3

De novo Proteins From Binary-Patterned
Combinatorial Libraries
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1.

Summary

Combinatorial libraries of well-folded de novo proteins can provide a rich source of
reagents for the isolation of novel molecules for biotechnology and medicine. To pro-
duce libraries containing an abundance of well-folded sequences, we have developed a
method that incorporates both rational design and combinatorial diversity. Our method
specifies the “binary patterning” of polar and nonpolar amino acids, but allows combina-
torial diversity of amino acid side chains at each polar and nonpolar site in the sequence.
Protein design by binary patterning is based on the premise that the appropriate arrange-
ment of polar and nonpolar residues can direct a polypeptide chain to fold into
amphipathic elements of secondary structures, which anneal together to form a desired
tertiary structure. A designed binary pattern exploits the periodicities inherent in protein
secondary structure, while allowing the identity of the side chain at each polar and non-
polar position to be varied combinatorially. This chapter provides an overview of the
considerations necessary to design binary patterned libraries of novel proteins.

Key Words: Protein design; binary patterning; combinatorial library; de novo pro-
teins; library design.

Introduction

The amino acid sequences in a combinatorial library can be drawn from an
enormous number of possibilities. For example, for a chain of 100 residues

composed of the 20 standard amino acids, there are 20'% possible sequences.

Because sequence space is so enormous, neither nature nor laboratory studies

can explore all possibilities.

of

Although the quantity of sequences in a randomly generated library may be
enormous, the quality of those sequences is likely to be low. Indeed, libraries
randomly generated sequences yield proteins with desired properties only
very rarely (I-5). Powerful methods for screening and selection can enable the
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Fig. 1. The designed binary pattern of polar (open circles) and nonpolar (closed
circles) amino acids for o-helices and B-strands exploits the inherent periodicities of
the respective secondary structures. (A) o-helices have a repeating periodicity of 3.6
residues per turn. By placing a nonpolar amino acid at every third or fourth position,
an amphipathic helix can be encoded in which one face is polar and the opposite face
is nonpolar. Note that this figure shows the positioning of seven amino acids. For
longer o-helices, the binary pattern can be adjusted to allow the periodicity of 3.6
residues per turn to maintain the amphipathic nature through the entire length of the
helix. (B) B-strands have an alternating periodicity of polar and nonpolar amino acids.
This pattern would cause one face of the strand to be polar and the opposite face to be
nonpolar.

isolation of rare “winners” from vast libraries of inactive candidates; however,
the success of these methods depends on the quality of the library being
screened or selected. To enhance the likelihood of success, combinatorial librar-
ies must be focused into regions of sequence space that are most likely to yield
well-folded proteins. Thus, the numerical power of the combinatorial approach
must be tempered by features of rational design.

To focus a library into the most productive regions of sequence space, we
are guided by the observation that natural proteins typically fold into structures
that (1) contain abundant secondary structures and (2) expose polar side chains
to solvent while burying nonpolar side chains in the interior. Our strategy for
protein design draws on these two features to rationally design focused librar-
ies of de novo sequences in ways that favor folded structures.

The strategy—called the binary code strategy—is based on the premise that
the appropriate patterning of polar (P) and nonpolar (N) residues can direct a
polypeptide chain to form amphiphilic secondary structure (6-9). A designed
binary pattern exploits the periodicities inherent in protein secondary struc-
ture: o-helices have a periodicity of 3.6 residues per turn, whereas B-strands
have an alternating periodicity (Fig. 1). Thus, a binary patterned sequence
designed to form amphipathic o-helices would place nonpolar residues at
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Middle Position
T C A G

