequence by the
encoding module 50, the calculation module 52 is further configured for calculating the
protein spectrum |[fj| on the numerical sequence obtained further to zero-padding.
In other words, in this case, each protein spectrum |fj| therefore verifies, for example,
the following equation:

v 4

N-1 —2l
17| = 2% exp(—y= ) (7)

In addition, when both normalization and zero-padding are performed on the
numerical sequence by the encoding module 50, the calculation module 52 is further
configured for calculating the protein spectrum |[fj| on the normalized numerical sequence
obtained further to zero-padding.

In other words, in this case, each protein spectrum |[fj| therefore verifies, for example,
the following equation:

-2ir
N

17| = NZ% exp(—— jk) (8)

The modeling module 54 is adapted for predetermining the protein spectra database
55, also called model, according to learning data issued from the encoding module 50 and
learning protein spectra issued from the calculation module 52. The learning protein
spectra correspond to the learning data and the learning data are each related to a given
fitness, and preferably for different values of said fitness.

The protein spectra database 55 contains protein spectrum values for different
values of each fitness. Preferably, at least 10 protein spectra and 10 different fitness are
used to build the protein spectra database 55. Of course, the higher are the number of
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protein spectra and related protein fitness; the better will be the results in terms of
prediction of fitness. In the examples below the numbers of protein spectra and fitness
used as learning data ranged from 8 to 242 (242 protein spectra and 242 protein fitness; 8
protein spectra and 8 protein fitness).

The prediction module 56 is adapted, for each fitness, for comparing the calculated
protein spectrum with protein spectrum values of the protein spectra database 55 and for
predicting a value of said fitness according to said comparison.

The prediction module 56 is further configured for determining, in the protein spectra
database 55, the protein spectrum value which is the closest to the calculated protein
spectrum according to a predetermined criterion, the predicted value of said fitness being
then equal to the fithess value which is associated in the protein spectra database 55 with
the determined protein spectrum value.

The predetermined criterion is, for example, the minimum difference between the
calculated protein spectrum and the protein spectrum values contained in the protein
spectra database 55. Alternatively, the predetermined criterion is the correlation
coefficient R or determination coefficient R2 between the calculated protein spectrum and
the protein spectrum values contained in the protein spectra database 55.

When the protein spectrum |fi| contains several frequency values, the calculated
protein spectrum |fj| is compared with said protein spectrum values for each frequency
value.

Alternatively, only some of the frequency values are taken into account for the
comparison of the calculated protein spectrum |f| with said protein spectrum values. In
this case, frequency values are sorted for example according to their correlation with the
fitness, and only the best frequency values are taken into account for the comparison of
the calculated protein spectrum.

In addition, in an optional manner, the prediction module 56 is further configured for
estimating an intermediate value of the fitness for each protein spectrum when several
protein spectra are calculated for said protein according to several frequency ranges.

Then, the prediction module 56 is further configured for computing the predicted
value of the fitness with a regression on said intermediate fithess values, such as a partial
least square regression, also denoted PLSR.

Alternatively, the prediction module 56 is configured for computing the predicted
value of the fithess using an Artificial Neural Network (ANN), with the input variables being
said intermediate fitness values and the output variable being the predicted value of the
fitness.
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In addition, in an optional manner, the prediction module 56 allows obtaining a
screening of mutants libraries, as it will be described in the following in view of Figure 15
with the enantioselectivity as fitness.

In addition, in an optional manner, the screening module 58 is adapted for analyzing
proteins according to the calculated protein spectra, and for classifying protein sequences
according to their respective protein spectra using mathematical treatments, such as a
factorial discriminant analysis or a principal component analysis followed for example by a
k-means. The classification can be done for example to identify if in a family of protein
spectra different groups exist: groups with high, intermediate and low fitness; a group with
an expression of fitness and a group with no expression of fitness, as examples. In the
following, this screening will be further illustrated in light of Figure 16.

The operation of the electronic prediction system 20 according to the invention will
now be described in view of Figure 2 representing a flow chart of the method for predicting
at least one fitness value of a protein.

In an initial step 100, the encoding module 50 encodes the amino acid sequence of
the protein into the numerical sequence according to the protein database 51.

The encoding step 100 may be performed using the Amino Acid Index Database,
also called AAlndex.

During the encoding step 100, the encoding module 50 determines, for each amino
acid, the property value for said amino acid in the given index, for example in the given
AAindex code, and then issues an encoded value x, which is equal to said property value.

In addition, when the protein database 51 optionally includes several indexes of
property values; the encoding module 50 further selects the best index based on a
comparison of measured fitness values for sample proteins with predicted fitness values
previously obtained for said sample proteins according to each index; and then encodes
the amino acid sequence using the selected index.

The best index is, for example, selected using equation (1) or equation (2).

In addition, the encoding module 50 optionally normalizes the obtained numerical
sequence, for example by subtracting to each value x, of the numerical sequence a mean
x of the numerical sequence values according to equation (3).

In addition, the encoding module 50 optionally performs zero-padding on the
obtained numerical sequence by adding M zeros at one end of said numerical sequence.

At the end of the encoding step 100, the encoding module 50 delivers learning
numerical sequences and validation numerical sequences to the calculation module 52

and learning data to the modeling module 54.
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An example of two protein spectra is shown in Figure 3, with a first curve 102
represents the protein spectrum for the native form of human GLP1 protein and a second
curve 104 represents the protein spectrum for the mutant form (single mutation) of human
GLP1 protein. For each curve 102, 104, the successive discrete values of the protein
spectrum are linked one to another.

In the next step 110, the calculation module 52 calculates a protein spectrum |fj| for
each numerical sequence issued from the encoding module 50. The protein spectra
corresponding to the learning numerical sequences are also called learning spectra and
protein spectra corresponding to the validation numerical sequences are also called
validation spectra. Step 110 is also called spectral transform step. The protein spectra |[fj|
are preferably calculated by using a Fourier Transform, such as a Fast Fourier Transform,
for example according to an equation among the equations (5) to (8) depending on an
optional normalization and/or zero-padding.

