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METHODS AND SYSTEMS FOR GENERATING PEPTIDES

Background

Recently, advances have been made in synthesizing stable proteins with novel
sequences. Efforts to design proteins rely largely on knowledge of the physical
properties that determine protein structure, such as the patterns of hydrophobic and
hydrophilic residues in the sequence, salt bridges and hydrogen bonds, and secondary
structural preferences of amino acids. Various approaches to apply these principles
have been attempted. For example, helical proteins were generated and discussed in
Regan, et al., Science 241:976-978 (1988) and an experimental method was
developed using random mutagenesis and described in Kamtekar, et al., Science
262:1680-1685 (1993). Similarly, US Patent 6,708,120 discusses a method that starts
with a protein backbone structure and then modifies the backbone structure by
establishing a group of potential rotamers for each of the variable residue positions in
the backbone. The process then quantitatively analyzes and evaluates the interaction
of each of the potential rotamers with all or part of the remainder of the protein
backbone. Through this process, the method attempts to generate a set of optimized
protein sequences. Additionally, de novo protein design has been discussed that
proposes fully automated sequence selection. Dahiyat, B. 1., and Mayo, S. L., De novo
Protein Design: Fully Automated Sequence Selection. Science, 278, 82 (1997). This
work demonstrated a computational design algorithm based on physical-chemical
potential functions and stereochemical constraints. The constraints were used to
screen a combinatorial library of possible amino acid sequences for compatibility with
a design target. Through this algorithm, non-wild type proteins were designed, as
confirmed by BLAST searches, that had a compact well-ordered structure, in
agreement with the design target.

Although these approaches have brought some clarity and discipline to the
process of peptide design, the standard approach today is still to synthesize new
peptides by creating synthesized peptides that look very similar to a known peptide
having a particular function or purpose. The hope is that the synthesized peptide will
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have similar functionality as the naturally occurring peptide, and minimal or no side
effects. The standard method is still employed today because synthesizing peptides is
relatively simple and the currently developed approaches for computationally
determining peptide sequences of interest are difficult to implement and offer only
marginal improvement over heuristic sequence selection. Further, the existing
processes have been limited in scope in as much as they typically begin from a
starting point that is related to or defined by a single protein or peptide of interest.
This tends to provide a narrow focus for the later development processes, and keeps

newly developed proteins tightly bound to the selected seed sequence.

Thus, there is a need in the art for sequence design processes that provide a

more comprehensive and methodical approach to protein design.

Summary

Thus, it is an object of the invention to provide design processes for proteins

and other biological molecules that provide improved accuracy of target selection.

It is a further object of the invention to provide such design processes that

operate more efficiently and provide improved control over the synthesis process.

The systems and methods described herein include systems and methods for
designing peptides that have a desired characteristic or property. For example, the
systems and methods described herein may be used to design, among other things
peptides and peptide analogs that have antimicrobial properties or certain structural
features. In one practice, the methods according to the invention include identifying a
database of peptide sequences that are associated with the characteristic of interest.
For example, a database of peptides may be identified that contains peptides that have
antiviral properties, wound response properties, antimicrobial properties or some
other property of interest. Once the database is identified, the database may be
processed in a pattern recognition procedure that identifies a set of patterns that could

be understood as representative of a peptide having the characteristic of interest.

9719244
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In one particular practice, the method employs a pattern recognition process
that finds a set of grammars that are representative of peptides having the

characteristic of interest.

A set of randomly generated peptides sequences may then be processed to
score the randomly generated sequences against the identified patterns to correlate the
patterns to the sequences and determine a degree of association or a similarity

between a respective one of the random sequences and the set of identified patterns.

In one particular practice, the methods described herein employ an
evolutionary correlation process that begins with a set of random peptide sequences
and reproduces and mutates those sequences according to an evolutionary algorithm
and then tests the produced sequences against the set of identified patterns to identify
a subset of the produced patterns that correlate sufficiently strongly to the patterns to
indicate that the respective sequence likely exhibits the characteristic of interest. Ina
further optional practice, the evolutionary process may be run iteratively for the
purpose of cycling through the mutation, reproduction and selection steps until a set
of candidate peptides sequences are generated that are tightly correlated to the

patterns earlier identified.

In a further step, the methods may include selecting a subset of the generated
highly correlated peptide sequences to operate as templates for creating peptides
having sequences that were selected to match the sequences generated in the
evolutionary selection process described above. The peptides can be tested to

determine the biological presence of the characteristic of interest.

In a further optional process, the systems and methods described herein may
be employed to design peptides having two or more characteristics of interest. For
example, the methods described herein may be employed to design peptides having a
first characteristic, such as being antimicrobial, and a second characteristic such as

having an acceptable level of toxicity.

Other objects of the invention will, in part, be obvious, and, in part, be shown

from the following description of the systems and methods shown herein.
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Brief Description of the Drawings

The foregoing and other objects and advantages of the invention will be
appreciated more fully from the following further description thereof, with reference

to the accompanying drawings wherein:

Figure 1 depicts a functional block diagram representative of a system

according to the invention;

Figures 2A and 2 B depict an example of a peptide design space and an
example of a query sequence scoring process to determine the degree of association

between a query string a grammar;

Figure 3 depicts pictorially a schematic of the in silico directed evolutionary

strategy employed by certain practices of the invention;

Figure 4 depicts a flow chart diagram of one process for designing sequences

according to the invention.