TTT Phe TCT Ser TAT Tyr TGT Cys

T TTC Phe TCC Ser TAC Tyr TGC Cys
TTA Leu TCA Ser TAA Stop TGA Stop

TTG Leu TCG Ser TAG Stop TGG Trp

8 CTT Leu CCT Pro CAT His CGT Arg
= CTC Leu CCC Pro CAC His CGC Arg
= C CTA Leu CCA Pro CAA Gin CGA Arg
=) CTG Leu CCG Pro CAG GIn CGG Arg
Q,:. ATT lle ACT Thr AAT Asn AGT Ser
z A ATC lle ACC Thr AAC Asn AGC Ser
.— ATA lle ACA Thr AAA Lys AGA Arg
S ATG Met ACG Thr AAG Lys AGG Arg
GTT Val GCT Ala GAT Asp GGT Gly

GTC Val GCC Ala GAC Asp GGC Gly

G GTA Val GCA Ala GAA Glu GGA Gly
GTG Val GCG Ala GAG Glu GGG Gly

Fig. 2. The organization of the genetic code allows sequence degeneracy for polar
and nonpolar amino acids to be incorporated into a combinatorial library of synthetic
genes by defining the middle position of the codon. For a nonpolar amino acid posi-
tion, the degenerate codon NTN would encode Phe, Leu, Ile, Met, or Val. For posi-
tions requiring polar amino acids, the degenerate codon VAN would encode His, Gln,
Asn, Lys, Asp, or Glu. (N represents an equimolar mixture of A, C, T, and C; V repre-
sents an equimolar mixture A, C, or G.).

every third or fourth position. In contrast, the binary pattern for an amphipathic
B-strand would alternate between polar and nonpolar residues (see Note 1). In
the binary code strategy, the precise three-dimensional packing of the side
chains is not specified a priori. Consequently, within a library of binary pat-
terned sequences, the identity of the side chain at each polar and nonpolar
position can be varied, thereby facilitating enormous combinatorial diversity.

A combinatorial library of binary patterned proteins is expressed from a
combinatorial library of synthetic genes. Each gene encodes a different amino
acid sequence, but all sequences within a given library have the same pattern-
ing of polar and nonpolar residues. This sequence degeneracy is made possible
by the organization of the genetic code (Fig. 2). The degenerate codon NTN
encodes nonpolar amino acids, whereas the degenerate codon VAN encodes
polar amino acids. (V=A, G, or C; N=A, G, C, or T; see Subheading 3.2. on
codon usage.) With these degenerate codons, positions requiring a nonpolar
amino acid are filled by phenylalanine, leucine, isoleucine, methionine, or valine,
whereas positions requiring a polar amino acid are filled by glutamate, aspar-
tate, lysine, asparagine, glutamine, or histidine (Fig. 2; see Note 2).
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This chapter outlines the methodology for using binary patterning to design
libraries of de novo proteins. Using examples from our laboratory, we describe
the design and construction of both o-helical and B-sheet proteins.

2. Materials

Oligonucleotides were purchased from commercial vendors (e.g., IDT;
www.idtdna.com). All oligonucleotides should be PAGE purified (see Note
3). For overlap extensions, we use a thermostable polymerase that leaves blunt
ends (such as Deep Vent [New England Biolabs] or Pfu polymerase). All other
enzymes and reagents are commercially available.

3. Methods
3.1. Design of a Structural Template

Binary patterning can be applied to any amphipathic a-helical or B-stranded
segment of a protein. Although our laboratory has focused on de novo proteins,
the binary code strategy can also be applied to local areas of existing proteins
such as the active site, part of the core, or an interface (10). For the design of de
novo proteins, the success of the strategy depends primarily on how well the
template is designed. Several factors important for template design are described.