Then, the modeling module 54 determines, in step 120, the protein spectra database
55 according to learning data obtained during the encoding step 100 and learning protein
spectra obtained during the spectral transform step 110.

In step 130, for each fitness, the prediction module 56 compares the calculated
protein spectrum with protein spectrum values issued from the protein spectra database
55 and then predicts a fithess value according to said comparison.

More precisely, the prediction module 56 determines, in the protein spectra
database 55, the protein spectrum value which is the closest to the calculated protein
spectrum according to the predetermined criterion and the predicted fitness value is then
equal to the fitness value which is associated with the determined protein spectrum value
in the protein spectra database 55.

Optionally, only some of the frequency values are taken into account for the
comparison of the calculated protein spectrum |[f;| with said protein spectrum values.

In addition, the prediction module 56 estimates an intermediate fitness value for
each protein spectrum when several protein spectra are optionally calculated for said
protein according to several frequency ranges. Then, the prediction module 56 computes
the predicted fitness value with a regression on said intermediate fitness values, such as a
PLSR. Alternatively, the Artificial Neural Network (ANN) is used by the prediction module
56 for computing the predicted value of the fitness based on said intermediate fitness
values. Then the prediction module 56 allows protein screening by ranking the protein
spectra with regards to the predicted fitness.
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Finally and optionally, the screening module 58 analyzes, in step 140, classifies
protein sequences according to their respective protein spectra using mathematical
treatments, such as a factorial discriminant analysis or a principal component analysis.

Alternatively, the analysis for screening of mutants libraries is operated directly on
the calculated protein spectra, for example by using comparison with predetermined
values.

It therefore allows obtaining a better screening of mutants libraries. This step is also
called multivariate analysis step.

It should be noted that the analysis step 140 directly follows the spectral transform
step 120 and that in addition the predicting step 130 may be performed after the analysis
step 140 for predicting fithess values for some or all of the classified proteins.

Latent components are calculated as linear combinations of the original variables;
the number of latent components is selected to minimize the RMSE (Root Mean Square
Error). Latent components are calculated as linear combinations of the original variables
(the frequencies values); the number of latent components is selected to minimize the
RMSE (Root Mean Square Error) by adding components one by one.

Examples
The invention will be further illustrated in view of the following examples.

Example 1: Cytochrome P450 (Figures 4 to 6)

In this example, the amino acid sequence of cytochrome P450 was encoded into a
numerical sequence using the following AAindex code: D Normalized frequency of
extended structure (Maxfield and Scheraga, Biochemistry. 1976; 15(23):5138-53).

The first dataset (from Li et al., 2007: Nat Biotechnol 25(9):1051-1056.; Romero et
al., PNAS. 2013: January 15, vol 110, n°3: E193-E201) comes from a study around the
sequence/stability—function relationship for the cytochrome P450 family, specifically the
cytochrome P450 BM3 A1, A2 and A3, which aims to improve the thermostability of
cytochromes. The versatile cytochrome P450 family of heme-containing redox enzymes
hydroxylates a wide range of substrates to generate products of significant medical and
industrial importance. New chimeric proteins were built with eight consecutive fragments
inherited from any of these three different parents. The measured activity is the T50
defined as the temperature at which 50% of the protein is irreversibly denatured after an
incubation time of 10 minutes. The out-coming dataset is made of 242 sequences of
variants with T50 experimental values that ranged from 39.2 to 64.48 °C. Recombination
of the heme domains of CYP102A1, and its homologs CYP102A2 (A2) and CYP102A3
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(A3), allows creating 242 chimeric P450 sequences made up of eight fragments, each
chosen from one of the three parents. Chimeras are written according to fragment
composition: 23121321, for example, represents a protein which inherits the first fragment
from parent A2, the second from A3, the third from A1, and so on.

Chimera T50 Chimera T50 Chimera T50
22222222 43 21332223 48.3 31312133 52.6
32233232 39.8 21133313 50.8 23113323 51

31312113 45 12211232 491 22132331 53.3
23133121 47.3 21232233 50.6 11113311 51.2
21133312 454 12212332 48.4 32312231 52.6
11332233 43.3 31212323 48.7 22111223 51.3
12232332 39.2 32312322 491 21213231 54.9
22133232 47.9 21232332 49.3 21332312 52.9
22233221 46.8 22212322 50.7 22332211 53

23112323 46 31312212 48.9 22113323 53.8
12332233 47 1 22113332 48.7 22213132 52

32132233 42.9 31213332 50.8 22331223 51.7
22331123 47.9 22333332 49 23112233 51

21132222 45.6 22232331 50.5 22112223 52.8
23233212 39.5 21132321 49.3 32313231 52.5
32211323 46.6 22113223 49.9 22332223 52.4
32333233 47.2 22232233 49.6 22232333 53.7
23332331 48 22333211 50.7 31312332 54.9
21233132 42.4 23213212 49 21333221 51.3
32212231 47.4 23333213 50.1 23213333 56.1
23212212 48 23333131 50.5 21333233 54.2
22233211 46.3 22333223 49.9 21313112 54.8
31212321 44.9 11313233 48.3 31112333 55.7
32132232 42.5 21113322 50.4 31212331 51.8
22232322 454 31213233 50.6 23312323 53.8
31333233 46.5 23312121 49.3 22112323 55.3
12212212 44.8 32212232 48.8 31312323 52.3
22233212 44 11212333 50.4 22333231 53.1
22132113 40.6 23331233 50.9 23332231 514
22232222 47.5 22133323 494 31113131 54.9
23231233 455 22233323 48.4 21113133 51.9
11331312 43.5 21132323 50.1 21111323 54.4
33333233 | 46.3 12112333 50.9 23112333 54.3
22232123 43.1 12211333 50.6 23313233 56.3
22212123 47.7 21313122 50.5 22132231 53