Description of the Illustrated Embodiments

To provide an overall understanding of the invention, certain illustrative
embodiments will now be described. However, it will be understood by one of
ordinary skill in the art that the systems and methods described herein can be adapted
and modified for other suitable applications and that such other additions and
modifications will not depart from the scope hereof. In particular, it will be
understood that although the systems and methods described herein are done largely
with reference to examples of peptide designs, the invention is not to be so limited
and these systems and methods may be applied to the development and design of
other biological and non-biological sequences. The modifications and additions
appropriate for such applications will in part obvious to those of skill in the art and in

part be apparent from the description and examples set out below.

Accordingly, the systems and methods described herein include, among other

things, systems and methods for designing peptides that have a desired characteristic
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or property. For example, the systems and methods described herein can be used to
design peptides that have antimicrobial properties. In one practice, the methods
include identifying a database of peptide sequences that are associated with the
characteristic of interest. For example, a database of peptides may be identified that
have antiviral properties, wound response properties, antimicrobial properties or some
other property of interest. Once the database is identified, the database may be
processed in a pattern recognition procedure that identifies a set of patterns that could

be understood as representative of a peptide having the characteristic of interest.

The systems and methods described above provide for a comprehensive
analysis of the structure that may lead to a desired characteristic behavior. To this
end, these systems and methods may process a substantial volume of sequence data,
as well as carry out a substantial number of repetitive operations and calculations. As
such, automated tools for processing the data are desirable. The systems and methods
described herein lend themselves well to automation, at least for portions of the
process, and one such automated system is depicted as a functional block diagram in
Fig. 1. Specifically, Fig. 1 depicts a system 10 that includes a pattern recognition
processor 12, a sequence design processor 14, a database of sequence data 16 and a
data file 18 having the designed sequences, such as peptide sequences, thereon. The
system 10 depicted in Fig. 1 will typically be implemented as a computer program
opérating on one or more conventional data processing platforms, such as an IBM PC-
compatible computer running the Windows operating systems, or a SUN workstation
running a Unix operating system.  Alternatively, the data processing system can
comprise a dedicated processing system that includes an embedded programmable
data processing system. For example, the data processing system can comprise a
single board computer system that has been integrated into a system for performing
peptide design process. As such, the system 10 may be a dedicated piece of
laboratory equipment. However, in either of these cases, the system 10 will be
understood as a computer program that directs the operation of a data processing
platform to configure the platform into the system 10 depicted in Fig. 1. As such, the

invention may also be understood to include computer readable media having stored
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thereon instructions for operating a data processing system to carry out the functions

and operations described herein.

In one embodiment the pattern recognition processor 12 is a software module
that executes on the data processing platform to direct the platform to collect
sequence data from the database 16, and process that data to recognize patterns that
occur within the sequences. An exemplary process using the Teiresias pattern
discovery process is described more fully below. The depicted database 16 may be
any suitable database system, including the commercially available Microsoft Access
database, and may be a local, remote or a distributed database system. The design and
development of suitable database systems are described in McGovern et al., A Guide
To Sybase and SQL Server, Addison-Wesley (1993). The database 16 may be
supported by any suitable persistent data memory, such as a hard disk drive, RAID
system, tape drive system, floppy diskette, or any other suitable system. In certain
embodiments, the database 16 is substantially remote from the pattern recognition
processor 12, and a network connection is employed to provide access to the data

stored in the database.

The systems and methods described herein may be employed for designing
any type of peptide or protein. For purposes of clarity, the system 10 will now be
described with reference to an exemplary process for generating antimicrobial
peptides of the type that may be effective as antibiotic therapies. However, it shall be
understood by those of skill in the art that this is merely an example of the type of
peptide or protein that can be generated according to the invention and that the
systems and methods described herein are not so limited that may be employed in
other applications. For example, peptides may be employed for treating cancer,
diabetes, for industrial applications, such as for antimicrobial agents in paints, peptide
toxins for insecticides, or for any other application. Different peptides and
applications of such peptides are set forth in the references, which references are cited

throughout this disclosure, and are hereby incorporated by reference in their entirety.

In one particular application, the systems and methods described herein have

been employed for synthesizing antimicrobial peptides. A peptide as the term is used
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herein will be understood to encompass organic compounds composed of amino
acids, whether natural or synthetic, and linked together chemically by peptide bonds.
The peptide bond involves a single covalent link between the o-carboxyl (oxygen-
bearing carbon) of one amino acid and the amino nitrogen of a second amino acid.
Small peptides with fewer than about ten constituent amino acids are typically called
oligopeptides, and peptides with more than ten amino acids are termed polypeptides.
Compounds with molecular weights of more than 10,000 (50-100 amino acids) are
usually termed proteins. All these compounds may be designed using the systems and

methods described herein.

Antimicrobial peptides (AmPs) are small proteins used by the innate immune
system to attack and kill bacteria , J. Rolff, M. T. Siva-Jothy, Science 301, 472
(2003), D. A. Kimbrell, B. Beutler, Nat Rev Genet 2, 256 (2001). These peptides are
ubiquitous among multicellular eukaryotes and have been found in diverse contexts
including frog skin, M. Simmaco, G. Mignogna, D. Barra, Biopolymers 47, 435
(1999), scorpion venom, L. Moerman, et al., European Journal of Biochemistry 269,
4799 (2002), and human sweat, B. Schiettek, et al., Nature Immunology 2, 1133
(2001).

