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PROTEIN DESIGN AUTOMATION FOR PROTEIN 
LIBRARIES 

FIELD OF THE INVENTION 

[0001] The invention relates to the use of a variety of 
computation methods, including protein design automation 
(PDA), to generate computationally prescreened secondary 
libraries of proteins, and to methods of making and methods 
and compositions utiliZing the libraries. 

BACKGROUND OF THE INVENTION 

[0002] Directed molecular evolution can be used to create 
proteins and enZymes With novel functions and properties. 
Starting With a knoWn natural protein, several rounds of 
mutagenesis, functional screening, and propagation of suc 
cessful sequences are performed. The advantage of this 
process is that it can be used to rapidly evolve any protein 
Without knoWledge of its structure. Several different 
mutagenesis strategies exist, including point mutagenesis by 
error-prone PCR, cassette mutagenesis, and DNA shuf?ing. 
These techniques have had many successes; hoWever, they 
are all handicapped by their inability to produce more than 
a tiny fraction of the potential changes. For example, there 
are 20500 possible amino acid changes for an average protein 
approximately 500 amino acids long. Clearly, the mutagen 
esis and functional screening of so many mutants is impos 
sible; directed evolution provides a very sparse sampling of 
the possible sequences and hence examines only a small 
portion of possible improved proteins, typically point 
mutants or recombinations of existing sequences. By sam 
pling randomly from the vast number of possible sequences, 
directed evolution is unbiased and broadly applicable, but 
inherently inef?cient because it ignores all structural and 
biophysical knoWledge of proteins. 

[0003] In contrast, computational methods can be used to 
screen enormous sequence libraries (up to 1080 in a single 
calculation) overcoming the key limitation of experimental 
library screening methods such as directed molecular evo 
lution. There are a Wide variety of methods knoWn for 
generating and evaluating sequences. These include, but are 
not limited to, sequence pro?ling (BoWie and Eisenberg, 
Science 253(5016): 164-70, (1991)), rotamer library selec 
tions (Dahiyat and Mayo, Protein Sci 5(5): 895-903 (1996); 
Dahiyat and Mayo, Science 278(5335): 82-7 (1997); Des 
jarlais and Handel, Protein Science 4: 2006-2018 (1995); 
Harbury et al, PNAS USA 92(18): 8408-8412 (1995); Kono 
et al., Proteins: Structure, Function and Genetics 19: 244 
255 (1994); Hellinga and Richards, PNAS USA 91: 5803 
5807 (1994)); and residue pair potentials (Jones, Protein 
Science 3: 567-574, (1994)). 

[0004] In particular, U.S. Ser. Nos. 60/061,097, 60/043, 
464, 60/054,678, 09/127,926 and PCT US98/07254 describe 
a method termed “Protein Design Automation”, or PDA, that 
utiliZes a number of scoring functions to evaluate sequence 
stability. 
[0005] It is an object of the present invention to provide 
computational methods for prescreening sequence libraries 
to generate and select secondary libraries, Which can then be 
made and evaluated experimentally. 

SUMMARY OF THE INVENTION 

[0006] In accordance With the objects outlined above, the 
present invention provides methods for generating a sec 
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ondary library of scaffold protein variants comprising pro 
viding a primary library comprising a rank-ordered list of 
scaffold protein primary variant sequences. A list of primary 
variant positions in the primary library is then generated, and 
a plurality of the primary variant positions is then combined 
to generate a secondary library of secondary sequences. 

[0007] In an additional aspect, the invention provides 
methods for generating a secondary library of scaffold 
protein variants comprising providing a primary library 
comprising a rank-ordered list of scaffold protein primary 
variant sequences, and generating a probability distribution 
of amino acid residues in a plurality of variant positions. The 
plurality of the amino acid residues is combined to generate 
a secondary library of secondary sequences. These 
sequences may then be optionally synthesiZed and tested, in 
a variety of Ways, including multiplexing PCR With pooled 
oligonucleotides, error prone PCR, gene shuffling, etc. 

[0008] In a further aspect, the invention provides compo 
sitions comprising a plurality of secondary variant proteins 
or nucleic acids encoding the proteins, Wherein the plurality 
comprises all or a subset of the secondary library. The 
invention further provides cells comprising the library, par 
ticularly mammalian cells. 

[0009] In an additional aspect, the invention provides 
methods for generating a secondary library of scaffold 
protein variants comprising providing a ?rst library rank 
ordered list of scaffold protein primary variants; 

[0010] generating a probability distribution of amino 
acid residues in a plurality of variant positions; and 
synthesiZing a plurality of scaffold protein secondary 
variants comprising a plurality of the amino acid 
residues to form a secondary library. At least one of 
the secondary variants is different from the primary 
variants. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 depicts the synthesis of a full-length gene 
and all possible mutations by PCR. Overlapping oligonucle 
otides corresponding to the full-length gene (black bar, Step 
1) are synthesiZed, heated and annealed. Addition of Pfu 
DNA polymerase to the annealed oligonucleotides results in 
the 5 ‘—>3‘ synthesis of DNA (Step 2) to produce longer DNA 
fragments (Step 3). Repeated cycles of heating, annealing 
(Step 4) results in the production of longer DNA, including 
some full-length molecules. These can be selected by a 
second round of PCR using primers (arroWed) correspond 
ing to the end of the full-length gene (Step 5). 

[0012] FIG. 2 depicts the reduction of the dimensionality 
of sequence space by PDA screening. From left to right, 1: 
Without PDA; 2: Without PDA not counting Cysteine, Pro 
line, Glycine; 3: With PDA using the 1% criterion, modeling 
free enZyme; 4: With PDA using the 1% criterion, modeling 
enZyme-substrate complex; 5: With PDA using the 5% 
criterion modeling free enZyme; 6: With PDA using the 5% 
criterion modeling enZyme-substrate complex. 

[0013] FIG. 3 depicts the active site of B. circulans 
xylanase. Those positions included in the PDA design are 
shoWn by their side chain representation. In red are Wild type 
residues (their conformation Was alloWed to change, but not 
their amino acid identity). In green are positions Whose 
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conformation and identity Were allowed to change (to any 
amino acid except proline, cysteine and glycine). 
[0014] FIG. 4 depicts cefotaxime resistance of E. coli 
expressing Wild type and PDA Screened [3-lactamase; 
results shoWn for increasing concentrations of cefotaxime. 

[0015] FIG. 5 depicts a preferred scheme for synthesiZing 
a library of the invention. The Wild-type gene, or any starting 
gene, such as the gene for the global minima gene, can be 
used. Oligonucleotides comprising different amino acids at 
the different variant positions can be used during PCR using 
standard primers. This generally requires feWer oligonucle 
otides and can result in feWer errors. 

[0016] FIG. 6 depicts and overlapping extension method. 
At the top of FIG. 6 is the template DNA shoWing the 
locations of the regions to be mutated (black boxes) and the 
binding sites of the relevant primers (arroWs). The primers 
R1 and R2 represent a pool of primers, each containing a 
different mutation; as described herein, this may be done 
using different ratios of primers if desired. The variant 
position is ?anked by regions of homology suf?cient to get 
hybridiZation. In this example, three separate PCR reactions 
are done for step 1. The ?rst reaction contains the template 
plus oligos F1 and R1. The second reaction contains tem 
plate plus F2 and R2, and the third contains the template and 
F3 and R3. The reaction products are shoWn. In Step 2, the 
products from Step 1 tube 1 and Step 1 tube 2 are taken. 
After puri?cation aWay from the primers, these are added to 
a fresh PCR reaction together With F1 and R4. During the 
Denaturation phase of the PCR, the overlapping regions 
anneal and the second strand is synthesiZed. The product is 
then ampli?ed by the outside primers. In Step 3, the puri?ed 
product from Step 2 is used in a third PCR reaction, together 
With the product of Step 1, tube 3 and the primers F1 and R3. 
The ?nal product corresponds to the full length gene and 
contains the required mutations. 

[0017] FIG. 7 depicts a ligation of PCR reaction products 
to synthesiZe the libraries of the invention. In this technique, 
the primers also contain an endonuclease restriction site 
(RE), either blunt, 5‘ overhanging or 3‘ overhanging. We set 
up three separate PCR reactions for Step 1. The ?rst reaction 
contains the template plus oligos F1 and R1. The second 
reaction contains template plus F2 and R2, and the third 
contains the template and F3 and R3. The reaction products 
are shoWn. In Step 2, the products of step 1 are puri?ed and 
then digested With the appropriate restriction endonuclease. 
The digestion products from Step 2, tube 1 and Step 2, tube 
2 and ligate them together With DNA ligase (step 3). The 
products are then ampli?ed in Step 4 using primer F1 and 
R4. The Whole process is then repeated by digesting the 
ampli?ed products, ligating them to the digested products of 
Step 2, tube 3, and then amplifying the ?nal product by 
primers F1 and R3. It Would also be possible to ligate all 
three PCR products from Step 1 together in one reaction, 
providing the tWo restriction sites (RE1 and RE2) Were 
different. 

[0018] FIG. 8 depicts blunt end ligation of PCR products. 
In this technique, the primers such as F1 and R1 do not 
overlap, but they abut. Again three separate PCR reactions 
are performed. The products from tube 1 and tube 2 are 
ligated, and then ampli?ed With outside primers F1 and R4. 
This product is then ligated With the product from Step 1, 
tube 3. The ?nal products are then ampli?ed With primers F1 
and R3. 
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[0019] FIG. 9 depicts M13 single stranded template pro 
duction of mutated PCR products. Primer1 and Primer2 
(each representing a pool of primers corresponding to 
desired mutations) are mixed With the M13 template con 
taining the Wildtype gene or any starting gene. PCR pro 
duces the desired product (11) containing the combinations 
of the desired mutations incorporated in Primer1 and 
Primer2. This scheme can be used to produce a gene With 
mutations, or fragments of a gene With mutations that are 
then linked together via ligation or PCR for example. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0020] The present invention is directed to methods of 
using computational screening of protein sequence libraries 
(that can comprise up to 1080 or more members) to select 
smaller libraries of protein sequences (that can comprise up 
to 1013 members), that can then be used in a number of Ways. 
For example, the proteins can be actually synthesiZed and 
experimentally tested in the desired assay, for improved 
function and properties. Similarly, the library can be addi 
tionally computationally manipulated to create a neW library 
Which then itself can be experimentally tested. 