3.1.1. Binary Patterned Regions
3.1.1.1. o-HeLicaL DEsIGNS

Binary patterning exploits the periodicities inherent in secondary structures.
a-Helices have a repeating periodicity of 3.6 residues per turn (Fig. 1A). To
design an amphipathic segment of o-helical secondary structure, a binary pat-
tern of P-N-P-P-N-N-P is used. Our initial o-helical design focused on the
four-helix bundle motif (Fig. 3). In this structure, the hydrophobic face of each
helix is oriented toward the central core of the bundle, whereas the hydrophilic
faces of the helices are exposed to aqueous solvent. The P-N-P-P-N-N-P pat-
tern favors formation of an amphiphilic o-helical structure that can bury all
nonpolar amino acids upon formation of the desired tertiary structure. From
our designed four-helix bundle libraries, more than 60 proteins have been puri-
fied and characterized. All have shown typical a-helical circular dichroism
spectra. Additionally, the collection yielded several proteins with native-like
properties, including nuclear magnetic resonance (NMR) chemical shift dis-
persion, co-operative chemical and thermal denaturations, and slow hydrogen/
deuterium exchange rates (11-15). Recently, the structure of protein S-824
from a second-generation binary patterned library was determined by NMR
spectroscopy, and shown to be a four-helix bundle as specified by the binary
code design (16).
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C alpha - Helix #1 (—Tum

Met Gly O @ O O @ @€ O O OO e e O Gly Pro Asp Ser
1 5 10 15 20
ATG GGC-NAN NTN NAN NAN NTN NTN NAN NAN NTN NAN NAN NTN NTN NAN-GGT CCA GAC TCT

( alpha - Helix #2 (\ Turn

J

Gly O @€ O O @ @€ O O @ OO @@ ¢ O Gly Pro Ser Gly
25 30 35
GGT-NAN NTN NAN NAN NTN NTN NAN NAN NTN NAN NAN NTN NTN NAN-GGC CCG AGC GGC

¢ alpha - Helix #3 (5— Tum
Gly O @ O O e @€ O O OO e e O Gly Pro Arg Ser
40 45 50 55

GGC-NAN NTN NAN NAN NTN NTN NAN NAN NTN NAN NAN NTN NTN NAN-GGT CCT CGT AGC

( alpha - Helix #4 ()
sty O @ O O @ @ O O @ O O @ @ O »arg
60 65 70 74

GGT-NAN NTN NAN NAN NTN NTN NAN NAN NTN NAN NAN NTN NTN NAN-CGT TAG

O = Polar residue @ = Non-Polar residue

Fig. 3. The design template for the initial four-helix bundle library. Nonpolar posi-
tions (closed circles) were encoded by the degenerate NTN codon, and polar positions
(open circles) were encoded by the degenerate VAN codon. The defined residue posi-
tions were located at the N- and C-terminal regions as well as the interhelical turns of
the designed protein.

3.1.1.2. B-SHeeT DESIGN

Amphiphilic B-strands have an alternating periodicity of ...P-N-P-N... (Fig.
1B). Based on this periodicity, a combinatorial library of synthetic genes can
be created to encode [-sheet structures in which polar residues comprise one
face and nonpolar residues comprise the opposing face of the resulting B-sheet.
The sequences in our first B-sheet library were designed to have six B—strands
with each strand having the binary pattern P-N-P-N-P-N-P (7). Proteins from
this library were expressed from synthetic genes cloned into Escherichia coli.
All proteins from this collection that have been analyzed thus far indeed form
B-sheet secondary structure, displaying circular dichroism spectra with the
characteristic minimum at approx 217 nm. In aqueous solution, the -sheet
proteins from this initial library self-assembled into amyloid-like fibrils, with
nonpolar side chains forming a hydrophobic core and polar side chains exposed
to solvent (7).

When these same [3-sheet sequences are placed in a heterogeneous environ-
ment with a polar/nonpolar interface, they form a different structure. For example,
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at an air/water interface, they self-assemble into flat B-sheet monolayers with the
nonpolar residues pointing up toward air and polar side chains pointing down
toward water (17). Alternatively, at an interface between water and the nonpolar
surface of graphite, binary patterned B-sheet sequences undergo template-directed
assembly on the graphite surface to yield highly ordered structures (18).