23113112 46.3 21132212 48.8 22113232 51.1
12213212 44 21332322 48.8 22112211 547
23132233 43.6 32212323 48.4 33312333 54.7
23133233 43.1 21333223 491 22312111 53

23332223 46.7 23213232 48.5 21212321 53.3
31212212 47 1 22333321 49.2 12313331 51.2
21232212 47.8 21332112 50.4 22312311 55.6
11331333 46.3 32212233 49.9 21312323 61.5
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Chimera T50 Chimera T50 Chimera T50
21232321 46 22113111 49.2 21212333 63.2
21133232 46.4 23212211 50.7 22313323 60

23132231 48 23313323 50.9 22313233 58.5
12232232 40.9 11111111 55 31311233 56.9
21132112 47 1 32313233 52.9 31312233 57.9
23133311 44.2 22312322 54.6 21332233 58.9
22232212 46.2 21212112 51.2 21332131 58.5
33333333 | 49 11312233 51.6 21313313 64.4
21133233 48.8 31212332 53.4 23313333 61.2
21212111 57.2 21313333 62.9 22311331 58.9
21333333 58 21312313 62.2 21312133 60.1
21212231 59.9 21311233 62.7 22311233 60.9
22313232 58.8 21313331 62.2 21311311 61

21312123 60.8 22312331 59.3 22313331 58.5
21311331 62.9 22312233 61 21112333 61.6
21313231 61 21313233 60 22313231 59

22312133 57.1 21312311 59.1 21212233 60

22312231 60 22313333 64.3 21112331 61.6
21312333 64.4 21311313 61.2 21112233 58.7
21312331 60.6 21312213 60.6 22112333 58

21311333 59.2 21312332 59.9 21113333 61

21312233 63.1 22312313 61 22112233 58.7

Table 2: CYTP450 Learning set

Figure 4 show results obtained after performing a model on the whole collection of
protein sequences using a leave one out cross validation (LOOCV) R2=0.96 and
RMSE=1.21. This demonstrates that information relative to the fitness of the protein can
be captured using such a method.

Chimera T50 Chimera T50 Chimera T50
11332212 47.8 31313232 | 51.9 22213223 | 50.8
32332231 494 23332221 46.4 21331332 | 52
23313111 56.9 22111332 | 50.9 11313333 | 53.8
23333311 45.7 22332222 |50.3 32311323 | 52
31331331 47.3 21131121 53 23132311 44.5
21231233 50.6 21232232 | 49.5 21333211 55.9
21112122 50.3 31212232 | 51 32312333 | 57.8
22113211 51.1 23213211 47.4 22312332 | 59.1
23333233 51 32232131 | 43.9 22312333 | 63.5
13333211 45.7 22133212 | 47.2 12322333 | 47.9
23213311 49.5 21313311 56.9 21312231 62.8
32332323 48.5 21332231 | 60 22311333 | 60.1
22213212 50.5 21113312 | 53 21311231 63.2
22132212 46.6 22312223 | 56.2 21312211 59.3
21111333 62.4 22232121 49.7 22212333 | 58.2
32113232 47 .9 31332233 | 49.9

Table 3: CYTP450 test set
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Figures 5 and 6 give the capacity of the model to predict combination of mutations
for cytochrome P450. Here, the dataset was split in 196 sequences as learning
sequences and 46 as validation sequences.

Example 2: human glucagon-like peptide-1 (GLP1) predicted analogs (Figures
7 and 8)

In this example, the amino acid sequence of GLP1 was encoded into a numerical
sequence using the following AAindex code: D Electron-ion interaction potential values
(Cosic, IEEE Trans Biomed Eng. 1994 Dec; 41(12):1101-14.).

Taspoglutide and Extendin-4 are GLP1 analogs that act as peptide agonists of the
glucagon-like peptide (GLP) receptor and that are under clinical development
(Taspoglutide) for the treatment of type Il diabetes mellitus.

Human GLP1 | HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR (SEQ ID NO:1)

Taspoglutide | HAEGTFTSDVSSYLEGQAAKEFIAWLVKAR (SEQ ID NO:2)

The method of the invention has been implemented to provide candidate agonists of
GLP1 receptor that improve binding affinity (interaction with receptor) and/or improve
potency (activation of receptor - adenylyl cyclase activity) with respect to native human
GLP1 and taspoglutide.

Starting for the sequence of human GLP1, a library of mutants has been designed in
silico by performing single point site saturation mutagenesis: every position of the amino
acid sequence is substituted with the 19 other natural amino acids. Hence if the protein
sequence is composed of n = 30 amino acids, the generated library will comprise of 30 x
19 = 570 single point variants. Combinations of single point mutations have been run.

Adelhorst K et al. (J Biol Chem. 1994 Mar 4; 269(9):6275-8) previously described a
series of analogs of GLP-1 made by Ala-scanning, i.e. by replacing each amino acid
successively with L-alanine, to identify side-chain functional groups required for interaction
with the GLP-1 receptor. In the case of L-alanine being the parent amino acid, substitution
had been made with the amino acid found in the corresponding position in glucagon.
These analogs had been assayed in binding assays (IC50) against rat GLP-1 receptor,
and potency (receptor activation measured by detection of adenylate cyclase activity,
EC50) had further been monitored. These analogs (30 single mutants) and their reported
activities (Log(IC50) and Log(EC50) normalized compared to IC50 or EC50, respectively,




WO 2016/166253 PCT/EP2016/058287

22

of wild-type human GLP1) were used as learning data set to build the predictive model
(see Fig. 7 and Fig.8).