[0021] The invention has tWo broad uses; ?rst, the inven 
tion can be used to prescreen libraries based on knoWn 
scaffold proteins. That is, computational screening for sta 
bility (or other properties) may be done on either the entire 
protein or some subset of residues, as desired and described 
beloW. By using computational methods to generate a 
threshold or cutoff to eliminate disfavored sequences, the 
percentage of useful variants in a given variant set siZe can 
increase, and the required experimental outlay is decreased. 

[0022] In addition, the present invention ?nds use in the 
screening of random peptide libraries. As is knoWn, signal 
ing pathWays in cells often begin With an effector stimulus 
that leads to a phenotypically describable change in cellular 
physiology. Despite the key role intracellular signaling path 
Ways play in disease pathogenesis, in most cases, little is 
understood about a signaling pathWay other than the initial 
stimulus and the ultimate cellular response. 

[0023] Historically, signal transduction has been analyZed 
by biochemistry or genetics. The biochemical approach 
dissects a pathWay in a “stepping-stone” fashion: ?nd a 
molecule that acts at, or is involved in, one end of the 
pathWay, isolate assayable quantities and then try to deter 
mine the next molecule in the pathWay, either upstream or 
doWnstream of the isolated one. The genetic approach is 
classically a “shot in the dar ”: induce or derive mutants in 
a signaling pathWay and map the locus by genetic crosses or 
complement the mutation With a cDNA library. Limitations 
of biochemical approaches include a reliance on a signi?cant 
amount of pre-existing knoWledge about the constituents 
under study and the need to carry such studies out in vitro, 
post-mortem. Limitations of purely genetic approaches 
include the need to ?rst derive and then characteriZe the 
pathWay before proceeding With identifying and cloning the 
gene. 

[0024] Screening molecular libraries of chemical com 
pounds for drugs that regulate signal systems has led to 
important discoveries of great clinical signi?cance. 
Cyclosporin A (CsA) and FK506, for examples, Were 
selected in standard pharmaceutical screens for inhibition of 
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T-cell activation. It is noteworthy that While these tWo drugs 
bind completely different cellular proteins—cyclophilin and 
FK506 binding protein (FKBP), respectively, the effect of 
either drug is virtually the same—profound and speci?c 
suppression of T-cell activation, phenotypically observable 
in T cells as inhibition of mRNA production dependent on 
transcription factors such as NF-AT and NF-KB. Libraries of 
small peptides have also been successfully screened in vitro 
in assays for bioactivity. The literature is replete With 
examples of small peptides capable of modulating a Wide 
variety of signaling pathWays. For example, a peptide 
derived from the HIV-1 envelope protein has been shoWn to 
block the action of cellular calmodulin. 

[0025] Accordingly, generation of random or semi-ran 
dom sequence libraries of proteins and peptides alloWs for 
the selection of proteins (including peptides, oligopeptides 
and polypeptides) With useful properties. The sequences in 
these experimental libraries can be randomiZed at speci?c 
sites only, or throughout the sequence. The number of 
sequences that can be searched in these libraries groWs 
expontentially With the number of positions that are ran 
domiZed. Generally, only up to 1012- 1015 sequences can be 
contained in a library because of the physical constraints of 
laboratories (the siZe of the instruments, the cost of produc 
ing large numbers of biopolymers, etc.). Other practical 
considerations can often limit the siZe of the libraries to 106 
or feWer. These limits are reached for only 10 amino acid 
positions. Therefore, only a sparse sampling of sequences is 
possible in the search for improved proteins or peptides in 
experimental sequence libraries, loWering the chance of 
success and almost certainly missing desirable candidates. 
Because of the randomness of the changes in these 
sequences, most of the candidates in the library are not 
suitable, resulting in a Waste of most of the effort in 
producing the library. 

[0026] HoWever, using the automated protein design tech 
niques outlined beloW, virtual libraries of protein sequences 
can be generated that are vastly larger than experimental 
libraries. Up to 1080 candidate sequences can be screened 
computationally and those that meet design criteria Which 
favor stable and functional proteins can be readily selected. 
An experimental library consisting of the favorable candi 
dates found in the virtual library screening can then be 
generated, resulting in a much more ef?cient use of the 
experimental library and overcoming the limitations of 
random protein libraries. 

[0027] TWo principle bene?ts come from the virtual 
library screening: (1) the automated protein design generates 
a list of sequence candidates that are favored to meet design 
criteria; it also shoWs Which positions in the sequence are 
readily changed and Which positions are unlikely to change 
Without disrupting protein stability and function. An experi 
mental random library can be generated that is only ran 
domiZed at the readily changeable, non-disruptive sequence 
positions. (2) The diversity of amino acids at these positions 
can be limited to those that the automated design shoWs are 
compatible With these positions. Thus, by limiting the num 
ber of randomiZed positions and the number of possibilities 
at these positions, the number of Wasted sequences produced 
in the experimental library is reduced, thereby increasing the 
probability of success in ?nding sequences With useful 
properties. 
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[0028] In addition, by computationally screening very 
large libraries of mutants, greater diversity of protein 
sequences can be screened (ie a larger sampling of 
sequence space), leading to greater improvements in protein 
function. Further, feWer mutants need to be tested experi 
mentally to screen a given library siZe, reducing the cost and 
dif?culty of protein engineering. By using computational 
methods to pre-screen a protein library, the computational 
features of speed and ef?ciency are combined With the 
ability of experimental library screening to create neW 
activities in proteins for Which appropriate computational 
models and structure-function relationships are unclear. 

[0029] Similarly, novel methods to create secondary 
libraries derived from very large computational mutant 
libraries alloW the rapid testing of large numbers of com 
putationally designed sequences. 

[0030] In addition, as is more fully outlined beloW, the 
libraries may be biased in any number of Ways, alloWing the 
generation of secondary libraries that vary in their focus; for 
example, domains, subsets of residues, active or binding 
sites, surface residues, etc., may all be varied or kept 
constant as desired. 

[0031] In general, as more fully outlined beloW, the inven 
tion can take on a Wide variety of con?gurations. In general, 
primary libraries, e.g. libraries of all or a subset of possible 
proteins are generated computationally. This can be done in 
a Wide variety of Ways, including sequence alignments of 
related proteins, structural alignments, structural prediction 
models, databases, or (preferably) protein design automation 
computational analysis. Similarly, primary libraries can be 
generated via sequence screening using a set of scaffold 
structures that are created by perturbing the starting structure 
(using any number of techniques such as molecular dynam 
ics, Monte Carlo analysis) to make changes to the protein 
(including backbone and sidechain torsion angle changes). 
Optimal sequences can be selected for each starting struc 
tures (or, some set of the top sequences) to make primary 
libraries. 

[0032] Some of these techniques result in the list of 
sequences in the primary library being“scored”, or “ranked” 
on the basis of some particular criteria. In some embodi 
ments, lists of sequences that are generated Without ranking 
can then be ranked using techniques as outlined beloW. 

[0033] In a preferred embodiment, some subset of the 
primary library is then experimentally generated to form a 
secondary library. Alternatively, some or all of the primary 
library members are recombined to form a secondary library, 
eg with neW members. Again, this may be done either 
computationally or experimentally or both. 

[0034] Alternatively, once the primary library is gener 
ated, it can be manipulated in a variety of Ways. In one 
embodiment, a different type of computational analysis can 
be done; for example, a neW type of ranking may be done. 
Alternatively, and the primary library can be recombined, 
e.g. residues at different positions mixed to form a neW, 
secondary library. Again, this can be done either computa 
tionally or experimentally, or both. 

[0035] Accordingly, the present invention provides meth 
ods for generating secondary libraries of scaffold protein 
variants. By “protein” herein is meant at least tWo amino 
acids linked together by a peptide bond. As used herein, 
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protein includes proteins, oligopeptides and peptides. The 
peptidyl group may comprise naturally occurring amino 
acids and peptide bonds, or synthetic peptidomimetic struc 
tures, i.e. “analogs”, such as peptoids (see Simon et al., 
PNAS USA 89(20):9367 (1992)). The amino acids may 
either be naturally occurring or non-naturally occurring; as 
Will be appreciated by those in the art, any structure for 
Which a set of rotamers is knoWn or can be generated can be 
used as an amino acid. The side chains may be in either the 
(R) or the (S) con?guration. In a preferred embodiment, the 
amino acids are in the (S) or L-con?guration. 

[0036] The scaffold protein may be any protein for Which 
a three dimensional structure is knoWn or can be generated; 
that is, for Which there are three dimensional coordinates for 
each atom of the protein. Generally this can be determined 
using X-ray crystallographic techniques, NMR techniques, 
de novo modelling, homology modelling, etc. In general, if 
X-ray structures are used, structures at 2 A resolution or 
better are preferred, but not required. 

[0037] The scaffold proteins may be from any organism, 
including prokaryotes and eukaryotes, With enZymes from 
bacteria, fungi, extremeophiles such as the archebacteria, 
insects, ?sh, animals (particularly mammals and particularly 
human) and birds all possible. 

[0038] Thus, by “scaffold protein” herein is meant a 
protein for Which a secondary library of variants is desired. 
As Will be appreciated by those in the art, any number of 
scaffold proteins ?nd use in the present invention. Speci? 
cally included Within the de?nition of “protein” are frag 
ments 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. In addition, 
“protein” as used herein includes proteins, oligopeptides and 
peptides. In addition, protein variants, i.e. non-naturally 
occuring protein analog structures, may be used. 