The formation of fibrils in aqueous solution, and monolayers at polar/non-
polar interfaces is consistent with the inherent tendency of B-strands to assemble
into oligomeric structures (19,20). Designed B-strands with sequences that
adhere rigorously to the alternating polar/nonpolar binary pattern are especially
prone to aggregate because of their need to bury their “sticky” hydrophobic
face (8,21). To favor monomeric B-sheet proteins, the alternating binary pat-
tern must be modified: The pattern P-N-P-N-P-N-P on the edge strand of a [3-
sheet can be changed to P-N-P-K-P-N-P (where K denotes lysine). The four
methylene groups of the lysine side chain can substitute for the replaced non-
polar residue, whereas the charged amine at the end of the lysine side chain
will seek solvent and thereby prevent aggregation. This strategy has been used
successfully to convert binary patterned de novo proteins from amyloid-like
structures to monomeric -sheet proteins (21).

3.1.2. Fixed Regions

In practice, it is often necessary to keep part of the protein sequence fixed
(i.e., not combinatorially diverse), especially when the target sequence is long.
When assembling a library of synthetic genes, these constant regions serve as
sites for single-stranded synthetic oligonucleotides to anneal together and prime
the enzymatic synthesis of complementary strands (Fig. 4). (Assembly of full-
length genes from single-stranded oligonucleotides is discussed in Subhead-
ing 3.3.).

Single-stranded oligonucleotides are typically used to encode the binary
patterning of individual segments of secondary structure. Nondegenerate fixed
regions on the 5' and 3' termini of these oligonucleotides are typically used to
encode fixed turn regions between units of secondary structure (Figs. 3 and 4)
(6,7). The amino acid sequences chosen to occupy these turn regions are based
on statistical and rational design criteria outlined as follows.

1. Sequences in the turn regions are chosen based on positional preferences. For
example, in the initial four-helix bundle library, glycine residues were placed at
N-cap and C-cap positions at the termini of the helices (Fig. 3) (6). Glycine resi-
dues are frequently found at these positions in natural proteins (22). At the posi-
tion after the C-cap, proline residues were used because they are strong helix
breakers. In some situations, however, proline may be undesirable because cis/
trans isomerism could lead to multiple (rather than unique) conformations. For
the B-sheet library (7), design of the turn regions was based on the positional turn
potentials of various amino acids in the known structures of natural proteins (23).
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5| Helix 1 Helix 2 Helix 3 Helix 4 P

Ncol BamH1

Fig. 4. Assembly of full-length genes from four single-stranded oligonucleotides.

Constant regions at the 5' and 3' ends of the single-stranded oligonucleotides serve as
sites for annealing and for priming enzymatic synthesis (using DNA polymerase) of
complementary strands. The full-length gene is then ready for insertion into an expres-
sion vector.

2. Sequences of the turns can be designed to incorporate restriction sites, which can

3.

facilitate the assembly of full-length genes (6) (see Subheading 3.3.).

The lengths of constant regions must be sufficient to promote sequence-specific
annealing. Pairs of oligonucleotides with overlaps of 12 to 15 nucleotides are
typically used for annealing. To further enhance annealing, one or two nucle-
otides in the codons immediately preceding and following the turn regions may
also be held constant. For example, the synthetic oligonucleotide (5'...NAN-
NTN-NTN-NAN-GGT-CCT-CGT-AGC-3') has a constant gene segment (under-
lined) in which 12 nucleotides encode a four residue turn. The previous codon
(NAN) encodes a polar amino acid residue. By defining the third position, for
example with a G, the codon now becomes NAG, thereby yielding two additional
constant bases (bold) for sequence-specific annealing (5' ...NAN-NTN-NTN-
NAG-GGT-CCT-CGT-AGC-3"). By defining only the second and third (but not
the first) positions of the codon, amino acid diversity is maintained.

Besides the turn regions, the N- and C- termini of the de novo sequences can

also be held constant. Fixed sequences in these regions are typically necessary
for cloning into expression vectors. Some design criteria for the termini are:

1.

An initiator methionine is placed at the N-terminus of the de novo sequence. This
is required for expression in vivo.