There is mounting evidence that antimicrobial peptides may become effective
antibiotic therapies , R. E. W. Hancock, A. Patrzykat, Current Drug Targets —
Infectious Disorders 2,70 (2002). Indeed, many AmPs show activity against
pathogens that are resistant to traditional antibiotics such as penicillin, tetracycline,
and vancomycin, Y. Ge, et al., Antimicrob Agents Chemother 43,782 (1999), E.
Tiozzo, G. Rocco, A. Tossi, D. Romeo, Biochemical and Biophysical Research
Communications 249,202 (1998), M. B. S. m, et al., Journal of Medicinal Chemistry
46, 1567 (2003). In humans, malfunctioning AmPs can lead to severely
immunocompromised phenotypes (10, 11) K. Putsep, G. Carlsson, H. G. Boman, M.
Andersson, Lancet 360, 1144 (2002), H. G. Boman, Journal of Internal Medicine
254,197 (2003). Animal models deficient in AmPs succumb to pathogen challenge,
C. L. Wilson, et al., Science 286, 113 (1999), whereas transgenic mice expressing
human AmPs exhibit a markedly increased resistance to infection, N. H. Salzman, D.

Ghosh, K. M. Huttner, Y. Paterson, C. L. Bevins, Nature 422, 522 (2003). In

7
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addition to their antibiotic uses, AmPs may have other interesting clinical
applications: for example they are involved in the immune response of long-term HIV
nonprogressors, L. Zhang, et al., Science 298, 995 (2002) and may be useful in
treating certain cancers, S. Kim, S. S. Kim, Y.-J. Bang, S.-J. Kim, B.J. Lee, Peptides
24, 945 (2003), H. M. Ellerby, et al., Nature Medicine 5, 1032 (1999), Y. Chen, et
al., Cancer Research 61,2434 (2001).

The many disease-relevant behaviors of antimicrobial peptides are understood
as a consequence of their ability to broadly distinguish eukaryotic cells from
pathogenic invaders. In general, AmPs have a net positive charge and an amphipathic
3-D structure that gives the peptides an electrostatic affinity to the out-leaflet of the
microbial membrane, A Giangaspero, L. Sandri, A. Tossi, European Journal of
Biochemistry 268, 5589 (2201), R. M. Epand, H. J. Vogel, Biochimica et Biophysica
Acta — Biomembrances 1462, 11 (1999).

Returning to Fig.1, it is noted that there are a number of antimicrobial
sequences databases that may be used or accessed to provide the database 16 of
sequence data. The database 16 may contain the sequences of gene encoded
antimicrobial peptides and proteins. It may also include, when available, the
sequences of precursors and of putative antimicrobial peptides as deduced from DNA
sequencing. Typically, the available databases are oriented towards peptides of animal -
and plant sequences. But peptides and proteins of bacterial origin may be included.
One database is the AMSDD that is correlated to the SWISS-PROT protein sequences
database. That database has recently been updated and maintained within the
framework of the European "PANAD" (Peptides As Novel Antiinfective Drugs)
Project (European 5th framework programme, project N° QLK2-CT-2000-00411).
The database employed will depend upon the specifics of the application. For
example, it may be that the system 10 is directed to designing AmPs for plants, and as
such the pattern analysis performed by the pattern recognition processor 12 may only
process AmPs for plants. As such the database 16 may be limited to AmPs associated
only with plants. Additionally, databases may be developed that are directed to AmPs

having a particular mechanism of action. For example, AmPs generally disrupt the
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membranes of a target cell, causing lysis of the cell. How this occurs, may vary and
recently, several peptides with unusual folds with strong antimicrobial activity have
been identified, and their solution determined by NMR. In certain embodiments and
practices, it may be that the pattern recognition process 12 is employed to find a
grammar for AmPs having this particular feature. Or alternatively, patterns may be
identified that the system uses to eliminate candidate sequences. In either case, the
database selected may be chosen by one of the skill in the art such that the data
studied and processed is suited to the task.

For example, preliminary studies of AmPs indicate that their amphipathic
structure gives rise to a modularity among AmP sequences. The repeated usage of
sequence modules — which may be a relic of evolutionary divergence and radiation —
may be analogized to the use of words and phrases in a natural language, such as
English. For example, the pattern Q.EAG.L.K..K (the “.” means that any amino acid

will suffice) is present in over 90% of cecropins, an AmP common in insects.

Based, at least in part, on this observation, the systems and methods described
herein model the AmP sequences as a formal language over the set of amino acids, D.
Jurafsy, J. H. Martin, Speech and Language Processing: An Introduction to Natural
Language Processing, Computational Linguistics, and Speech Recognition (Prentice
Hall, Upper Saddle River, New Jersey, 2000).

Furthermore, in certain particular embodiments and practices, this language
can be generated by a set of right-linear grammars, such as the ceropin grammar
above. Right-linear grammars — also known as regular grammars or regular
expressions — are simple rules that describe allowed arrangements of characters, N.
Chomsky, IRE Transactions on Information Theory 2, 113 (1956). These grammars
are useful for modeling short-range dependencies in primary sequences and are
commonly used to represent motifs or patterns, D.B. Searls, Nature 420, 211 (2002),
D.B. Searls, Artificial Intelligence and Molecular Biology, L. Hunter, ed. (AAAI
Press, 1992), pp 47-120.

To elucidate the grammar of AmPs, a pattern recognition process was

employed, such as the Teiresias pattern discovery tool (see, 1. Rigoutsos, A. Floratos,

9
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Bioinformatics 14, 55 (1998) or a detailed description of the Teiresias algorithm).
Given a formal language, Teiresias enumerates right-linear grammars that are
maximal in both composition and length. Using Teiresias, the methods described
herein discovered what is understood as an exhaustive set of approximately 44K
grammars in the set of known eukaryotic AmP sequences. These sequences consisted
of approximately 750 AmPs from AMSdb, A. Tossi, Antimicrobial sequences
database (AMSDDb) (2002) , which were supplemented with about an additional 200
antimicrobial peptides from Swiss-Prot/ TTEMBL, A. Bairoch, R. Apweiler, Nucleic
Acids Research 28, 45 (2002) that were not included in AMSdb.