[0039] Suitable proteins include, but are not limited to, 
industrial and pharmaceutical proteins, including ligands, 
cell surface receptors, antigens, antibodies, cytokines, hor 
mones, transcription factors, signaling modules, cytoskeletal 
proteins and enZymes. Suitable classes of enZymes include, 
but are not limited to, hydrolases such as proteases, carbo 
hydrases, lipases; isomerases such as racemases, epime 
rases, tautomerases, or mutases; transferases, kinases, oxi 
doreductases, and phophatases. Suitable enZymes are listed 
in the SWiss-Prot enZyme database. Suitable protein back 
bones include, but are not limited to, all of those found in the 
protein data base compiled and serviced by the Research 
Collaboratory for Structural Bioinformatics (RCSB, for 
merly the Brookhaven National Lab). 

[0040] Speci?cally, preferred scaffold proteins include, 
but are not limited to, those With knoWn structures (includ 
ing variants) including cytokines (IL-1ra (+receptor com 
plex), IL-1 (receptor alone), IL-1a, IL-1b (including variants 
and or receptor complex), IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, 
IL-10, IFN-B, INF-y, INF-ot-2a; IFN-(X-ZB, TNF-0t; CD40 
ligand (chk), Human Obesity Protein Leptin, Granulocyte 
Colony-Stimulating Factor, Bone Morphogenetic Protein-7, 
Ciliary Neurotrophic Factor, Granulocyte-Macrophage 
Colony-Stimulating Factor, Monocyte Chemoattractant Pro 
tein 1, Macrophage Migration Inhibitory Factor, Human 
Glycosylation-Inhibiting Factor, Human Rantes, Human 
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Macrophage In?ammatory Protein 1 Beta, human groWth 
hormone, Leukemia Inhibitory Factor, Human Melanoma 
GroWth Stimulatory Activity, neutrophil activating peptide 
2, Cc-Chemokine Mcp-3, Platelet Factor M2, Neutrophil 
Activating Peptide 2, Eotaxin, Stromal Cell-Derived Factor 
1, Insulin, Insulin-like GroWth Factor I, Insulin-like GroWth 
Factor II, Transforming GroWth Factor B1, Transforming 
GroWth Factor B2, Transforming GroWth Factor B3, Trans 
forming GroWth Factor A, Vascular Endothelial groWth 
factor (VEGF), acidic Fibroblast groWth factor, basic Fibro 
blast groWth factor, Endothelial groWth factor, Nerve groWth 
factor, Brain Derived Neurotrophic Factor, Ciliary Neu 
rotrophic Factor, Platelet Derived GroWth Factor, Human 
Hepatocyte GroWth Factor, Glial Cell-Derived Neurotrophic 
Factor, (as Well as the 55 cytokines in PDB 1/12/99)); 
Erythropoietin; other extracellular signalling moeities, 
including, but not limited to, hedgehog Sonic, hedgehog 
Desert, hedgehog Indian, hCG; coaguation factors includ 
ing, but not limited to, TPA and Factor VIIa; transcription 
factors, including but not limited to, p53, p53 tetrameriZa 
tion domain, Zn ?ngers (of Which more than 12 have 
structures), homeodomains (of Which 8 have structures), 
leucine Zippers (of Which 4 have structures); antibodies, 
including, but not limited to, cFv; viral proteins, including, 
but not limited to, hemagglutinin trimeriZation domain and 
hiv Gp41 ectodomain (fusion domain); intracellular signal 
ling modules, including, but not limited to, SH2 domains (of 
Which 8 structures are knoWn), SH3 domains (of Which 11 
have structures), and Pleckstin Homology Domains; recep 
tors, including, but not limited to, the extracellular Region 
Of Human Tissue Factor Cytokine-Binding Region Of 
Gp130, G-CSF receptor, erythropoietin receptor, Fibroblast 
GroWth Factor receptor, TNF receptor, IL-1 receptor, IL-1 
receptor/IL1ra complex, IL-4 receptor, INF-y receptor alpha 
chain, MHC Class I, MHC Class II, T Cell Receptor, Insulin 
receptor, insulin receptor tyrosine kinase and human groWth 
hormone receptor. 

[0041] Once a scaffold protein is chosen, a primary library 
is generated using computational processing. Generally 
speaking, in some embodiments, the goal of the computa 
tional processing is to determine a set of optimiZed protein 
sequences. By “optimiZed protein sequence” herein is meant 
a sequence that best ?ts the mathematical equations of the 
computational process. As Will be appreciated by those in 
the art, a global optimiZed sequence is the one sequence that 
best ?ts the equations (for example, When PDA is used, the 
global optimiZed sequence is the sequence that best ?ts 
Equation 1, beloW); i.e. the sequence that has the loWest 
energy of any possible sequence. HoWever, there are any 
number of sequences that are not the global minimum but 
that have loW energies. 

[0042] Thus, a “primary library” as used herein is a 
collection of optimiZed sequences, generally, but not alWays, 
in the form of a rank-ordered list. In theory, all possible 
seq3uences of a protein may be ranked; hoWever, currently 
10 sequences is a practical limit. Thus, in general, some 
subset of all possible sequences is used as the primary 
library; generally, the top 103 to 1013 sequences are chosen 
as the primary library. The cutoff for inclusion in the rank 
ordered list of the primary library can be done in a variety 
of Ways. For example, the cutoff may be just an arbitrary 
exclusion point: the top 105 sequences may comprise the 
primary library. Alternatively, all sequences scoring Within a 
certain limit of the global optimum can be used; for 
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example, all sequences With 10 kcal/mol of the global 
optimum could be used as the primary library. This method 
has the advantage of using a direct measure of ?delity to a 
three dimensional structure to determine inclusion. This 
approach can be used to insure that library mutations are not 
limited to positions that have the loWest energy gap betWeen 
different mutations. Alternatively, the cutoff may be 
enforced When a predetermined number of mutations per 
position is reached. As a rank ordered sequence list is 
lengthened and the library is enlarged, more mutations per 
position are de?ned. Alternatively, the total number of 
sequences de?ned by the recombination of all mutations can 
be used as a cutoff criterion for the primary sequence library. 
Preferred values for the total number of sequences range 
from 100 to 1020, particularly preferred values range from 
1000 to 1013, especially preferred values range from 1000 to 
107 Alternatively, the ?rst occurrence in the list of pre 
de?ned undesirable residues can be used as a cutoff crite 
rion. For example, the ?rst hydrophilic residue occurring in 
a core position Would limit the list. It should also be noted 
that While these methods are described in conjunction With 
limiting the siZe of the primary library, these same tech 
niques may be used to formulate the cutoff for inclusion in 
the secondary library as Well. 

[0043] Thus, the present invention provides methods to 
generate a primary library optionally comprising a rank 
ordered list of sequences, generally in terms of theoretical 
quantitative stability, as is more fully described beloW. 
Generating a primary library to optimiZe the stability of a 
conformation can be used to stabiliZe the active site transi 
tion state conformation of an enZyme, Which Will improve its 
activity. Similarly, stabiliZing a ligand-receptor complex or 
enZyme-substrate complex Will improve the binding af?nity. 

[0044] The primary libraries can be generated in a variety 
of Ways. In essence, any methods that can result in either the 
relative ranking of the possible sequences of a protein based 
on measurable stability parameters, or a list of suitable 
sequences can be used. As Will be appreciated by those in the 
art, any of the methods described herein or knoWn in the art 
may be used alone, or in combination With other methods. 

[0045] Generally, there are a variety of computational 
methods that can be used to generate a primary library. In a 
preferred embodiment, sequence based methods are used. 
Alternatively, structure based methods, such as PDA, 
described in detail beloW, are used. 

[0046] In a preferred embodiment, the scaffold protein is 
an enZyme and highly accurate electrostatic models can be 
used for enZyme active site residue scoring to improve 
enZyme active site libraries (see Warshel, computer Model 
ing of Chemical Reactions in Enzymes and Solutions, Wiley 
& Sons, NeW York, (1991), hereby expressly incorporated 
by reference) These accurate models can assess the relative 
energies of sequences With high precision, but are compu 
tationally intensive. 

[0047] Similarly, molecular dynamics calculations can be 
used to computationally screen sequences by individually 
calculating mutant sequence scores and compiling a rank 
ordered list. 

[0048] In a preferred embodiment, residue pair potentials 
can be used to score sequences (MiyaZaWa et al., Macro 
molecules 18(3):534-552 (1985), expressly incorporated by 
reference) during computational screening. 
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[0049] In a preferred embodiment, sequence pro?le scores 
(BoWie et al., Science 253(5016):164-70 (1991), incorpo 
rated by reference) and/or potentials of mean force 
(Hendlich et al., J. Mol. Biol. 216(1):167-180 (1990), also 
incorporated by reference) can also be calculated to score 
sequences. These methods assess the match betWeen a 
sequence and a 3D protein structure and hence can act to 
screen for ?delity to the protein structure. By using different 
scoring functions to rank sequences, different regions of 
sequence space can be sampled in the computational screen. 

[0050] Furthermore, scoring functions can be used to 
screen for sequences that Would create metal or co-factor 
binding sites in the protein (Hellinga, Fold Des. 3(1):R1-8 
(1998), hereby expressly incorporated by reference). Simi 
larly, scoring functions can be used to screen for sequences 
that Would create disul?de bonds in the protein. These 
potentials attempt to speci?cally modify a protein structure 
to introduce a neW structural motif. 