2. An aromatic chromophore (tyrosine or tryptophan) can be incorporated at a con-

stant site in the sequence to aid in protein purification and concentration deter-
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mination (7,15). This aromatic residue could be placed either in a constant turn or
at one of the chain termini. In some of our libraries, we inserted a tyrosine imme-
diately after the initiator methionine. This provides a chromophore, while also
preventing cleavage of the initiator methionine in vivo (24-27).

3. The C-terminal residue of the designed proteins should be charged and polar.
The C-terminal sequence of a protein can affect its rate of intracellular proteoly-
sis, and the presence of a charged residue at the C-terminus can extend half-life
in vivo (28-30). In addition, an exhaustive statistical analysis of protein amino acid
sequences found that polar and charged amino acids are overrepresented at the C-
termini of proteins (31). For the four-helix bundle libraries, an arginine residue was
designed to occupy this terminal position (6,15). Moreover, positively charged
side chains at the C-termini of a-helices (and negatively charges residues at the
N-termini) can enhance stability by interacting with the helix dipole (32).

3.1.3. Considerations for the Design of Tertiary Structure

A successful binary patterned template must be long enough to encode well-
folded structures, but at the same time short enough to be accessible to strate-
gies for assembling large libraries of error-free genes. Many proteins from our
first generation (74-residue) four-helix bundle library formed dynamic struc-
tures resembling molten globules (6,11-14). To investigate the potential of the
binary code strategy to encode collections of native-like tertiary structures, a
second-generation library of binary-patterned o-helical proteins was prepared
(15). This new library was based on protein #86, a preexisting sequence from
the original 74-residue library. The major change to protein #86 was the addi-
tion of six combinatorially diverse residues to each of the four helices. These
residues continued to follow the binary patterning. Overall, the second-generation
proteins were 102 amino acids in length, which is similar to a number of natu-
ral four-helix bundles.

Characterization of five sequences chosen arbitrarily from this second-generation
library showed that all were substantially more stable than the parental protein
#86 (15). In addition, most of them yielded NMR spectra that were well dis-
persed and exhibited well-resolved nuclear Overhauser effect cross peaks, indica-
tive of well-folded tertiary structures (15). Recently, the solution structure of a
protein (S-824) from this second-generation library was solved (16). The struc-
ture was indeed a four-helix bundle in accordance with its binary patterned
design. Moreover, the protein was not a molten globule: the interior side chains
were well ordered—even by the standards of natural proteins (16).

3.2. Codon Usage
3.2.1. The VAN (Polar) Codon
1. The first base of the VAN codon is occupied by an equimolar mixture of G, C,

and A. By excluding T, two stop codons (TAG and TAA) and two tyrosine codons
are eliminated (see Note 4).
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2. The mixture of nucleotides at the third base of the VAN codon can be altered to
favor some amino acids over others. An equimolar mixture of G, C, A, and T
would yield an equal likelihood of histidine, glutamine, asparagine, lysine, aspar-
tate, and glutamate. However, some of the residues of the VAN codon have higher
intrinsic propensities than others to form o-helices (33-36). By omitting T from
the third position (i.e., VAV), glutamine, lysine, and glutamate are favored over
histidine, asparagine, and aspartate. This increases the percentage of residues
with high propensities to form o-helices (33-36).

3.2.2. The NTN (Nonpolar) Codon

Equimolar mixtures of all four bases at the first and third positions of the
NTN codon would encode six times as many leucines as methionines. In addi-
tion, an equimolar mixture would encode protein sequences in which one quar-
ter of the hydrophobic residues would be valine. Because valine has a relatively
low o-helical propensity (33-36), this may be undesirable for some designs.
By altering the molar ratio of the mixture at the first and third N positions, the
relative abundance of hydrophobic residues can be altered. For example, in the
initial four-helix bundle library, the first base of the NTN codon contained
A:T:C:G in a molar ratio of 3:3:3:1 and the third base mixture contained an
equimolar mixture of G and C (6).