Together, the set of ~44K grammars may be understood to describe the
“language of AmP sequences.” In the linguistic model employed, a sequence is a
string of amino acids and it is “grammatical” if the sequence conforms to one or more
grammars, i.e. it matches at least one regular expression. The semantic interpretation

of this sentence is the peptide’s function: in this case, antimicrobial activity.

To facilitate the design of synthetic AmPs, a heuristic metric S was employed,
which is the degree to which a query sequence is grammatical. The metric is
generated by a scoring function that gives a measure S that is representative of how
closely a query (or candidate) sequence follows the grammar. There are numerous
techniques for scoring the similarity between two or more sequences, and any suitable
technique may be employed. In one particular practice, a local score is assigned along
the backbone of a query sequence, which is equal to the number of grammars, or
fractions of grammars with at least 10 amino acids, that are incident upon the length
of the query sequence. The total score for the sequence, S, is the fraction of the

sequence’s length that is covered by grammars.
S = sequence’s length covered by grammars/ length of sequence.

This process is depicted in Fig. 2B. More particularly, Figs. 2A and 2 B
depict a peptide design space (Fig. 2A), and an example of a scoring process for
generating a measure of the fraction of a sequence that is covered by identified
patterns or grammars (Fig. 2B). In particular, Fig. 2A depicts a space diagram 20 that

includes the sequence space 22 representative of the space that contains all possible
10
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sequences for a peptide of a particular length. The “sequence space” 22 is the
combinatorially large set of all possible sequences. Even for a 20 amino acid peptide
like synth-1 (see Table 1) this base is large: on the order of 10?° power of sequences.
For comparison, that is a larger number than the number of stars in the known
5  universe. It further depicts a grammar space 24 representative of the portion of

possible sequences that comply with the grammar, and a functioning AmP space 26
representative of the portion of the total sequence space that contains a sequence
representative of a peptide that has an anti-microbial function. It will be noted that in
Fig. 2A, the grammar space 24 and the functioning AmP space 26, are shown to

10  diverge. This represents the understanding that not all sequences that are grammatical
will provide a functioning AmP, and similarly, not all functioning AmPs will be
grammatical, in that they comply with the grammars determined in this process. Such
divergence is possible and likely, although not necessary. The depicted divergence
indicates that in one practice, a plurality of candidate AmPs are to be created through

15  the processes described herein, as each candidate AmP may not ultimately have the
desired biological activity. Fig. 2A further depicts the sequence space 28 defining the
set of naturally occurring peptides that have the characteristic of interest. As will be
described below, the peptide design process may optionally filter out from the pool of

. query sequences, those sequences that are known to occur naturally.

Table 1: The synthetic antimicrobial peptides used in this study. For each synthetic AmP we
also designed two control sequences (a and b), which have the same amino acid composition
as the gynthetic peptide but have a S score of zero. The table also shows statistics relavant to
AmPs, which were calculated using the EMBOSS software package (34).

Peptide S Size Charge pl  Sequence

synth-1:
synth-1 1 20 4.5 11.92 NKVKKPLTGAHRLLFTFLFV
synth~la 0 20 4.5 1192 VVLKLLFFKFNLPHKTRTAG
synth-1b 0 20 45 1192  LVLTPLPATPKLNGRVKKFH

synth-2:
synth-2 1 3 100 11,28 MKKIKKEAGKNILKLAPKEVAAKKSKKSPTK
synth~2a 0 3] 100 1128  PAAGBSKVKANKKKAKILPTMKLXKEIKKKS
synth-2b 0 k)| 100 1128 SBASLKAKIKKIAMKKVTKOKAKNKPKLPEK
synth-3:

synth-3 092 63 3.0 10.41  MKDKNSTGPLLSALLLAVTAGGSPVAAAPWNPFAAILKAALQIAGAAEPKEVTAKKGPTKADA
synth-3b 1} 63 3.0 1041 GWAGLVAETAIADKMSLKAAGEPPNQNDGAVLKTPPKAAASAKPLGAAKTLAFISPVTLALAK
synth-3c¢ 0 63 3.0 10.41  AAKGVAAAPEANALSAWTTPMGLGGSIGFDKPPKKALKNKLTPAAVKSVLLPALATIAQEDAA

20

11
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The linguistic model employed in certain practices of the invention focuses the
search base to the grammar space 24 but allows a deviation from natural peptide
sequences. This allows the system 10 to be employed to design peptides that show no
significant or virtually no significant homology to any naturally occurring sequences,
but have the desired function. Homology in this context shall encompass the meaning
of sequence similarity or identity, with identity being preferred. Identical in this
context means, at least, identical amino acids at corresponding positions in the two
sequences which are being compared. Homology may be understood to encompass a
similarity or identity of sequence. Although, it may include optionally a measure of
similarity that occurs when amino acids are identical or perhaps which are similar
(functionally equivalent). The measure of homology employed by the processes
described herein will vary according to the application at hand, and any appropriate
measure of homology may be employed. Optionally, and typically, homology may be
determined using standard techniques known in the art, such as the Best Fit sequence
program described by Devereux, et al., Nucl. Acid Res., 12:387-395 (1984), or the
BLASTX program (Altschul, et al., J. Mol. Biol., 215:403-410 (1990)).