Peptide logIC50 logeC50
Wild-type GLP1 -0.56864
GLP1 F6A 1.51851
GLP1 S8A -0.11919 0.69897
GLP1 D9A 4
GLP1 S11A -0.33724 0.47712
GLP1 S12A -0.16749 0.30103
GLP1 Y13A 1.74036
GLP1 L14A 0.8451
GLP1 E15A 1.81291
GLP1 G16A -0.24413 0.60206
GLP1 Q17A 0.69897
GLP1 A18R -0.05061 1.23045
GLP1 E21A -0.61979 0
GLP1 V10A 0.23045
GLP1 K20A 0.14613 1.11394
GLP1 A24Q 0.14613 -0.30103
GLP1 W25A 0.20412
GLP1 L26A 0.60206
GLP1 V27A 0.14613
GLP1 W25A 1.17609
GLP1 K28A 0.23045 0.30103
GLP1 G29A 0.11394 0
GLP1 R30A 0.8451
GLP1 A2S 0.38021 0.30103
GLP1 Y13A 0.54407
GLP1 E15A 0.61278
GLP1 L26A 0.6721
GLP1 R30A 0.66276
GLP1 H1A 1.47712 4
GLP1 E3A 0.90849 0.30103
GLP1 G4A 1.77085 4
GLP1 T5A 0.69897
GLP1 FBA 1.5563
GLP1 T7A 1.5563 1.81291
GLP1 D9A 1.04139 4
GLP1 123A 1.39794 1.8451

Table 4: GLP1 Learning set

Test peptide loglC50
GLP1 T5A 0.54407
GLP1 L14A 0.23045
GLP1 Q17A 0.04139
GLP1 F22A 2.54531

Table 5: GLP1 test sequences (binding)
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Test peptide logeC50
GLP1 V10A 0.8451
GLP1 F22A 3.41497
GLP1 V27A 0.30103
Wild-type GLP1 [ 0.41497

Table 6: GLP1 test sequences (potency)

Their activity ranged from -0.62 to 2.55 (loglC50) for the binding affinity and from -
0.30 to 4.00 (logEC50) for the Potency.
Results show that R2 and RMSE are 0.93 and 0.19 respectively for the Binding
affinity (Figure 7) and 0.94 and 0.28 for the Potency (Figure 8), thus indicating that

information relative to the two fitnesses can be captured in a very efficient way.

Binding and potency evaluated for human GLP1, taspoglutide and the best in silico

analog (based on the predictive model) were as shown in Table 7:

Binding (IC50) nM Potency (EC50) nM
Human GLP1 0.27 2.6
taspoglutide 0.79 0.39
best in silico analog 0.002 0.021

Table 7: binding and potency evaluated for human GLP1 and analogs

A 135 times improvement is achieved for binding affinity for the peptidic ligand

analog of GLP1 towards his receptor. A 124 times potency improvement is obtained.

This illustrates that the method of the invention can be used to improve more than

one parameter at the same time.

Example 3: evolution of the enantioselectivity of an epoxide hydrolase

(Figures 14 and 15)

In this example, the amino acid sequence of epoxide hydrolase was encoded into a

numerical sequence using the following AAindex code: D SD of AA composition of total
proteins (Nakashima et al., Proteins. 1990; 8(2):173-8).

Enantioselectivity is the preferential formation of one stereocisomer over another, in a
chemical reaction. Enantioselectivity is important for synthesis of many industrially
relevant chemicals, and is difficult to achieve. Green chemistry takes advantage of
recombinant enzymes, as enzymes have high specificities, to synthesize chemical
products of interest. Enzymes with improved efficiencies are therefore particularly sought

in green chemistry.
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Reetz, et al. (Ang 2006 Feb 13; 45(8):1236-41) described directed evolution of
enantioselective mutants of the epoxide hydrolase from Aspergillus niger as catalysts in
the hydrolytic kinetic resolution of the glycidyl ether 1 with formation of diols (R)- and (S)-
2.
The model was built on a set of 10 learning sequences described in Reetz et al.

(supra).
epoxide hydrolase AAG (kcal/mol)

WT -0.85
L215F -1.50
A217N -1.17
R219S -0.85
L249Y -0.85
T317W -1.50
T318V -0.85
M329P -1.08
L330Y -0.85
C350V -0.97

Table 8: learning set

The results for 32 mutants produced in wet lab have been compared to those
predicted using our approach. Quantitative values are shown on the right of the Figure 14:
with representation of both experimental and predictive values. The predictive values
obtained are very close to the experimental ones, with a mean bias of - 0.011 kcal/mol.
This demonstrates that even on a small number of learning sequences and learning data,
good mutants with improved parameters can be obtained.

In Figure 15, the library of 512 mutants was built and screened. The best mutant
identified in the wet lab appears indeed to be a good one (arrow 150), but not the best.
The best ones are identified by the ellipse 160 in Figure 15. The wild-type protein is
pointed by arrow 170.
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epoxide hydrolase AAG epoxide hydrolase AAG
(kcal/mol) (kcal/mol)