3.2.3. Codon Usage of the Host Expression System

The DNA sequences in both the constant and the combinatorial regions of
the library should be biased to favor those codons used most frequently in the
host expression system. For example, including only C and G (rather than all
four bases) in the third position of a degenerate codon favors those codons
preferred by E. coli (37). Codons that are used only rarely in the host expres-
sion system, such as CGA, AGA, and AGG (arginine); CTA (leucine); CCC
(proline); and ATA (isoleucine) in E. coli should be avoided wherever pos-
sible, because genes containing rare codons may express poorly (38). Other
(non—E. coli) expression systems have different codon preferences, and these
must be considered in the design.

3.2.4. Restriction Digest Analysis in Silico

To ensure that those restriction sites used for ligating the library into the
host vector occur only at the ends of the genes and not within the (degenerate)
gene sequences, restriction digests are performed in silico before finalizing the
design of the gene library. We have developed a program that reads the binary
patterned sequence—including the degenerate wildcard bases (see Note 5)—
and randomly generates a large number (typically 10*) of gene sequences from
the library master template. This pool of gene sequences is subsequently ana-
lyzed against a restriction enzyme database, and the data for all restriction sites
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are sorted by cutting frequency. This enables a quick comparison among dif-
ferent design choices and provides a list of sites that will be absent from the
library and can therefore be used for cloning into the appropriate vectors.

For example, the Ndel restriction site, CATATG, includes the ATG initiator
codon and is commonly used as a cloning site at the 5' end of genes. To assess
whether this site will appear in a combinatorial library, one must consider the
degenerate codons used to construct the library. For example, the combinato-
rial sequence VAN.NTN, which encodes a polar residue followed by a nonpo-
lar residue, would contain the Ndel site in 1 of 192 cases. In contrast, the
combinatorial sequence VAV.NTS, which also encodes a polar residue fol-
lowed by a nonpolar residue, will never encode an Ndel site. (N denotes an
equimolar mixture of all four bases; V, an equimolar mixture of A, G, and C;
and S, an equimolar mixture of G and C.)

3.3 Assembly of Full-Length Genes

Full-length genes are typically assembled from smaller single-stranded oli-
gonucleotides (Fig. 4). This is done for two reasons: (1) to minimize the inher-
ent errors (mostly deletions and frameshifts) associated with the synthesis of
long degenerate oligonucleotides and (2) to increase the diversity of full-length
sequences via combinatorial assembly (see Note 6).

When synthesizing the semirandom oligonucleotides, some are made as cod-
ing (sense) strands and others as noncoding (antisense) strands (see Fig. 4).
Typically, each oligonucleotide is designed to encode an individual segment of
secondary structure. Assembly of full-length genes from such segments allows
individual o-helices or B-strands to be designed and manipulated as indepen-
dent modules, thereby enhancing the versatility of the binary code strategy.

In the design of our initial library of four-helix bundles, four synthetic oli-
gonucleotides were used to construct the full-length gene. Each oligonucle-
otide was designed to encode a single helix and turn. As described above, the
turn regions were defined precisely (i.e., not degenerate), thereby allowing
them to serve as priming sites for DNA polymerase to synthesize complemen-
tary strands (Fig. 4) (6).

Various methods can be used to assemble the full-length genes. In some
cases, we have made two libraries of half genes, and then ligated them together
to produce a library of genes encoding full-length proteins (6). To ensure cor-
rect head to tail ligation, nonpalindromic restriction sites, which produce
directional “’sticky ends” for ligation, can be designed into the constant regions
(6). Other methods for assembling full-length genes include various poly-
merase chain reaction strategies (e.g., overlap extension), and these have been
used in constructing several of our libraries (7,15,39).
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3.4. Optimization of Gene Assembly
3.4.1. Avoidance of Incorrect Annealing

The correct assembly of full-length genes (Subheading 3.3.) can be hin-
dered by the presence of alternate annealing sites in the synthetic oligonucle-
otides. Such sites would result from internal repeats or inverted repeats and
thus give rise to problems such as hairpins or mispriming. To minimize these
undesired sequences, the gene template sequence (containing both fixed and
degenerate bases), should be analyzed computationally, and optimized prior to
synthesis.