Fig. 2B shows a subsequence of the synth-2 sequence. Above and below the
subsequence are grammars that match the sequence in a tiled arrangement. For each
bracketed expression any of the amino acids listed in the bracket will suffice. More
specifically, Fig. 2B depicts a grammar 1 depicted as the sequence 30. The example
grammar derived using the pattern recognition process discussed above includes a
sequence of 10 amino acids. The grammar 1 has a number of optional expressions.
For example, the second value of sequence may be either L or G. Similarly the third
value of the sequence may be T, I or P. The first value of the sequence is T.

Grammar 2, shown as sequence 38 is expressed using a similar notation.

As shown in Fig. 2B, both of the grammar sequences 30 and 38 are compared
to the query sequence 32, and in this example, both are found within the sequence. As
depicted, the grammar sequences 30 and 38 overlap each other. The result is that the
query sequence has a score S 34 of 16/21. This score S indicates that grammars 30
and 38 cover sixteen of the twenty-one values in the query string. In the scoring

process described and depicted in Fig. 2B, each grammar 30 and 38 is given equal

12
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weight. However, in optional practices, the grammars may be weighted or otherwise
considered differently. For example, grammars that have been shown to be highly
indicative of the characteristic of interest may be weighted more heavily than other
sequences. This can tend to favor the survival of sequences having the more heavily
weighted patterns. Alternatively, other patterns may by used to eliminate a sequence

from further consideration, or evolution.

Moreover, in other embodiments, the systems and methods described herein
allow for using a scoring function that considers two or more grammars generated
from different and respective pattern recognition processes. For example, the scoring
function may score a sequence based on the inclusion within the sequence of one or
more patterns that are associated with a first characteristic, such as being
antimicrobial, and the inclusion within the sequence of a pattern associated with a
second characteristic, such as being anti-toxic. In this way, the processes described
herein may have nested criteria to allow for the development of biological sequences

that designed to exhibit two or more desirable characteristics.

To design synthetic AmPs, the described scoring process was employed to
calculate the score S for a query sequence and to classify the query sequence as either
grammatical or not. However, before designing sequences, we tested the ability of
our linguistic model to distinguish between true AmP sequences and unrelated
sequences. To this end, we used 90% of our AmP database to annotate the remaining
10% in the presence of non-AmP sequences from Swiss-Prot/T'TEMBL. We randomly
selected 90% of the known AmP sequences and generated a Teiresias grammar set.
These grammars were used by our annotation software to identify the remaining 10%
of our AmP database that was mixed with 10% of the non-AmP sequences from
Swiss-Pro/TrEMBL (~78K sequences). This experiment was repeated 300 times to
determine the score S that maximized selectivity and sensitivity. We found that the
score § = 0.73 is optimal and that the model has a 99.95% sensitivity and a 99.95%

selectivity.

Fig. 3 depicts pictorially one process suitable for use with the systems and

methods described herein. Specifically Fig 3 depicts an evolution strategy and
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process 50 wherein in step 52 there is a starting point. The starting point may be a
database of some number of paternal sequences. For example, the database may
include 10,000; 100,000; 1,000,000, or more sequences. The sequences may be
randomly generated and stored in the database to act as paternal sequences that will be
reproduced and mutated. Each of these paternal sequences in step 52 may be
processed in step 54 to be mutated and reproduced. For example, each of the
sequences may have four mutated children as depicted in Fig 3 wherein the mutations
may be carried out using any suitable technique such as amino-acid substitution based
on the blosum-50 matrix. This encourages, but does not require, the substitutions of
similar amino acids. However, in other practices, the mutation process may be a fully
random substitution process, or a probabilistic substitution process that assigns a
probability of substitution to each residue and in the event a substitution does occur at
that point in the sequence, the system will substitute based on a probabilistically

determined substitution.

In either case, the mutated and reproduced children may be passed to a fitness
function that is applied in step 58. The fitness function may be employed to score the
entire population, generating a score S that may be associated with each of the child
and parent sequences. The scoring, as described herein, employs the database of
grammars generated from the natural antimicrobial peptides. From the scored
population a set of candidate sequences, such as the top 100 sequences are chosen
(based on the score for those sequences) and become the paternal sequences for the
next iteration, or optionally set of iterations. In one such embodiment, the 100 most
highly scored sequences are forwarded to step 54 to be reproduced and mutated. In
one practice where four children were reproduced and mutated for each parent, the
100 sequences are turned into 500 mutated sequences. The parent and mutated
children may be passed at the fitness function and again scored and again the top 100
most highly scored sequences may be kept. This iterative process may be continued
until a set of candidate sequences is identified that have a score of sufficient interest

to proceed with.

In one embodiment, a set number of cycles is established to run through the

process 50. In one example, the process loop depicted in Fig. 3 was run 3,000 times.
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The first time with 100,000 sequences and the next 2,999 the cycles with the top 100
sequences as scored by the fitness function. Optionally and alternatively, the system
10 may be run by setting a threshold metric that identifies the score which is required
for a certain number of sequences before the process will resolve itself. In either case,
the system will generate a set of highly scored candidate sequences that may be

considered for synthesis.