[0051] In a preferred embodiment, sequence and/or struc 
tural alignment programs can be used to generate primary 
libraries. As is knoWn in the art, there are a number of 
sequence-based alignment programs; including for example, 
Smith-Waterman searches, Needleman-Wunsch, Double 
Af?ne Smith-Waterman, frame search, Gribskov/GCG pro 
?le search, Gribskov/GCG pro?le scan, pro?le frame search, 
Bucher generaliZed pro?les, Hidden Markov models, 
Hframe, Double Frame, Blast, Psi-Blast, Clustal, and Gene 
Wise. 

[0052] The source of the sequences can vary Widely, and 
include taking sequences from one or more of the knoWn 
databases, including, but not limited to, SCOP (Hubbard, et 
al., Nucleic Acids Res 27(1):254-256. (1999)); PFAM (Bate 
man, et al., Nucleic Acids Res 27(1):260-262. (1999)); 
VAST (Gibrat, et Curr Opin Struct Biol 6(3):377-385. 
(1996)); CATH (Orengo, et al., Structure 5(8):1093-1108. 
(1997)); PhD Predictor (http://WWW.embl-heidelberg.de/ 
predictprotein/predictprotein.html); Prosite (Hofmann, et 
al., Nucleic Acids Res 27(1):215-219. (1999)); PIR (httpI// 
WWW.mips.biochem.mpg.de/proj/protseqdb/); GenBank 
(http://WWW.ncbi.nlm.nih.gov/); PDB (WWW.rcsb.org) and 
BIND (Bader, et al., Nucleic Acids Res 29(1):242-245. 
(2001)). 
[0053] In addition, sequences from these databases can be 
subjected to continguous analysis or gene prediction; see 
Wheeler, et al., Nucleic Acids Res 28(1):10-14. (2000) and 
Burge and Karlin, J. Mol Biol 268(1):78-94. (1997). 

[0054] As is knoWn in the art, there are a number of 
sequence alignment methodologies that can be used. For 
example, sequence homology based alignment methods can 
be used to create sequence alignments of proteins related to 
the target structure (Altschul et al., J. Mol. Biol. 215(3):403 
(1990), incorporated by reference). These sequence align 
ments are then examined to determine the observed 
sequence variations. These sequence variations are tabulated 
to de?ne a primary library. In addition, as is further outlined 
beloW, these methods can also be used to generate secondary 
libraries. 

[0055] Sequence based alignments can be used in a variety 
of Ways. For example, a number of related proteins can be 
aligned, as is knoWn in the art, and the “variable” and 
“conserved” residues de?ned; that is, the residues that vary 
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or remain identical between the family members can be 
de?ned. These results can be used to generate a probability 
table, as outlined beloW. Similarly, these sequence variations 
can be tabulated and a secondary library de?ned from them 
as de?ned beloW. Alternatively, the alloWed sequence varia 
tions can be used to de?ne the amino acids considered at 
each position during the computational screening. Another 
variation is to bias the score for amino acids that occur in the 
sequence alignment, thereby increasing the likelihood that 
they are found during computational screening but still 
alloWing consideration of other amino acids. This bias 
Would result in a focused primary library but Would not 
eliminate from consideration amino acids not found in the 
alignment. In addition, a number of other types of bias may 
be introduced. For example, diversity may be forced; that is, 
a “conserved” residue is chosen and altered to force diver 
sity on the protein and thus sample a greater portion of the 
sequence space. Alternatively, the positions of high variabil 
ity betWeen family members (i.e. loW conservation) can be 
randomiZed, either using all or a subset of amino acids. 
Similarly, outlier residues, either positional outliers or side 
chain outliers, may be eliminated. 

[0056] Similarly, structural alignment of structurally 
related proteins can be done to generate sequence align 
ments. There are a Wide variety of such structural alignment 
programs knoWn. See for example VAST from the NCBI 
(http://WWW.ncbi.nim.nih.gov:80/Structure/VAST/vast.sh 
tml); SSAP (Orengo and Taylor, Methods EnZymol 
266(617-635 (1996)) SARF2 (Alexandrov, Protein Eng 
9(9):727-732. (1996)) CE (Shindyalov and Bourne, Protein 
Eng 11(9):739-747. (1998)); (Orengo et al., Structure 
5(8):1093-108 (1997); Dali (Holm et al., Nucleic Acid Res. 
26(1):316-9 (1998), all incorporated by reference). These 
structurally-generated sequence alignments can then be 
examined to determine the observed sequence variations. 

[0057] Primary libraries can be generated by predicting 
secondary structure from sequence, and then selecting 
sequences that are compatible With the predicted secondary 
structure. There are a number of secondary structure pre 
diction methods, including, but not limited to, threading 
(Bryant and Altschul, Curr Opin Struct Biol 5(2):236-244. 
(1995)), Pro?le 3D (BoWie, et al., Methods EnZymol 
266(598-616 (1996); MONSSTER (Skolnick, et al., J Mol 
Biol 265(2):217-241. (1997); Rosetta (Simons, et al., Pro 
teins 37(S3):171-176 (1999); PSI-BLAST (Altschul and 
Koonin, Trends Biochem Sci 23(11):444-447. (1998)); 
Impala (Schaffer, et al., Bioinformatics 15(12):1000-1011. 
(1999)); HMMER (McClure, et al., Proc Int Conf Intell Syst 
M01 B101 4(155-164 (1996)); Clustal W (http://WWW.ebi 
.ac.uk/clustalW/); BLAST (Altschul, et al., J Mol Biol 
215(3):403-410. (1990)), helix-coil transition theory 
(MunoZ and Serrano, Biopolymers 41:495, 1997), neural 
netWorks, local structure alignment and others (e.g., see in 
Selbig et al., Bioinformatics 15:1039, 1999). 

[0058] Similarly, as outlined above, other computational 
methods are knoWn, including, but not limited to, sequence 
pro?ling (BoWie and Eisenberg, Science 253(5016): 164-70, 
(1991)), rotamer library selections (Dahiyat and Mayo, 
Protein Sci 5(5): 895-903 (1996); Dahiyat and Mayo, Sci 
ence 278(5335): 82-7 (1997); Desjarlais and Handel, Protein 
Science 4: 2006-2018 (1995); Harbury et al, PNAS USA 
92(18): 8408-8412 (1995); Kono et al., Proteins: Structure, 
Function and Genetics 19: 244-255 (1994); Hellinga and 
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Richards, PNAS USA 91: 5803-5807 (1994)); and residue 
pair potentials (Jones, Protein Science 3: 567-574, (1994); 
PROSA (Heindlich et al., J. Mol. Biol. 216:167-180 (1990); 
THREADER (Jones et al., Nature 358:86-89 (1992), and 
other inverse folding methods such as those described by 
Simons et al. (Proteins, 34:535-543, 1999), Levitt and 
Gerstein (PNAS USA , 95:5913-5920, 1998), GodZik et al., 
PNAS, V89, PP 12098-102; GodZik and Skolnick (PNAS 
USA , 89:12098-102, 1992), GodZik et al. (J. Mol. Biol. 
227:227-38, 1992) and tWo pro?le methods (Gribskov et al. 
PNAS 84:4355-4358 (1987) and Fischer and Eisenberg, 
Protein Sci. 5:947-955 (1996), Rice and Eisenberg J. Mol. 
Biol. 267:1026-1038(1997)), all of Which are expressly 
incorporated by reference. In addition, other computational 
methods such as those described by Koehl and Levitt (J. 
Mol. Biol. 293:1161-1181 (1999); J. Mol. Biol. 293:1183 
1193 (1999); expressly incorporated by reference) can be 
used to create a protein sequence library Which can option 
ally then be used to generate a smaller secondary library for 
use in experimental screening for improved properties and 
function. 

[0059] In addition, there are computational methods based 
on force?eld calculations such as SCMF that can be used as 

Well for SCMF, see Delarue et la. Pac. Symp. Biocomput. 
109-21 (1997), Koehl et al., J. Mol. Biol. 239:249 (1994); 
Koehl et al., Nat. Struc. Biol. 2:163 (1995); Koehl et al., 
Curr. Opin. Struct. Biol. 6:222 (1996); Koehl et al., J. Mol. 
Bio. 293:1183 (1999); Koehl et al., J. Mol. Biol. 293:1161 
(1999); Lee J. Mol. Biol. 236:918 (1994); and VasqueZ 
Biopolymers 36:53-70 (1995); all of Which are expressly 
incorporated by reference. Other force?eld calculations that 
can be used to optimiZe the conformation of a sequence 
Within a computational method, or to generate de novo 
optimiZed sequences as outlined herein include, but are not 
limited to, OPLS-AA (Jorgensen, et al., J. Am. Chem. Soc. 
(1996), v 118, pp 11225-11236; Jorgensen, W. L.; BOSS, 
Version 4.1; Yale University: NeW Haven, Conn. (1999)); 
OPLS (Jorgensen, et al., J. Am. Chem. Soc. (1988), v 110, 
pp 1657ff; Jorgensen, et al., JAm. Chem. Soc. (1990), v 112, 
pp 4768ff); UNRES (United Residue Force?eld; LiWo, et al., 
Protein Science (1993), v 2, pp1697-1714; LiWo, et al., 
Protein Science (1993), v 2, pp1715-1731; LiWo, et al., J. 
Comp. Chem. (1997), v 18, pp849-873; LiWo, et al., J. 
Comp. Chem. (1997), v 18, pp874-884; LiWo, et al., J. 
Comp. Chem. (1998), v 19, pp259-276; Force?eld for 
Protein Structure Prediction (LiWo, et al., Proc. Natl. Acad. 
Sci. USA (1999), v 96, pp5482-5485); ECEPP/3 (LiWo et 
al., J Protein Chem 1994 May;13(4):375-80); AMBER 1.1 
force ?eld (Weiner, et al., J. Am. Chem. Soc. v 106, 
pp765-784); AMBER 3.0 force ?eld (U. C. Singh et al., 
Proc. Natl. Acad. Sci. USA. 82:755-759); CHARMM and 
CHARMM22 (Brooks, et al., J. Comp. Chem. v4, pp 187 
217); cvff3.0 (Dauber-Osguthorpe, et al.,(1988) Proteins: 
Structure, Function and Genetics, v4,pp31-47); cff91 
(Maple, et al., J. Comp. Chem. v15, 162-182); also, the 
DISCOVER (cvff and cff91) and AMBER force?elds are 
used in the INSIGHT molecular modeling package (Biosym/ 
MSI, San Diego Calif.) and HARMM is used in the 
QUANTA molecular modeling package (Biosym/MSI, San 
Diego Calif.), all of Which are expressly incorporated by 
reference. In fact, as is outlined beloW, these force?eld 
methods may be used to generate the secondary library 
directly; that is, no primary library is generated; rather, these 
methods can be used to generate a probability table from 
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Which the secondary library is directly generated, for 
example by using these force?elds during an SCMF calcu 
lation. 