WT -0.85 L215F_A217N_R219S_T317W_ -2.15
T318V_M329P_L330Y

L215F_A217N_R219S -1.68 L215F_A217N_R219S_1249Y_ -1.96
M329P_L330Y

M329P_1330Y -0.87 L215F_A217N_R219S_T317W_ -2.41
T318V_C350V

C350V -0.89 L215F_A217N_R219S_1249Y_ -1.85
G350V

L249Y -0.8 L215F_A217N_R219S_1249Y_ -2.37
T317W_T318V

T317W_T318V -1.68 T317W_T318V_M329P_L330Y_ -1.51
G350V

L215F_A217N_R219S_M329P_ | -1.84 L249Y_M329P_L 330Y_C350V -0.92

L330Y

L215F_A217N_R219S_C350V -1.67 L249Y_T317W_T318V_M329P_ -1.75
L330Y

L215F_A217N_R219S_T317W_ | -2.19 L249Y_T317W_T318V_C350V -1.74

T318V

L215F_A217N_R219S_1249Y -1.93 L215F_A217N_R219S_1249Y_ -2.57
M329P_L330Y_C350V

M329P_L330Y_C350V -0.9 L215F_A217N_R219S_T317W_ -2.09
T318V_M329P_L330Y_C350V

T317W_T318V_M329P_L330Y | -0.6 L215F_A217N_R219S_1249Y_ -2.32
T317WT318VM329P_L330Y

L249Y_M329P_L330Y -0.98 L215F_A217N_R219S_1249Y_ -2.73
T317W_T318V_C350V

T317W_T318V_C350V -1.73 T317W_T318V_M329P_L330Y_ -1.58
G350V

L249Y_C350V -0.89 L215F_A217N_R219S_1249Y_ 2.87
T317W_T318V_M329P_L330Y_
G350V

L249Y_T317W_T318V -1.88 L215F_A217N_R219S_M329P_ -1.92
L330Y_C350V

Table 9: test sequences

Example 4: prediction of the thermostability (Tm) for the enterotoxins SEA and
SEE (Figures 9 and 10)

In this example, the amino acid sequence of enterotoxins was encoded into a
numerical sequence using the following AAindex code: D pK-C (Fasman, 1976)

The fourth dataset (from Cavallin A. et al., 2000: Biol Chem. Jan 21;275(3):1665-72.)
is related to the thermostability of enterotoxins SEE and SEA. Super-antigens (SAgs),
such as the staphylococcal enterotoxins (SE), are very potent T-cell-activating proteins
known to cause food poisoning or toxic shock. The strong cytotoxicity induced by these
enterotoxins has been explored for cancer therapy by fusing them to tumour reactive
antibodies. The Tm is defined as the denaturation temperatures EC50 value and ranged
from 55.1 to 73.3 °C for a dataset constituted of 12 protein sequences (WT SAE + WT
SEE + 10 mutants included form 1 single to 21 multiple mutations).
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Superantigens
staphylococcal
enterotoxin Mutations for SEA Mutations for SEE
Mutations
| regions
a (20-27) G20R,T21N,G24S K27R R20G,N21T,524G,R27K
b (37-50) K371,H44D,Q49E,H50N I37K,D44H,E49Q,N50H
¢ (60-62) D60G,S62P G60D,P62S
d (71-78) F71L,D72G,I76A V77T, D78N L71F,G72D,A761,T77V,N78D
N136T,L1401,E141D,T142K, T136N,1140L,D141E,K142T,S146N,
e (136-149) N146S,N149E E149N
R161H,Q164H,E165G,Y167F ,N168G, | H161R,H164Q,G165E,F167Y,G168N,
f(161-176) V174S,D176G S174V,G176D
T188S,T190E,E191G,P192S5,5193T, |S188T,E190T,G191E,S192P,T193S,
g (188-195) N195S S195N
h (200-207) G200D,S206P,N207D D200G,P206S,D207N

Table 10. Details of the mutations regions for SEA and SEE. SEE/A-a, -f, -h, and -ah
are SEE with the regions a, f, a and a + h, respectively, from SEA, whereas SEA/E-bdeg
is SEA with the regions b + d +e + g from SEE.

5
Enterotoxin Tm
SEA D227A 55.1
SEA H187A 57.5
SEA 233aa (wild-type) 61.4
SEA/E-bdeg 68.4
SEE/A-h 69
SEE/A-a D227A 69.3
SEE 233aa (wild-type) 71.3
SEE/A-a 75.3
Table 11: learning set
Enterotoxin Tm
SEE A-f 70
SEE _A-ah 69.1
SEE D227A 67.4
SEA D227A F47A 55.4
Table 12: test sequences
10 Our predictions were compared to wet lab results (Cavallin A. 2000). Here again,
using a small learning sequence (8 learning sequences) and learning data, it was possible
to capture the information linked to the thermostability and to predict this parameter for
new mutants.
It should be noted that among the protein sequences of the validation set
15 corresponding to Figure 10 (4 protein sequences), 2 included mutations in positions that
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were not sampled in the training set corresponding to Figure 9 (1 sequence with 7 new
mutations, and 1 sequence avec 1 new mutation over 2). So, these results confirm that it
is possible to identify new mutants including positions of mutations that have not been
sampled in the training set.

Results show that R2 and RMSE are 0.97 and 1.16 respectively for the training set
(Figure 9) and 0.96 and 1.46 for the validation set (Figure 10), thus indicating that
information relative to the thermostability can be efficiently predicted in this case.

Example 5: mutant TNF with altered receptor selectivity (Figures 11 and 12)

In this example, the amino acid sequence of TNF was encoded into a numerical
sequence using the following AAindex code: D Weights from the IFH scale (Jacobs and
White, Biochemistry. 1989; 28(8):3421-37).

Tumor necrosis factor (TNF) is an important cytokine that suppresses
carcinogenesis and excludes infectious pathogens to maintain homeostasis. TNF
activates its two receptors, TNF receptor TNFR1 and TNFR2.

Mukai Y et al. (J Mol Biol. 2009 Jan 30;385(4):1221-9) generated receptor-selective
TNF mutants that activate only one TNFR.

Receptor selectivity of the 21 mutants disclosed by Mukai et al. (supra) has been
predicted using the data mutants (WT + 20 mutants including from 1 single mutation to 6
multiple mutations) and data disclosed in this article as learning data set.
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TNF polypeptide Receptor selectivity
WT 0
K11M,K65S,K90P,K98R,K112N,K128P 0.079
L29I 0.079
A84T,V85H,586K,Q88P,T89Q 0.544
A84S,V85K,S86T,Q88S,T89H 0.663
L29Q,R32W 0.826
L29K,R31A,R32G,E146S,5147T 0.924
A84S,V85T,S86N,Q88N,T89G 0.869
A84S5,V85S,586H,Q88R, T89F 1.079
A84S,V85P,S86L,Q88P,T89K 1.217
A84T,V85S,586A,Q88G,T89P 1.230
A84T,V85T,586A,Q88S,T89G 1.310
A145R,E146T,5147D 1.301
A145K,E146D,S147T 2.870
A145R,E146E,S147T 2.228
A145A,E146D,5147D 1.949
A145A,E146N,5147D 2.462

Table 13: TNF Learning set

Competitive binding of TNF to TNFR1 (R1) and TNFR2 (R2) was predicted based on
ELISA measurement, as described in the article by Mukai Y et al. Relative affinity (% Kd)

for R1 and R2 was used to calculate a logR1/R2 ratio. The relative affinity log:,(R1/R2)

ranges from 0 to 2.87.