Fig. 4 depicts a flow chart diagram presenting in more detail the process
shown pictorially in Fig. 3. More specifically, Fig. 4 depicts a flow chart of the type
commonly employed to describe a computer program. The flow chart depicts a
process 70 that begins in a step 72 wherein the process 70 collects a database of
sequence data that has the characteristic of interest. As discussed above, the database
may be a database of AmPs sequences that are naturally occurring. After step 72, the
process 70 proceeds to step 74, where a pattern matching process is executed. Here
the process 70 analyzes the sequence data to determine a set of expressions or a
grammar for these sequences. In step 76, the process 70 will select candidate or query
sequences. The selection step 76 may first comprise the random generation of a large
number of query sequences. In one particular process, 500,000 query sequences are
selected. This sequences may be generated by a sequence generator that randomly
generates sequences to have a distribution with some diversity with regard to possible
grammars. Once generated and selected, the process 70, in step 78 generates for each
sequence, four children sequences that are mutated for each parent. Thus the 500,000
sequences are expanded into 2,000,000 sequences. The parent and mutated children
may be passed at the fitness function in step 80 and scored by application of the
fitness function. After step 80, the process proceeds to step 82, and tests at decision
block 82 whether the process is complete. If not, the process returns to step 76, where
the highest scoring sequences are selected and passed through the loop again. This
iterative process may be continued until a set of candidate sequences is identified that
have a score of sufficient interest to proceed with. At that point, in step 82, the
process 70 may select the highest scoring sequences as the final sequences to consider

for synthesis and testing.
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In practice, three novel antimicrobial peptides were designed via in silico
directed evolution using the described score S as a fitness function. To begin, as
described above a database was created of 100K progenitor sequences of uniform
length with the same amino acid distribution as our AmP database. Each of these
sequences was allowed to have four mutated children, which were each 100 PAM
evolutionary units away from the parent (the implied rates of mutation from the
Blosum-50 matrix were used to make the mutations at the amino acid level), S.
Henikoff, J. G. Henikoff, Proceedings of the National Academy of Sciences 89, 10915
(1992). These children, each of which differed from their parent sequence by at least

one amino acid, were added to the total population of sequences.

To avoid generating sequences that were similar to natural AmPs, the
population was filtered (in an optional step) to purge any sequences that had six or
more amino acids in common with any natural AmP sequence. The remaining
sequences were scored using our annotation software. From the population, the
sequences with the top 100 S-scores were propagated to the following round, and the

entire process was repeated for 3,000 rounds.

Using the strategy described above, the process allowed many populations of
various lengths to evolve, from which any number may be chosen to validate
experimentally (sequences synth-1, 2, and 3 in Table 1). Each of these sequences is
grammatical; however, none show significant homology to any naturally occurring
protein (NBCI Blast, S. Altschul, et al. Nucleic Acids Research 25, 3389 (1997),
default parameters using NR database). This is possible because each grammar can
be written in a large number of ways. For example, the 10 residue grammar [LV]
[GA] [TN] [FL] AGHML occurs in 3 natural AmPs, but there are 16 possible 10-aa
sequences that match this grammar. Since these sequences are built from tiled
grammars, the synthetic sequences can quickly deviate from the naturally populated
sequence space such that it is impossible to detect similarity using sequence alignment

tools.
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These synthetic sequences may be validated experimentally, along with a set
of shuffled sequence controls (all peptides are shown in Table 1). Each peptide may
be synthesized.

In a preferred embodiment, the designed proteins are chemically synthesized
as is known in the art. Laboratory synthesis of peptides has risen to the level of a
well-defined art in recent years. Synthetic peptides, composed of as many as a
hundred amino acids in specified sequence, have been prepared in the laboratory with
good purity and high yields. In organic chemistry, peptide synthesis is the creation of
peptides, which are organic compounds in which more than two amino acids bind via
peptide bonds. Peptides are synthesized by combining the carboxyl group of one
amino acid with the amino group of another. During peptide synthesis, one side of the
amino acids has to be protected to keep the acids from reacting with themselves.
There are two conventional types of methods for obtaining polypeptides. One is the
stepwise elongation method, in which the amino acids are connected step-by-step in
turn. The other is the fragment condensation method, in which peptide fragments are
coupled to each other. Although the former can elongate the peptide chain without
racemization, the yield drops if only it is used. Fragment condensation is better than
stepwise elongation for synthesizing sophisticated long peptides, but its use must be
restricted in order to protect the racemization. There are two conventional ways of
synthesizing polypeptides. One is liquid-phase peptide synthesis, and the other is
solid-phase peptide synthesis. When the former is utilized, the product can usually be
purified halfway, yet time, effort, skill, and experience are necessary. When the latter
is used, less time and effort are necessary for the synthesis because the experimental

operation is simpler, but it is impossible to purify the peptide during the process.

The choice of which method to use is left to the person who synthesizes the
peptide. The established practices for peptide synthesis are particularly useful when
the designed proteins are short, preferably less than 150 amino acids in length, with
less than 100 amino acids being preferred, and less than 50 amino acids being
particularly preferred, although as is known in the art, longer proteins can be made

chemically or enzymatically.
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In an optional practice, particularly for longer proteins or proteins for which
large samples are desired, the optimized sequence is used to create a nucleic acid such
as DNA which encodes the optimized sequence and which can then be cloned into a
host cell and expressed. Thus, nucleic acids, and particularly DNA, can be made
5  which encodes each optimized protein sequence. This is done using well known
procedures. The choice of codons, suitable expression vectors and suitable host cells

will vary depending on a number of factors, and can be easily optimized as needed.

Once made, the designed proteins and peptides may be experimentally
evaluated and tested for structure, function and stability, as required. This will be

10 done as is known in the art.