[0060] In a preferred embodiment, the computational 
method used to generate the primary library is Protein 
Design Automation (PDA), as is described in US. Ser. Nos. 
60/061,097, 60/043,464, 60/054,678, 09/127,926 and PCT 
US98/07254, all of Which are expressly incorporated herein 
by reference. Brie?y, PDA can be described as folloWs. A 
knoWn protein structure is used as the starting point. The 
residues to be optimiZed are then identi?ed, Which may be 
the entire sequence or subset(s) thereof. The side chains of 
any positions to be varied are then removed. The resulting 
structure consisting of the protein backbone and the remain 
ing sidechains is called the template. Each variable residue 
position is then preferably classi?ed as a core residue, a 
surface residue, or a boundary residue; each classi?cation 
de?nes a subset of possible amino acid residues for the 
position (for example, core residues generally Will be 
selected from the set of hydrophobic residues, surface resi 
dues generally Will be selected from the hydrophilic resi 
dues, and boundary residues may be either). Each amino 
acid can be represented by a discrete set of all alloWed 
conformers of each side chain, called rotamers. Thus, to 
arrive at an optimal sequence for a backbone, all possible 
sequences of rotamers must be screened, Where each back 
bone position can be occupied either by each amino acid in 
all its possible rotameric states, or a subset of amino acids, 
and thus a subset of rotamers. 

[0061] TWo sets of interactions are then calculated for 
each rotamer at every position: the interaction of the rotamer 
side chain With all or part of the backbone (the “singles” 
energy, also called the rotamer/template or rotamer/back 
bone energy), and the interaction of the rotamer side chain 
With all other possible rotamers at every other position or a 
subset of the other positions (the “doubles” energy, also 
called the rotamer/rotamer energy). The energy of each of 
these interactions is calculated through the use of a variety 
of scoring functions, Which include the energy of van der 
Waal’s forces, the energy of hydrogen bonding, the energy 
of secondary structure propensity, the energy of surface area 
salvation and the electrostatics. Thus, the total energy of 
each rotamer interaction, both With the backbone and other 
rotamers, is calculated, and stored in a matrix form. 

[0062] The discrete nature of rotamer sets alloWs a simple 
calculation of the number of rotamer sequences to be tested. 
A backbone of length n With m possible rotamers per 
position Will have mn possible rotamer sequences, a number 
Which groWs exponentially With sequence length and ren 
ders the calculations either unWieldy or impossible in real 
time. Accordingly, to solve this combinatorial search prob 
lem, a “Dead End Elimination” (DEE) calculation is per 
formed. The DEE calculation is based on the fact that if the 
Worst total interaction of a ?rst rotamer is still better than the 
best total interaction of a second rotamer, then the second 
rotamer cannot be part of the global optimum solution. Since 
the energies of all rotamers have already been calculated, the 
DEE approach only requires sums over the sequence length 
to test and eliminate rotamers, Which speeds up the calcu 
lations considerably. DEE can be rerun comparing pairs of 
rotamers, or combinations of rotamers, Which Will eventu 
ally result in the determination of a single sequence Which 
represents the global optimum energy. 
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[0063] Once the global solution has been found, a Monte 
Carlo search may be done to generate a rank-ordered list of 
sequences in the neighborhood of the DEE solution. Starting 
at the DEE solution, random positions are changed to other 
rotamers, and the neW sequence energy is calculated. If the 
neW sequence meets the criteria for acceptance, it is used as 
a starting point for another jump. After a predetermined 
number of jumps, a rank-ordered list of sequences is gen 
erated. Monte Carlo searching is a sampling technique to 
explore sequence space around the global minimum or to 
?nd neW local minima distant in sequence space. As is more 
additionally outlined beloW, there are other sampling tech 
niques that can be used, including BoltZman sampling, 
genetic algorithm techniques and simulated annealing. In 
addition, for all the sampling techniques, the kinds of jumps 
alloWed can be altered (e.g. random jumps to random 
residues, biased jumps (to or aWay from Wild-type, for 
example), jumps to biased residues (to or aWay from similar 
residues, for example), etc.). Similarly, for all the sampling 
techniques, the acceptance criteria of Whether a sampling 
jump is accepted can be altered. 

[0064] As outlined in US. Ser. No. 09/127,926, the pro 
tein backbone (comprising (for a naturally occuring protein) 
the nitrogen, the carbonyl carbon, the ot-carbon, and the 
carbonyl oxygen, along With the direction of the vector from 
the ot-carbon to the [3-carbon) may be altered prior to the 
computational analysis, by varying a set of parameters 
called supersecondary structure parameters. 

[0065] Once a protein structure backbone is generated 
(With alterations, as outlined above) and input into the 
computer, explicit hydrogens are added if not included 
Within the structure (for example, if the structure Was 
generated by X-ray crystallography, hydrogens must be 
added). After hydrogen addition, energy minimiZation of the 
structure is run, to relax the hydrogens as Well as the other 
atoms, bond angles and bond lengths. In a preferred embodi 
ment, this is done by doing a number of steps of conjugate 
gradient minimiZation (Mayo et al., J. Phys. Chem. 94:8897 
(1990)) of atomic coordinate positions to minimiZe the 
Dreiding force ?eld With no electrostatics. Generally from 
about 10 to about 250 steps is preferred, With about 50 being 
most preferred. 

[0066] The protein backbone structure contains at least 
one variable residue position. As is knoWn in the art, the 
residues, or amino acids, of proteins are generally sequen 
tially numbered starting With the N-terminus of the protein. 
Thus a protein having a methionine at it’s N-terminus is said 
to have a methionine at residue or amino acid position 1, 
With the next residues as 2, 3, 4, etc. At each position, the 
Wild type (ie naturally occuring) protein may have one of 
at least 20 amino acids, in any number of rotamers. By 
“variable residue position” herein is meant an amino acid 
position of the protein to be designed that is not ?xed in the 
design method as a speci?c residue or rotamer, generally the 
Wild-type residue or rotamer. 

[0067] In a preferred embodiment, all of the residue posi 
tions of the protein are variable. That is, every amino acid 
side chain may be altered in the methods of the present 
invention. This is particularly desirable for smaller proteins, 
although the present methods alloW the design of larger 
proteins as Well. While there is no theoretical limit to the 
length of the protein Which may be designed this Way, there 
is a practical computational limit. 
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[0068] In an alternate preferred embodiment, only some of 
the residue positions of the protein are variable, and the 
remainder are “?xed”, that is, they are identi?ed in the three 
dimensional structure as being in a set conformation. In 
some embodiments, a ?xed position is left in its original 
conformation (Which may or may not correlate to a speci?c 
rotamer of the rotamer library being used). Alternatively, 
residues may be ?xed as a non-Wild type residue; for 
example, When knoWn site-directed mutagenesis techniques 
have shoWn that a particular residue is desirable (for 
example, to eliminate a proteolytic site or alter the substrate 
speci?city of an enZyme), the residue may be ?xed as a 
particular amino acid. Alternatively, the methods of the 
present invention may be used to evaluate mutations de 
novo, as is discussed beloW. In an alternate preferred 
embodiment, a ?xed position may be “?oated”; the amino 
acid at that position is ?xed, but different rotamers of that 
amino acid are tested. In this embodiment, the variable 
residues may be at least one, or anyWhere from 0.1% to 
99.9% of the total number of residues. Thus, for example, it 
may be possible to change only a feW (or one) residues, or 
most of the residues, With all possibilities in betWeen. 

[0069] In a preferred embodiment, residues Which can be 
?xed include, but are not limited to, structurally or biologi 
cally functional residues; alternatively, biologically func 
tional residues may speci?cally not be ?xed. For example, 
residues Which are knoWn to be important for biological 
activity, such as the residues Which form the active site of an 
enZyme, the substrate binding site of an enZyme, the binding 
site for a binding partner (ligand/receptor, antigen/antibody, 
etc.), phosphorylation or glycosylation sites Which are cru 
cial to biological function, or structurally important residues, 
such as disul?de bridges, metal binding sites, critical hydro 
gen bonding residues, residues critical for backbone confor 
mation such as proline or glycine, residues critical for 
packing interactions, etc. may all be ?xed in a conformation 
or as a single rotamer, or “?oated”. 

[0070] Similarly, residues Which may be chosen as vari 
able residues may be those that confer undesirable biological 
attributes, such as susceptibility to proteolytic degradation, 
dimeriZation or aggregation sites, glycosylation sites Which 
may lead to immune responses, unWanted binding activity, 
unWanted allostery, undesirable enZyme activity but With a 
preservation of binding, etc. 

[0071] In a preferred embodiment, each variable position 
is classi?ed as either a core, surface or boundary residue 
position, although in some cases, as explained beloW, the 
variable position may be set to glycine to minimiZe back 
bone strain. In addition, as outlined herein, residues need not 
be classi?ed, they can be chosen as variable and any set of 
amino acids may be used. Any combination of core, surface 
and boundary positions can be utiliZed: core, surface and 
boundary residues; core and surface residues; core and 
boundary residues, and surface and boundary residues, as 
Well as core residues alone, surface residues alone, or 
boundary residues alone. 