In a first step, the method has been applied to the whole dataset. R2 and RMSE are

equal to 0.97 and 0.11, respectively, for the binding affinity of TNF. This demonstrates

again that this method is able to capture the information linked to the fitness.

In a second step 17 mutants were used as learning sequence and 4 as validation

sequences.

TNF polypeptide Receptor selectivity
L29T R31G_R32Y 0.380

L29T R31K_R32Y 1.127

L29T R32F E146T 2.026

A84S V85K S86T_Q88T_T89H 0.924

Table 14: TNF test sequences

Results show that R2 and RMSE are 0.93 and 0.21 respectively for the training set

(Figure 11) and 0.99 and 0.17 for the validation set (Figure 12) thus indicating that is

possible to model the capacity of TNF mutants to bind preferentially with one type of

receptor (ratio R1/R2) using the method.
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In all the above examples 1 to 5, the whole protein spectrum was used in order to go
through prediction. In the following example 6, we demonstrate that the method according
to the invention works in a very efficient way using only part of the protein spectrum.

Example 6: prediction of the thermostability of Cytochrome P450 using a
selection of frequency values from the protein spectrum (Figure 13)

In this example, the amino acid sequence of cytochrome P450 was encoded into a
numerical sequence using the following AAindex code: D Normalized frequency of
extended structure (Maxfield and Scheraga, Biochemistry. 1976; 15(23):5138-53)

Here, a selection of the most relevant frequencies coming from the protein spectrum
was used to go through prediction. Frequency values are sorted according to their
correlation with the fitness, and only the best frequency values are taken into account.

The datasets are the same as in Example 1.

Results show that R2 and RMSE are 0.91 and 1.75 respectively thereby indicating
that the fitness, here the thermostability, can be also efficiently predicted with only a part
(selection) of frequency from the protein spectrum.

This illustrates that the method of the invention can be used using the whole protein
spectrum or part (selection) of frequency from the protein spectrum.

Example 7: Classification of protein spectra using multivariate analysis for
protein screening (Figure 16)

A subset of Epoxyde hydrolase (as in example 3) including 10 protein spectra with
low values and high values of fitness (enantioselectivity) was used. A PCA (Principal
Component Analysis) was performed. The low and high values of fitness are in the small
oval 180 and large oval 190 respectively, thus indicating that multivariate analysis applied
on protein spectra helps for protein screening.

Axes X, Y and Z are the three major components arose from PCA and take into
account for 58.28% of the global information related to the collection of protein spectra
(respectively: 21.51%, 19.72% and 16.05% in terms of inertia for axes X, Y and Z).

Thus, R2 and RMSE between the predicted values and the measured values of
several fitness that were obtained in the aforementioned examples show that the
prediction system 20 and method according to the invention allow an efficient prediction of
different fitness values of different proteins.
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In addition, the method according to the invention allows testing new sequences
(validation/test sequences) with mutations or combinations of mutations at other positions
that those which were used in the learning sequences set for building the model.

This method also allows testing new sequences (validation/test sequences) with a
different number of positions of mutations compared to the number of positions of
mutations used in the learning sequences set.

This method also allows testing new sequences including positions of mutations that
have not been sampled in the training set. Enterotoxins are given as an example of
implementation of the method in such a case.

Further, this method also allows testing new sequences (validation/test sequences)
with a different length in terms of number of amino acids compared to the length of the
learning sequences set which is used to build a model.

This method enables using the same learning sequences and one or different
encoding AAindex and different fitness/activity values as learning data to predict the
fitness (validation/test data) for the learning sequences or of the validation sequences: i.e.
the ability to predict 2 or more activities/fitness for a protein sequence using this new
approach. GLP1 is used as an example in this document: prediction of the Binding affinity
to GLP1 Receptor and prediction of the potency using the same AAindex are carried out
as an example.

With this method, it is possible to use very small learning sequence and learning
data to achieve very good predictions and to obtain mutants with improved fitness.
Epoxyde Hydrolase, where only 10 protein sequences were used, is given as an example.

This method furthermore allows using chimeric proteins instead of protein
sequences with single point mutations or combinations of single point mutations.
Cytochrome P450 is given as an example in this document. Combinations of fragments of
different P450 are used.

This invention makes it possible taking into account the effect of interactions
between the different AA acids at different positions in an amino acids sequence. Figure 3
shows that a single point mutation impacts the whole protein spectra, at every frequency.

In addition, this method is very efficient as no more than 10 minutes are necessary
after the encoding step for predicting the fithess, while using 50 protein sequences for the
learning sequences and 20 protein sequences for the validation sequences.

In addition, the “fitness” of a protein further refers to its adaptation to a criterion, such

as protein expression level or mRNA expression level.
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Therefore, the “fitness” of a protein refers to its adaptation to a criterion, such as
catalytic efficacy, catalytic activity, kinetic constant, Km, Keq, binding affinity,
thermostability, solubility, aggregation, potency, toxicity, allergenicity, immunogenicity,
thermodynamic stability, flexibility, protein expression level and mRNA expression level.
As described above, the “fitness” is also called “activity” and it is considered in the
description that the fitness and the activity refer to the same feature.

Fitness such as protein expression level or mRNA expression level will be further

illustrated in view of the following examples.