The activity of each AmP can be studied against a number of bacterial species:
E. coli, C. rodentium, B. subtilis, and C. glutamicum. to determine the presence of

antimicrobial activity for these peptides as compared to the control sequences.

The antimicrobial assays may be based on the NCCLS protocol M26-A, and a
15  close variation on that, the method of RW Hancock for Cationic peptides. Cells may
be grown overnight in Mueller Hinton Broth (MHB) or Cation adjusted MHB. These

cells may be diluted in fresh MHB to an initial concentration of around 5*10"5

cfu/ml.

Serial 2 fold dilutions of the antimicrobial are made at 10-fold the desired
20  concentration in sterile water. In the Hancock variation 0.2% BSA and 0.01% Acetic
Acid are used rather than water. 11 ul of antimicrobial are added to 100 ul of the
innoculum at 5*10"5 cfu/ml and grown overnight. The MIC is the first concentration
of peptide that prohibits growth as measured by OD at 24 hours. The MBC can be

found by performing plate counting on the sample that do not have a measurable OD.

25 Previous approaches to the design of synthetic AmPs have produced peptides
that are either closely related to naturally occurring peptides, or that are composed of
only a handful of amino acids, for example, poly-lysine peptides, E. Tiozzo, G.
Rocco, A. Tossi, D. Romeo, Biochemical and Biophysical Research Communications

249, 202 (1998), A. Tossi, L. Sandri, A. Giangaspero, Biopolymers 55, 4 (2000). In
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contrast, our synthetic AmPs, by design, have an amino acid distribution similar to
that of natural proteins and they populate a region of sequence space that is not
occupied by naturally occurring AmPs. In essence, our linguistic approach is a means
to rationally expand the natural sequence space without using structure-activity
information or complex folding simulations. Instead, we rely upon the ability of
sequence grammars to capture the underlying functions of the peptides. These
grammars help to establish bounds on the set of synthetic sequences that are likely to

have antimicrobial activity.

We expect that linguistic strategies, like the grammar-based approach used
here, could lead to the design of many AmPs. As the annotation of both known and
synthetic AmPs becomes more complete, the processes herein will make it possible to

build custom-made peptides with targeted activities using similar approaches.

The methods described above may be extended to generate, a much larger
number of candidate sequences. For example, by increasing the size of the random
sequence list originally generated, such as from a 100,000 to 1,000,000, it may be
expécted that the number of highly scored candidate sequences may be increased from
a few hundred to a few thousand. The few thousand candidate sequences may be
tested against a series of different bacteria to determine which ones are effective.
Additionally, the systems and methods described herein may be employed to generate
peptides that have multiple desired characteristics. For example, the systems and
methods described herein may be extended to take into consideration a second or third
characteristics, such as the hemolytic characteristic of a peptide. To this end, and as
described above patterns — such as grammars — may be generated or peptides having
these second and third characteristics. Of the candidate sequences generated, the
systems and methods described herein may apply these new patterns to the candidate
sequences to identify sequences that meet both criteria, and therefore provide both

properties.

The proteins and peptides processed and designed by the systems and methods
described herein may be for any organism, including prokaryotes and eukaryotes,

with enzymes from bacteria, fungi, extremeophiles such as the archebacteria, insects,
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fish, animals (particularly mammals and particularly human) and birds all possible.
Suitable proteins include, but are not limited to, industrial and pharmaceutical
proteins, including ligands, cell surface receptors, antigens, antibodies, cytokines,
hormones, and enzymes. Suitable classes of enzymes include, but are not limited to,
hydrolases such as proteases, carbohydrases, lipases; isomerases such as racemases,
epimerases, tautomerases, or mutases; transferases, kinases, oxidoreductases, and

phophatases. Suitable enzymes are listed in the Swiss-Prot enzyme database.

Specifically included within "protein" are fragments and domains of known
proteins, including functional domains such as enzymatic domains, binding domains,
etc., and smaller fragments, such as turns, loops, etc. That is, portions of proteins may

be used as well.

Moreover, the proteins may be designed to have additional features and
characteristics. For example, they may be more stable than the known peptides that
were used as the starting point. Stable may mean that the new protein retains either
biological activity or conformation past the point at which the parent molecule did.
Stability includes, but is not limited to, thermal stability, i.e. an increase in the
temperature at which reversible or irreversible denaturing starts to occur; proteolytic
stability, i.e. a decrease in the amount of protein which is irreversibly cleaved in the
presence of a particular protease (including autolysis); stability to alterations in pH or
oxidative conditions; chelator stability; stability to metal ions; stability to solvents

such as organic solvents, surfactants, formulation chemicals; etc.

Once made, the proteins of the invention find use in a wide variety of
applications, as will be appreciated by those in the art, ranging from industrial to
pharmacological uses, depending on the protein. Thus, for example, proteins and
enzymes exhibiting increased thermal stability may be used in industrial processes
that are frequently run at elevated temperatures, for example carbohydrate processing
(including saccharification and liquifaction of starch to produce high fructose corn
syrup and other sweetners), protein processing (for example the use of proteases in

laundry detergents, food processing, feed stock processing, baking, etc.), etc.
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Similarly, the methods of the present invention allow the generation of useful

pharmaceutical proteins, such as analogs of known proteinaceous drugs.