[0072] The classi?cation of residue positions as core, 
surface or boundary may be done in several Ways, as Will be 
appreciated by those in the art. In a preferred embodiment, 
the classi?cation is done via a visual scan of the original 
protein backbone structure, including the side chains, and 
assigning a classi?cation based on a subjective evaluation of 
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one skilled in the art of protein modelling. Alternatively, a 
preferred embodiment utiliZes an assessment of the orien 
tation of the Cot-CB vectors relative to a solvent accessible 
surface computed using only the template CO. atoms, as 
outlined in US. Ser. Nos. 60/061,097, 60/043,464, 60/054, 
678, 09/127,926 and PCT US98/07254. Alternatively, a 
surface area calculation can be done. 

[0073] Once each variable position is classi?ed as either 
core, surface or boundary, a set of amino acid side chains, 
and thus a set of rotamers, is assigned to each position. That 
is, the set of possible amino acid side chains that the program 
Will alloW to be considered at any particular position is 
chosen. Subsequently, once the possible amino acid side 
chains are chosen, the set of rotamers that Will be evaluated 
at a particular position can be determined. Thus, a core 
residue Will generally be selected from the group of hydro 
phobic residues consisting of alanine, valine, isoleucine, 
leucine, phenylalanine, tyrosine, tryptophan, and methionine 
(in some embodiments, When the ot scaling factor of the van 
der Waals scoring function, described beloW, is loW, 
methionine is removed from the set), and the rotamer set for 
each core position potentially includes rotamers for these 
eight amino acid side chains (all the rotamers if a backbone 
independent library is used, and subsets if a rotamer depen 
dent backbone is used). Similarly, surface positions are 
generally selected from the group of hydrophilic residues 
consisting of alanine, serine, threonine, aspartic acid, aspar 
agine, glutamine, glutamic acid, arginine, lysine and histi 
dine. The rotamer set for each surface position thus includes 
rotamers for these ten residues. Finally, boundary positions 
are generally chosen from alanine, serine, threonine, aspartic 
acid, asparagine, glutamine, glutamic acid, arginine, lysine 
histidine, valine, isoleucine, leucine, phenylalanine, 
tyrosine, tryptophan, and methionine. The rotamer set for 
each boundary position thus potentially includes every rota 
mer for these seventeen residues (assuming cysteine, glycine 
and proline are not used, although they can be). Additionally, 
in some preferred embodiments, a set of 18 naturally occur 
ing amino acids (all except cysteine and proline, Which are 
knoWn to be particularly disruptive) are used. 

[0074] Thus, as Will be appreciated by those in the art, 
there is a computational bene?t to classifying the residue 
positions, as it decreases the number of calculations. It 
should also be noted that there may be situations Where the 
sets of core, boundary and surface residues are altered from 
those described above; for example, under some circum 
stances, one or more amino acids is either added or sub 
tracted from the set of alloWed amino acids. For example, 
some proteins Which dimeriZe or multimeriZe, or have 
ligand binding sites, may contain hydrophobic surface resi 
dues, etc. In addition, residues that do not alloW helix 
“capping” or the favorable interaction With an ot-helix dipole 
may be subtracted from a set of alloWed residues. This 
modi?cation of amino acid groups is done on a residue by 
residue basis. 

[0075] In a preferred embodiment, proline, cysteine and 
glycine are not included in the list of possible amino acid 
side chains, and thus the rotamers for these side chains are 
not used. HoWever, in a preferred embodiment, When the 
variable residue position has a 4) angle (that is, the dihedral 
angle de?ned by 1) the carbonyl carbon of the preceding 
amino acid; 2) the nitrogen atom of the current residue; 3) 
the ot-carbon of the current residue; and 4) the carbonyl 



US 2002/0048772 A1 

carbon of the current residue) greater than 0°, the position is 
set to glycine to minimize backbone strain. 

[0076] Once the group of potential rotamers is assigned 
for each variable residue position, processing proceeds as 
outlined in Us. Ser. No. 09/127,926 and PCT US98/07254. 
This processing step entails analyZing interactions of the 
rotamers With each other and With the protein backbone to 
generate optimiZed protein sequences. Simplistically, the 
processing initially comprises the use of a number of scoring 
functions to calculate energies of interactions of the rotam 
ers, either to the backbone itself or other rotamers. Preferred 
PDA scoring functions include, but are not limited to, a Van 
der Waals potential scoring function, a hydrogen bond 
potential scoring function, an atomic salvation scoring func 
tion, a secondary structure propensity scoring function and 
an electrostatic scoring function. As is further described 
beloW, at least one scoring function is used to score each 
position, although the scoring functions may differ depend 
ing on the position classi?cation or other considerations, like 
favorable interaction With an ot-heliX dipole. As outlined 
beloW, the total energy Which is used in the calculations is 
the sum of the energy of each scoring function used at a 
particular position, as is generally shoWn in Equation 1: 

E1oral=nEvdw+nEas+nEhibonding+nEss+nEelec 

[0077] In Equation 1, the total energy is the sum of the 
energy of the van der Waals potential (EVdW), the energy of 
atomic salvation (E85), the energy of hydrogen bonding 
(Eh_bOndinQ, the energy of secondary structure (E55) and the 
energy of electrostatic interaction (E6160). The term n is 
either 0 or 1, depending on Whether the term is to be 
considered for the particular residue position. 

[0078] As outlined in US. Ser. Nos. 60/061,097, 60/043, 
464, 601054,678, 09/127,926 and PCT US98/07254, any 
combination of these scoring functions, either alone or in 
combination, may be used. Once the scoring functions to be 
used are identi?ed for each variable position, the preferred 
?rst step in the computational analysis comprises the deter 
mination of the interaction of each possible rotamer With all 
or part of the remainder of the protein. That is, the energy of 
interaction, as measured by one or more of the scoring 
functions, of each possible rotamer at each variable residue 
position With either the backbone or other rotamers, is 
calculated. In a preferred embodiment, the interaction of 
each rotamer With the entire remainder of the protein, i.e. 
both the entire template and all other rotamers, is done. 
HoWever, as outlined above, it is possible to only model a 
portion of a protein, for eXample a domain of a larger 
protein, and thus in some cases, not all of the protein need 
be considered. The term “portion”, as used herein, With 
regard to a protein refers to a fragment of that protein. This 
fragment may range in siZe from 10 amino acid residues to 
the entire amino acid sequence minus one amino acid. 
Accordingly, the term “portion”, as used herein, With regard 
to a nucleic refers to a fragment of that nucleic acid. This 
fragment may range in siZe from 10 nucleotides to the entire 
nucleic acid sequence minus one nucleotide. 

[0079] In a preferred embodiment, the ?rst step of the 
computational processing is done by calculating tWo sets of 
interactions for each rotamer at every position: the interac 
tion of the rotamer side chain With the template or backbone 
(the “singles” energy), and the interaction of the rotamer 
side chain With all other possible rotamers at every other 

Equation 1 

Apr. 25, 2002 

position (the “doubles” energy), Whether that position is 
varied or ?oated. It should be understood that the backbone 
in this case includes both the atoms of the protein structure 
backbone, as Well as the atoms of any ?Xed residues, 
Wherein the ?Xed residues are de?ned as a particular con 
formation of an amino acid. 

[0080] Thus, “singles” (rotamer/template) energies are 
calculated for the interaction of every possible rotamer at 
every variable residue position With the backbone, using 
some or all of the scoring functions. Thus, for the hydrogen 
bonding scoring function, every hydrogen bonding atom of 
the rotamer and every hydrogen bonding atom of the back 
bone is evaluated, and the EHB is calculated for each 
possible rotamer at every variable position. Similarly, for the 
van der Waals scoring function, every atom of the rotamer 
is compared to every atom of the template (generally eXclud 
ing the backbone atoms of its oWn residue), and the EVdW is 
calculated for each possible rotamer at every variable resi 
due position. In addition, generally no van der Waals energy 
is calculated if the atoms are connected by three bonds or 
less. For the atomic solvation scoring function, the surface 
of the rotamer is measured against the surface of the 
template, and the Eas for each possible rotamer at every 
variable residue position is calculated. The secondary struc 
ture propensity scoring function is also considered as a 
singles energy, and thus the total singles energy may contain 
an ESS term. As Will be appreciated by those in the art, many 
of these energy terms Will be close to Zero, depending on the 
physical distance betWeen the rotamer and the template 
position; that is, the farther apart the tWo moieties, the loWer 
the energy. 

[0081] For the calculation of “doubles” energy (rotamer/ 
rotamer), the interaction energy of each possible rotamer is 
compared With every possible rotamer at all other variable 
residue positions. Thus, “doubles” energies are calculated 
for the interaction of every possible rotamer at every vari 
able residue position With every possible rotamer at every 
other variable residue position, using some or all of the 
scoring functions. Thus, for the hydrogen bonding scoring 
function, every hydrogen bonding atom of the ?rst rotamer 
and every hydrogen bonding atom of every possible second 
rotamer is evaluated, and the EHB is calculated for each 
possible rotamer pair for any tWo variable positions. Simi 
larly, for the van der Waals scoring function, every atom of 
the ?rst rotamer is compared to every atom of every possible 
second rotamer, and the EVdW is calculated for each possible 
rotamer pair at every tWo variable residue positions. For the 
atomic solvation scoring function, the surface of the ?rst 
rotamer is measured against the surface of every possible 
second rotamer, and the Eas for each possible rotamer pair at 
every tWo variable residue positions is calculated. The 
secondary structure propensity scoring function need not be 
run as a “doubles” energy, as it is considered as a component 

of the “singles” energy. As Will be appreciated by those in 
the art, many of these double energy terms Will be close to 
Zero, depending on the physical distance betWeen the ?rst 
rotamer and the second rotamer; that is, the farther apart the 
tWo moieties, the loWer the energy. 