Example 8: Prediction of protein expression level for Bruton's tyrosine kinase
variants (Figure 17)

In this example, the Bruton’s Tyrosine Kinase (BTK) is a critical protein involved in
the B-cells development and maturation. Indeed, BTK induces antibodies production by
the mature B-cells and helps eliminating the infection. Also, a dysfunction of this protein
may cause disease like X-linked agammaglobulinemia or Bruton’s agammaglobulinemia
(B-cells failed to mature).

18 protein variants (Futatani T. et al. 1998, « Deficient expression of Bruton's
tyrosine kinase in monocytes from X-linked agammaglobulinemia as evaluated by a flow
cytometric analysis and its clinical application to carrier detection. », Blood. 1998 Jan
15;91(2):595-602; Kanegane H. et al. 2000, « Detection of Bruton's tyrosine kinase
mutations in  hypogammaglobulinaemic males registered as common variable
immunodeficiency (CVID) in the Japanese Immunodeficiency Registry », Clin Exp
Immunol. 2000 Jun;120(3):512-7) and the wild type BTK were used in this example as
shown in Table 15 below.

Mutations BTK protein expression level (%)
BTK WT 100.00

R28P 4.64

G302Q 23.92

L358F 32.99

C502W 4.69

D521H 100.21

F644S 5.98

W124-->Stop 0.10

Y134-->Stop 0.31
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Q196-->Stop 0.21
W281-->Stop 0.93
Y425-->Stop 0.41
E441-->Stop 0.10
Q459-->Stop 0.52
Q497-->Stop 0.10
W634-->Stop 0.21
V537E 10.52
R641H 6.39
S592T 0.82

Table 15 - Sequence and protein expression level values for BTK variants

In figure 17, the measured activity corresponds to the in vitro measurements for
protein expression level of BTK, and the predicted activity corresponds to the values
predicted by the method according to the invention for protein expression level of BTK.

The values are given in percentage of protein expression level with 100%
corresponding to the protein expression level of the wild type.

A leave one out cross validation (LOOCV) was used to built the model and to predict
the protein expression values. Results show that R2 and RMSE are 0.98 and 1.5
respectively thereby indicating that the fitness, here the protein expression level, can be
also efficiently predicted. The protein sequences were encoded using the Optimized
relative partition energies - method B (Miyazawa-Jernigan, 1999 Self-consistent
estimation of inter-residue protein contact energies based on an equilibrium mixture
approximation of residues. Proteins: Structure, Function, and Bioinformatics, 34(1), 49-
68).

Expression Atlas from EMBL-EBI (http://www.ebi.ac.uk/gxa) provides information
about gene and protein expression level in animal and plant samples of different cell
types, organism parts, developmental stages, diseases and other conditions. For
information about which gene products are present, and at what abundance, in "normal”
conditions (e.g. tissue, cell type), the skilled person will refer to Petryszak et al., 2016
«Expression Atlas update—an integrated database of gene and protein expression in
humans, animals and plants.», Nucl. Acids Res. (04 January 2016) 44 (D1): D746-
D752.doi: 10.1093/nar/gkv1045.



10

WO 2016/166253 PCT/EP2016/058287

33

Example 9: Prediction of mRNA expression level in the K562 cell line (Figure
18)

The method according to the invention is also adapted for predicting mRNA
expression level values in K562 Cell line (Fonseca NA et al. 2014 RNA-Seq Gene
Profiing - A Systematic Empirical Comparison. PLoS ONE 9(9): e107026.
doi:10.1371/journal.pone.0107026). As there is a colinearity between the RNA sequence
and the protein sequence, the protein sequence associated with each gene was used in
order to build a model. Proteins differ by amino acids composition and length which reflect
the RNA sequence and length. The data set (sequences and protein expression levels)
are provided in Table 16 below for 97 RNA.
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Figure 18 shows the results obtained using a leave one out cross validation (R2:
0.81, RMSE :10.3), thereby illustrating that the method according to the invention is also
adapted for predicting mRNA expression level through the protein sequence associated
with RNA.

The protein sequences were encoded using the Hydropathy scale based on self-
information values in the two-state model (25% accessibility) (Naderi-Manesh et al., 2001
Prediction of protein surface accessibility with information theory. Proteins: Structure,
Function, and Bioinformatics, 42(4), 452-459).

Example 10: Prediction of protein expression level of different proteins in
heart cell (Figure 19)

The method according to the invention was also used to predict protein expression
level values of different proteins in heart cell. Proteins differ by amino acids composition
and length. The data set (sequences and protein expression levels) are provided in Table
17 below for 85 proteins.
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Figure 19 shows the results obtained using a leave one out cross validation
(LOOCV, R2: 0.87, RMSE: 20.22). In figure 19, values were multiplied by 10000.
Therefore, the method according to the invention is also adapted for predicting protein
expression level values of different proteins in heart cell.

The protein sequences were encoded using the percentage of exposed residues
(Janin et al., 1978 Conformation of amino acid side-chains in proteins. Journal of
molecular biology, 125(3), 357-386).

Example 11: Prediction of protein expression level of different proteins in
Kidney cell (Figure 20)

In this example, the method according to the invention was also used to predict
protein expression level values of different proteins in Kidney cell. Proteins differ by amino
acids composition and length. The data set (sequences and protein expression levels) are
provided in Table 18 below.
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Figure 20 shows the results obtained using a leave one out cross validation
(LOOCV, R2: 0.83, RMSE: 1.75) for 130 protein sequences. Again, the method according
to the invention is therefore adapted for predicting protein expression level values, in
particular for different proteins in Kidney cell.

The protein sequences were encoded using the Relative preference value at Mid
(Richardson-Richardson, 1988 Amino acid preferences for specific locations at the ends
of alpha helices. Science, 240(4859), 1648-1652).