The pattern detection systems and the described evolutionary candidate
peptide production processes described above may be realized as software processes
that were designed and developed following from principles known in the art of
computer programming, including those set forth in Wall et al., Programming Perl,
O'Reilly & Associates (1996); and Johnson et al, Linux Application Development,
Addison-Wesley (1998). Fig. 2 further depicts the process as including a server. The
server may be a conventional data processing platform such as an IBM PC-compatible
computer running the Windows operating systems, or a SUN workstation running a
Unix operating system. Alternatively, the data processing system can comprise a
dedicated processing system that includes an. embedded programmable data
processing system. For example, the data processing system can comprise a single
board computer system that has been integrated into a system for performing peptide
design process. As discussed above, the peptide design systems can be realized as a
software component operating on a conventional data processing system such as a
Unix workstation. In that embodiment, the peptide design system can be
implemented as a C language computer program, or a computer program written in
any high level language including C++, Fortran, Java or basic. Additionally, in an
embodiment where microcontrollers or DSPs are employed, the peptide design system
can be realized as a computer program written in microcode or written in a high level
language and compiled down to microcode that can be executed on the platform
employed. The development of such peptide design system is known to those of skill
in the art, and such techniques are set forth in Digital Signal Processing Applications
with the TMS320 Family, Volumes I, II, and III, Texas Instruments (1990).
Additionally, general techniques for high level programming are known, and set forth
in, for example, Stephen G. Kochan, Programming in C, Hayden Publishing (1983).
It is noted that DSPs are particularly suited for implementing signal processing
functions, including preprocessing functions such as image enhancement through
adjustments in contrast, edge definition and brightness. Developing code for the DSP

and microcontroller systems follows from principles well known in the art.
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The discussed databases can be any suitable database system, including the
commercially available Microsoft Access database, and can be a local or distributed
database system. The design and development of suitable database systems are
described in McGovem et al., 4 Guide To Sybase and SQL Server, Addison-Wesley
(1993). The database can be supported by any suitable persistent data memory, such
as a hard disk drive, RAID system, tape drive system, floppy diskette, or any other

suitable system.

Those skilled in the art will know or be able to ascertain using no more than
routine experimentation, many equivalents to the embodiments and practices
described herein. Accordingly, it will be understood that the invention is not to be
limited to the embodiments disclosed herein, but is to be understood from the

following claims, which are to be interpreted as broadly as allowed under the law.

What is claimed is:
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Claims

1. A method for synthesizing a peptide, comprising the steps of

determining a set of patterns being representative of a peptide having a

characteristic of interest,
providing a set of randomly generated peptide sequences,

correlating the set of patterns with the randomly generated peptide sequences,
selecting at least one of said randomly generated peptide sequences as a function of
the correlation and mutating said randomly generated peptide sequence, and repeating

the step of correlating with the mutated peptide sequence.

2. A method according to claim 1, wherein,

determining the set of patterns includes employing a pattern recognition process.
3. A method according to claim 1, wherein

providing a set of randomly generated peptide sequences includes selecting a database

of peptide sequences representative of peptides having the characteristic of interest.
4. A method according to claim 1, wherein

correlating the set of patterns with the randomly generated sequences includes
processing a sequence to determine a score representative of a percentage of the

sequence that matches to a pattern in the set of patterns.

5. A method according to claim 1, wherein mutating a sequence includes a

substitution process wherein substitution among similar entities is preferred.

6. A method according to claim 1,
wherein determining a set of patters includes identifying a set of patterns in a data set

of biological sequences representative of peptides having the characteristic of interest.
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7. A method according to claim 6, further comprising
identifying a database of biological sequence data wherein the biological sequence

data is representative of peptides having the characteristic of interest.

8. A method according to claim 6, wherein
identifying a set of patters includes identifying a substantially exhaustive set of

patterns from the database of biological sequences.

9. A method according to claim 1, further comprising

determining a second set of patterns being representative of a peptide having a

second characteristic of interest, and

correlating the mutated peptide sequences with the second set of patterns to
identify peptide sequences having the first characteristic and the second characteristic

of interest.

10. The method of claim 1, wherein the characteristic of interest is anti-microbial,

anti-viral, a selected topography, hydrophobic, hydrophilic, and thermally stable.

11.  The method of claim 1, further comprising
comparing the mutated peptide with a sequence representative of a naturally

occurring peptide and determining a degree of homology.

12.  The method according to claim 11, further comprising
removing a mutated peptide having a degree of homology greater than a

selected maximum.

13.  The method of claim 1, including the further step of
synthesizing a peptide having substantially the selected mutated peptide

sequence.
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14.  The method of claim 1, including the further step of

testing activity of a synthesized peptide for the characteristic of interest.
15. A system for synthesizing a peptide, comprising

a database having a set of patterns representative of a peptide having a

5  characteristic of interest,
a database having a set of randomly generated peptide sequences,

and an evolution processor for iteratively
(a) correlating the set of patterns with the randomly generated peptide
sequences,
10 (b) selecting at least one of said randomly generated peptide sequences as a
function of the correlation and
(c) mutating said randomly generated peptide sequence, and repeating the step

of correlating with the mutated peptide sequence.

16. A system according to claim 15, further comprising
15 a pattern recognition processor for processing a database of biological
sequences having the characteristic of interest to generate a set of patterns indicative

of that characteristic.

17. A system according to claim 15, further comprising
a random sequence generator for generating a set of random biological

20  sequences.

18. A system according to claim 17, further comprising
a filter for removing a randomly generated sequence having a degree of

homology to a known biological sequence that is greater than a selected threshold.
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19. A system according to claim 15, further comprising

a second database having a set of patterns representative of a sequence having

a characteristic of interest.

20. A system according to claim 15, wherein
5 the evolution processor comprises a nested processor for performing a nested

operation to identify a biological sequence having a first and a second characteristic

of interest.
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