[0082] In addition, as Will be appreciated by those in the 
art, a variety of force ?elds that can be used in the PCA 
calculations can be used, including, but not limited to, 
Dreiding I and Dreiding II (Mayo et al, J. Phys. Chem. 
948897 (1990)), AMBER (Weiner et al., J. Amer. Chem. 
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Soc. 106:765 (1984) and Weiner et al., J. Comp. Chem. 
106:230 (1986)), MM2 (Allinger J. Chem. Soc. 99:8127 
(1977), Liljefors et al., J. Com. Chem. 8:1051 (1987)); 
MMP2 (Sprague et al., J. Comp. Chem. 8:581 (1987)); 
CHARMM (Brooks et 211., J. Comp. Chem. 106:187 (1983)); 
GROMOS; and MM3 (Allinger et al., J. Amer. Chem. Soc. 
111:8551 (1989)), OPLS-AA (Jorgensen, et al., J. Am. 
Chem. Soc. (1996), v 118, pp 11225-11236; Jorgensen, W. 
L.; BOSS, Version 4.1; Yale University: NeW Haven, Conn. 
(1999)); OPLS (Jorgensen, et al., J. Am. Chem. Soc. (1988), 
v 110, pp 1657ff; Jorgensen, et al., JAm. Chem. Soc. (1990), 
v 112, pp 4768ff); UNRES (United Residue Force?eld; 
LiWo, et al., Protein Science (1993), v 2, pp1697-1714; 
LiWo, et al., Protein Science (1993), v 2, pp1715-1731; 
LiWo, et al., J. Comp. Chem. (1997), v 18, pp849-873; LiWo, 
et al., J. Comp. Chem. (1997), v 18, pp874-884; LiWo, et al., 
J. Comp. Chem. (1998), v 19, pp259-276; Force?eld for 
Protein Structure Prediction (LiWo, et al., Proc. Natl. Acad. 
Sci. USA (1999), v 96, pp5482-5485); ECEPP/3 (LiWo et 
al., J Protein Chem 1994 May;13(4):375-80); AMBER 1.1 
force ?eld (Weiner, et al., J. Am. Chem. Soc. V106, pp765 
784); AMBER 3.0 force ?eld (U. C. Singh et al., Proc. Natl. 
Acad. Sci. USA. 82:755-759); CHARMM and 
CHARMM22 (Brooks, et al., J. Comp. Chem. v4, pp 187 
217); cvff3.0 (Dauber-Osguthorpe, et al.,(1988) Proteins: 
Structure, Function and Genetics, v4,pp31-47); cff91 
(Maple, et al., J. Comp. Chem. v15, 162-182); also, the 
DISCOVER (cvff and cff91) and AMBER force?elds are 
used in the INSIGHT molecular modeling package (Biosym/ 
MSI, San Deigo Calif.) and HARMM is used in the 
QUANTA molecular modeling package (Biosym/MSI, San 
Deigo Calif.), all of Which are expressly incorporated by 
reference. 

[0083] Once the singles and doubles energies are calcu 
lated and stored, the next step of the computational process 
ing may occur. As outlined in US. Ser. No. 09/127,926 and 
PCT US98/07254, preferred embodiments utiliZe a Dead 
End Elimination (DEE) step, and preferably a Monte Carlo 
step. 

[0084] PDA, vieWed broadly, has three components that 
may be varied to alter the output (eg the primary library): 
the scoring functions used in the process; the ?ltering 
technique, and the sampling technique. 

[0085] In a preferred embodiment, the scoring functions 
may be altered. In a preferred embodiment, the scoring 
functions outlined above may be biased or Weighted in a 
variety of Ways. For example, a bias toWards or aWay from 
a reference sequence or family of sequences can be done; for 
example, a bias toWards Wild-type or homolog residues may 
be used. Similarly, the entire protein or a fragment of it may 
be biased; for example, the active site may be biased toWards 
Wild-type residues, or domain residues toWards a particular 
desired physical property can be done. Furthermore, a bias 
toWards or against increased energy can be generated. Addi 
tional scoring function biases include, but are not limited to 
applying electrostatic potential gradients or hydrophobicity 
gradients, adding a substrate or binding partner to the 
calculation, or biasing toWards a desired charge or hydro 
phobicity. 

[0086] In addition, in an alternative embodiment, there are 
a variety of additional scoring functions that may be used. 
Additional scoring functions include, but are not limited to 
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torsional potentials, or residue pair potentials, or residue 
entropy potentials. Such additional scoring functions can be 
used alone, or as functions for processing the library after it 
is scored initially. For example, a variety of functions 
derived from data on binding of peptides to MHC (Major 
Histocompatibility Complex) can be used to rescore a 
library in order to eliminate proteins containing sequences 
Which can potentially bind to MHC, i.e. potentially immu 
nogenic sequences. 

[0087] In a preferred embodiment, a variety of ?ltering 
techniques can be done, including, but not limited to, DEE 
and its related counterparts. Additional ?ltering techniques 
include, but are not limited to branch-and-bound techniques 
for ?nding optimal sequences (Gordon and Majo, Structure 
Fold. Des. 7:1089-98, 1999), and exhaustive enumeration of 
sequences. It should be noted hoWever, that some techniques 
may also be done Without any ?ltering techniques; for 
example, sampling techniques can be used to ?nd good 
sequences, in the absence of ?ltering. 

[0088] As Will be appreciated by those in the art, once an 
optimiZed sequence or set of sequences is generated, (or 
again, these need not be optimiZed or ordered) a variety of 
sequence space sampling methods can be done, either in 
addition to the preferred Monte Carlo methods, or instead of 
a Monte Carlo search. That is, once a sequence or set of 
sequences is generated, preferred methods utiliZe sampling 
techniques to alloW the generation of additional, related 
sequences for testing. 

[0089] These sampling methods can include the use of 
amino acid substitutions, insertions or deletions, or recom 
binations of one or more sequences. As outlined herein, a 
preferred embodiment utiliZes a Monte Carlo search, Which 
is a series of biased, systematic, or random jumps. HoWever, 
there are other sampling techniques that can be used, includ 
ing BoltZman sampling, genetic algorithm techniques and 
simulated annealing. In addition, for all the sampling tech 
niques, the kinds of jumps alloWed can be altered (e.g. 
random jumps to random residues, biased jumps (to or aWay 
from Wild-type, for example), jumps to biased residues (to or 
aWay from similar residues, for example), etc.). Jumps 
Where multiple residue positions are coupled (tWo residues 
alWays change together, or never change together), jumps 
Where Whole sets of residues change to other sequences 
(e.g., recombination). Similarly, for all the sampling tech 
niques, the acceptance criteria of Whether a sampling jump 
is accepted can be altered, to alloW broad searches at high 
temperature and narroW searches close to local optima at 
loW temperatures. See Metropolis et al., J. Chem Phys v21, 
pp 1087, 1953, hereby expressly incorporated by reference. 

[0090] In addition, it should be noted that the preferred 
methods of the invention result in a rank ordered list of 
sequences; that is, the sequences are ranked on the basis of 
some objective criteria. HoWever, as outlined herein, it is 
possible to create a set of non-ordered sequences, for 
example by generating a probability table directly (for 
example using SCMF analysis or sequence alignment tech 
niques) that lists sequences Without ranking them. The 
sampling techniques outlined herein can be used in either 
situation. 

[0091] In a preferred embodiment, BoltZman sampling is 
done. As Will be appreciated by those in the art, the tem 
perature criteria for BoltZman sampling can be altered to 
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allow broad searches at high temperature and narrow 
searches close to local optima at loW temperatures (see e.g., 
Metropolis et al., J. Chem. Phys. 2111087, 1953). 

[0092] In a preferred embodiment, the sampling technique 
utiliZes genetic algorithms, e.g., such as those described by 
Holland (Adaptation in Natural and Arti?cial Systems, 1975, 
Ann Arbor, U. Michigan Press). Genetic algorithm analysis 
generally takes generated sequences and recombines them 
computationally, similar to a nucleic acid recombination 
event, in a manner similar to “gene shuffling”. Thus the 
“jumps” of genetic algorithm analysis generally are multiple 
position jumps. In addition, as outlined beloW, correlated 
multiple jumps may also be done. Such jumps can occur 
With different crossover positions and more than one recom 
bination at a time, and can involve recombination of tWo or 

more sequences. Furthermore, deletions or insertions (ran 
dom or biased) can be done. In addition, as outlined beloW, 
genetic algorithm analysis may also be used after the sec 
ondary library has been generated. 

[0093] In a preferred embodiment, the sampling technique 
utiliZes simulated annealing, e.g., such as described by 
Kirkpatrick et al. (Science, 220:671-680, 1983). Simulated 
annealing alters the cutoff for accepting good or bad jumps 
by altering the temperature. That is, the stringency of the 
cutoff is altered by altering the temperature. This alloWs 
broad searches at high temperature to neW areas of sequence 
space, altering With narroW searches at loW temperature to 
eXplore regions in detail. 

[0094] In addition, as outlined beloW, these sampling 
methods can be used to further process a secondary library 
to generate additional secondary libraries (sometimes 
referred to herein as tertiary libraries). 

[0095] Thus, the primary library can be generated in a 
variety of computational Ways, including structure based 
methods such as PDA, or sequence based methods, or 
combinations as outlined herein. 