Thus, R2 and RMSE between the predicted values and the measured values of
several fitness such as protein expression level or mRNA expression level that were
obtained in the aforementioned examples show that the prediction system 20 and method
according to the invention allow an efficient prediction of different fitness values of
different proteins or protein variants also for protein expression level and mRNA

expression level.
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CLAIMS

1. Method for predicting at least one fitness value of a protein, the method being
implemented on a computer and including the following steps:

- encoding (100) the amino acid sequence of the protein into a numerical sequence
according to a protein database (51), the numerical sequence comprising a value for each
amino acid of the sequence;

- calculating (110) a protein spectrum from a Fourier Transform of the numerical
sequence, the Fourier Transform being applied to the numerical sequence obtained
further to the encoding step; and

for each fitness:

- comparing (130) the calculated protein spectrum with protein spectrum values of a
predetermined database (55), said database containing protein spectrum values for
different values of said fithess, wherein the comparison step (130) comprises determining,
in the predetermined database (55) of protein spectrum values for different values of said
fitness, the protein spectrum value which is the closest to the calculated protein spectrum
according to a predetermined criterion, and

- predicting (130) a value of said fitness according to the comparison step, the
predicted value of said fitness being then equal to the fitness value which is associated in

said database with the determined protein spectrum value.

2. The method according to claim 1, wherein the calculated protein spectrum
includes at least one frequency value and the calculated protein spectrum is compared

with said protein spectrum values for each frequency value.

3. The method according to claim 1, wherein the Fourier Transform is a Fast Fourier

Transform.

4. The method according to claim 1, wherein each protein spectrum verifies the
following equation:
=2irm
N

7| = 3 x, exp(2Z iy
k=0

where j is an index-number of the protein spectrum |[fi[;
the numerical sequence includes N value(s) denoted xi, with 0 <k < N-1and N = 1,
k being an integer and N being a predetermined integer; and

i defining the imaginary number such that i# = -1.
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5. The method according to any one of the preceding claims, wherein, during the
encoding step (100), the protein database (51) includes at least one index of biochemical
or physico-chemical property values, each property value being given for a respective
amino acid; and

wherein, for each amino acid, the value in the numerical sequence is equal to the

property value for said amino acid in a given index.

6. The method according to claim 5, wherein, during the encoding step (100), the
protein database (51) includes several indexes of property values; and

wherein the method further includes a step of:

- selecting the best index based on a comparison of measured fitness values for
sample proteins with predicted fitness values previously obtained for said sample proteins
according to each index;

the encoding step (100) being then performed using the selected index.

7. The method according to claim 6, wherein, during the selection step, the selected
index is the index with the smallest root mean square error,

wherein the root mean square error for each index verifies the following equation:

i (yi _JA/i,j)Z
i=1 S

where y; is the measured fitness of the i"" sample protein,

RMSE,,

dex j =

yi; is the predicted fitness of the i sample protein with the j" index, and

S is the number of sample proteins.

8. The method according to claim 6, wherein, during the selection step, the selected
index is the index with the coefficient of determination nearest to 1,
wherein the coefficient of determination for each index verifies the following

equation:
=G, =9’
2 0=’ 20, -3y

where y; is the measured fitness of the it sample protein,

2
R Index_j =

¥i; is the predicted fitness of the i"" sample protein with the | index,
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S is the number of sample proteins,

y is an average of the measured fitness for the S sample proteins, and

)7/ is an average of the predicted fitness for the S sample proteins.

9. The method according to any one of the preceding claims, wherein the method
further includes, after the encoding step and before the protein spectrum calculation step,
the following step:

- normalizing the numerical sequence obtained via the encoding step, by subtracting
to each value of the numerical sequence a mean of the numerical sequence values;

the protein spectrum calculation step being then performed on the normalized

numerical sequence.

10. The method according to any one of the preceding claims, wherein the method
further includes, after the encoding step and before the protein spectrum calculation step,
the following step:

- zero padding the numerical sequence obtained via the encoding step, by adding M
zeros at one end of said numerical sequence, with M equal to (N — P) where N is a
predetermined integer and P is the number of values in said numerical sequence;

the protein spectrum calculation step being then performed on the numerical

sequence obtained further to the zero padding step.

11. The method according to any one of the preceding claims, wherein, during the
protein spectrum calculation step (110), several protein spectra are calculated for said
protein according to several frequency ranges, and

wherein, during the prediction step, an intermediate value of the fitness is estimated
for each protein spectrum according to the comparison step, and the predicted value of

the fitness is then computed using the intermediate fitness values.

12. The method according to claim 11, wherein the predicted value of the fithess is

computed with a regression on the intermediate fithess values.

13. The method according to claim 12, wherein the regression is a partial least

square regression.

14. The method according to any one of the preceding claims, wherein the method

includes a step of:
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- analysis (140) of the protein according to the calculated protein spectrum, for

screening of mutants libraries.

15. The method according to claim 14, wherein the analysis is done using a factorial

discriminant analysis or a principal component analysis.

16. A computer program product including software instructions which, when
implemented by a computer, implement a method according to any one of the preceding

claims.

17. An electronic prediction system (20) for predicting at least one fitness value of a
protein, the prediction system (20) including:

- an encoding module (50) configured for encoding the amino acid sequence into a
numerical sequence according to a protein database (51), the numerical sequence
comprising a value for each amino acid of the sequence;

- a calculation module (52) configured for calculating a protein spectrum from a
Fourier Transform of the numerical sequence, the Fourier Transform being applied to the
numerical sequence obtained by the encoding module; and

- a prediction module (56) configured for, for each fitness:

+ comparing the calculated protein spectrum with protein spectrum values of a
predetermined database, said database containing protein spectrum values for
different values of said fitness, wherein comparing comprises determining, in the
predetermined database of protein spectrum values for different values of said
fitness, the protein spectrum value which is the closest to the calculated protein
spectrum according to a predetermined criterion, and

+ predicting a value of said fithess according to said comparison, the predicted
value of said fithess being then equal to the fitness value which is associated in said

database with the determined protein spectrum value.