[0096] Accordingly, the computational processing results 
in a set of sequences, that may be optimiZed protein 
sequences if some sort of ranking or scoring functions are 
used. These optimiZed protein sequences are generally, but 
not alWays, signi?cantly different from the Wild-type 
sequence from Which the backbone Was taken. That is, each 
optimiZed protein sequence preferably comprises at least 
about 5-10% variant amino acids from the starting or 
Wild-type sequence, With at least about 15-20% changes 
being preferred and at least about 30% changes being 
particularly preferred. 
[0097] The cutoff for the primary library is then enforced, 
resulting in a set of primary sequences forming the primary 
library. As outlined above, this may be done in a variety of 
Ways, including an arbitrary cutoff, an energy limitation, or 
When a certain number of residue positions have been 
varied. In general, the siZe of the primary library Will vary 
With the siZe of the protein, the number of residues that are 
changing, the computational methods used, the cutoff 
applied and the discretion of the user. In general, it is 
preferable to have the primary library be large enough to 
randomly sample a reasonable sequence space to alloW for 
robust secondary libraries. Thus, primary libraries that range 
from about 50 to about 1013 are preferred, With from about 
1000 to about 107 being particularly preferred, and from 
about 1000 to about 100,000 being especially preferred. 
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[0098] In a preferred embodiment When scoring is used, 
although this is not required, the primary library comprises 
the globally optimal sequence in its optimal conformation, 
ie the optimum rotamer at each variable position. That is, 
computational processing is run until the simulation pro 
gram converges on a single sequence Which is the global 
optimum. In a preferred embodiment, the primary library 
comprises at least tWo optimiZed protein sequences. Thus for 
eXample, the computational processing step may eliminate a 
number of disfavored combinations but be stopped prior to 
convergence, providing a library of sequences of Which the 
global optimum is one. In addition, further computational 
analysis, for eXample using a different method, may be run 
on the library, to further eliminate sequences or rank them 
differently. Alternatively, as is more fully described in US. 
Ser. Nos. 60/061,097, 60/043,464, 60/054,678, 09/127,926 
and PCT US98/07254, the global optimum may be reached, 
and then further computational processing may occur, Which 
generates additional optimiZed sequences in the neighbor 
hood of the global optimum. 

[0099] In addition, in some embodiments, primary library 
sequences that did not make the cutoff are included in the 
primary library. This may be desirable in some situations to 
evaluate the primary library generation method, to serve as 
controls or comparisons, or to sample additional sequence 
space. For example, in a preferred embodiment, the Wild 
type sequence is included. 

[0100] It should also be noted that different ranking sys 
tems can be used. For eXample, a list of naturally occurring 
sequences can be used to calculate all possible recombina 
tions of these sequences, With an optional rank ordering step. 
Alternatively, once a primary library is generated, one could 
rank order only those recombinations that occur at cross 
over points With at least a threshold of identity over a given 
WindoW. For eXample, 100% identity over a WindoW of 6 
amino acids, or 80% identity over a WindoW of 10 amino 
acids. Alternatively, as for all the systems outlined herein, 
the homology could be considered at the DNA level, by 
computationally considering the translation for the amino 
acids to their respective DNA codons. Different codon 
usages could be considered. A preferred embodiment con 
siders only recombinations With crossover points that have 
DNA sequence identity suf?cient for DNA hybridiZation of 
the differing sequences. 

[0101] As is further outlined beloW, It should also be noted 
that combining different primary libraries may be done. For 
eXample, positions in a protein that shoW a great deal of 
mutational diversity in computational screening can be ?xed 
as outlined beloW and a different primary library regener 
ated. Arank ordered list of the same length as the ?rst Would 
noW shoW diversity in previously rarely changing positions. 
The variants from the ?rst primary library can be combined 
With the variants from the second primary library to provide 
a combined library at loWer computational cost than creating 
a very long rank ordered list. This approach can be particu 
larly useful to sample sequence diversity in both loW energy 
gap, readily changing surface positions and high energy gap, 
rarely changing core positions. In addition, primary libraries 
can be generated by combining one or more of the different 
calculations to form one big primary library. 

[0102] Thus, the present invention provides primary 
libraries comprising a list of computationally derived 
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sequences. In a preferred embodiment, these sequences are 
in the form of a rank ordered list. From this primary library, 
a secondary library is generated. As outlined herein, there 
are a number of different Ways to generate a secondary 
library. 
[0103] In a preferred embodiment, the primary library of 
the scaffold protein is used to generate a secondary library. 
As Will be appreciated by those in the art, the secondary 
library can be either a subset of the primary library, or 
contain neW library members, i.e. sequences that are not 
found in the primary library. That is, in general, the variant 
positions and/or amino acid residues in the variant positions 
can be recombined in any number of Ways to form a neW 
library that exploits the sequence variations found in the 
primary library. That is, having identi?ed “hot spots” or 
important variant positions and/or residues, these positions 
can be recombined in novel Ways to generate novel 
sequences to form a secondary library. Thus, in a preferred 
embodiment, the secondary library comprises at least one 
member sequence that is not found in the primary library, 
and preferably a plurality of such sequences. 

[0104] In one embodiment, all or a portion of the primary 
library serves as the secondary library. That is, a cutoff is 
applied to the primary sequences and these sequences serve 
as the secondary library, Without further manipulation or 
recombination. The library members can be made as out 
lined beloW, eg by direct synthesis or by constructing the 
nucleic acids encoding the library members, expressing 
them in a suitable host, optionally folloWed by screening. 

[0105] In a preferred embodiment, the secondary library is 
generated by tabulating the amino acid positions that vary 
from a reference sequence. The reference sequence can be 
arbitrarily selected, or preferably is chosen either as the 
Wild-type sequence or the global optimum sequence, With 
the latter being preferred. That is, each amino acid position 
that varies in the primary library is tabulated. Of course, if 
the original computational analysis ?xed some positions, the 
variable positions of the secondary library Will comprise 
either just these original variable positions or some subset of 
these original variable positions. That is, assuming a protein 
of 100 amino acids, the original computational screen can 
alloW all 100 positions to be varied. HoWever, due to the 
cutoff in the primary library, only positions may vary. 
Alternatively, assuming the same 100 amino acid protein, 
the original computational screen could have varied only 25 
positions, keeping the other 75 ?xed; this could result in 
only 12 of the 25 being varied in the cutoff primary library. 
These primary library positions can then be recombined to 
form a secondary library, Wherein all possible combinations 
of these variable positions form the secondary library. It 
should be noted that the non-variable positions are set to the 
reference sequence positions. 
[0106] The formation of the secondary library using this 
method may be done in tWo general Ways; either all variable 
positions are alloWed to be any amino acid, or subsets of 
amino acids are alloWed for each position. 

[0107] In a preferred embodiment, all amino acid residues 
are alloWed at each variable position identi?ed in the pri 
mary library. That is, once the variable positions are iden 
ti?ed, a secondary library comprising every combination of 
every amino acid at each variable position is made. 

[0108] In a preferred embodiment, subsets of amino acids 
are chosen. The subset at any position may be either chosen 
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by the user, or may be a collection of the amino acid residues 
generated in the primary screen. That is, assuming core 
residue 25 is variable and the primary screen gives 5 
different possible amino acids for this position, the user may 
chose the set of good core residues outlined above (eg 
hydrophobic residues), or the user may build the set by 
choosing the 5 different amino acids generated in the pri 
mary screen. Alternatively, combinations of these tech 
niques may be used, Wherein the set of identi?ed residues is 
manually expanded. For example, in some embodiments, 
feWer than the number of amino acid residues is chosen; for 
example, only three of the ?ve may be chosen. Alternatively, 
the set is manually expanded; for example, if the computa 
tion picks tWo different hydrophobic residues, additional 
choices may be added. Similarly, the set may be biased, for 
example either toWards or aWay from the Wild-type 
sequence, or toWards or aWay from knoWn domains, etc. 

[0109] In addition, this may be done by analyZing the 
primary library to determine Which amino acid positions in 
the scaffold protein have a high mutational frequency, and 
Which positions have a loW mutation frequency. The sec 
ondary library can be generated by randomiZing the amino 
acids at the positions that have high numbers of mutations, 
While keeping constant the positions that do not have 
mutations above a certain frequency. For example, if the 
position has less than 20% and more preferably 10% muta 
tions, it may be kept constant as the reference sequence 
position. 

[0110] In a preferred embodiment, the secondary library is 
generated from a probability distribution table. As outlined 
herein, there are a variety of methods of generating a 
probability distribution table, including using PDA, 
sequence alignments, force?eld calculations such as SCMF 
calculations, etc. In addition, the probability distribution can 
be used to generate information entropy scores for each 
position, as a measure of the mutational frequency observed 
in the library. 

[0111] In this embodiment, the frequency of each amino 
acid residue at each variable position in the list is identi?ed. 
Frequencies can be thresholded, Wherein any variant fre 
quency loWer than a cutoff is set to Zero. This cutoff is 
preferably 1%, 2%, 5%, 10% or 20%, With 10% being 
particularly preferred. These frequencies are then built into 
the secondary library. That is, as above, these variable 
positions are collected and all possible combinations are 
generated, but the amino acid residues that “?ll” the sec 
ondary library are utiliZed on a frequency basis. Thus, in a 
non-frequency based secondary library, a variable position 
that has 5 possible residues Will have 20% of the proteins 
comprising that variable position With the ?rst possible 
residue, 20% With the second, etc. HoWever, in a frequency 
based secondary library, a variable position that has 5 
possible residues With frequencies of 10%, 15%, 25%, 30% 
and 20%, respectively, Will have 10% of the proteins com 
prising that variable position With the ?rst possible residue, 
15% of the proteins With the second residue, 25% With the 
third, etc. As Will be appreciated by those in the art, the 
actual frequency may depend on the method used to actually 
generate the proteins; for example, exact frequencies may be 
possible When the proteins are synthesiZed. HoWever, When 
the frequency-based primer system outlined beloW is used, 
the actual frequencies at each position Will vary, as outlined 
beloW. 








