Although algorithms (e.g., dotplots) are available to search DNA sequences
for alternate annealing sites or possible secondary structure (40—43), the stan-
dard methods are not suitable for analyzing the degenerate sequences required
to assemble combinatorial libraries. Therefore we devised a new algorithm,
called Designer DotPlot to analyze degenerate DNA sequences. In contrast to
previous methods, which search DNA sequences containing only the four stan-
dard bases A, T, C, and G, Designer DotPlot also handles sequences contain-
ing the wildcards N, B, D, H, V, M, S, W, Y, H, and K (see Note 5). Designer
DotPlot calculates and displays probability-weighted matches between all com-
patible degenerate bases. In addition to standard base-pairings (A-T, G-C), an
optional feature of Designer DotPlot also allows G-T base pairs. For example,
the degenerate bases R (A/G) and N (A/C/G/T) have a match probability of
0.25. Allowing G-T base pairing increases it to 0.375. Designer DotPlot uses a
15 x 15 lookup table containing the probabilities for all 225 combinations of
the 4 standard DNA bases and all 11 wildcards.

Figure 5A shows the dotplot for a sequence encoding a binary patterned o.-
helix bracketed by constant sequences encoding the helix caps. The darkness
of each dot shows the probability of a match. For example, an A-T match has a
probability of 1 and is shaded black, whereas an A-B match has a probability
of 0.33 and is shown in light gray. Two such plots are generated: one forward
(Fig. 5A), analyzing the interstrand pairings between the upper and lower
strand; and one reverse (not shown), analyzing the intrastrand pairings within
the upper strand itself. Each plot is then filtered (window size, probability) and
overlaid. Probabilities above a threshold are transformed into a log-scale and
rescaled to gray values with the highest value being plotted for every position.

Stretches of sequence that contain a high probability of complementary bases
are plotted as lines in Fig. SB, with the problem areas for misannealing and
hairpins outlined. Based on the analysis of such plots, the base sequence (includ-
ing both fixed and degenerate regions) of each design can be improved manu-
ally by simply changing the problem regions to alternate codons and replotting,
or automatically via a genetic algorithm. The optimized sequence (Fig. 5C)
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minimizes possible cross-annealing among oligonucleotides, misannealing or
hairpin formation within the same oligonucleotide, and reverse complementarity
during assembly of the oligonucleotides (see Note 7).

3.4.2. Preselection for Open Reading Frames

Constructing large and diverse libraries that are free of frameshifts or stop
codons can be extremely challenging. The presence of interrupted sequences
complicates screening strategies by increasing the burden on the selection sys-
tem, while failing to provide additional valid candidate genes for evaluation. It
is therefore important to remove incorrect sequences from these libraries before
screening for function.

To construct a high-quality combinatorial library of de novo genes, we have
developed a method to screen libraries of gene segments for open reading
frames before assembly of the full-length genes (39). In our system, synthetic
DNA from a library is inserted upstream from a selectable intein/thymidylate
synthase (TS) fusion (see Note 8). Gene segments that are in-frame and devoid
of stop codons produce a tripartite precursor protein. Subsequent cleavage by
the intein releases and activates the TS enzyme. This enables TS deficient E.
coli host cells to survive in selective medium. Libraries of error-free gene seg-
ments are isolated from the surviving cells, and the individual segments are
subsequently assembled combinatorially into full-length genes (Subheading
3.3.; also see Note 6). This preselection system has recently enabled the con-
struction of a large library of 102 amino acid sequences in which virtually all
sequences are free of frameshifts and deletions (39).

The availability of large, diverse, and error-free libraries of binary patterned
sequences encoding well-folded and native-like structures sets the stage for
experiments aimed at the isolation of novel proteins with functions that may
ultimately find use in biotechnology and medicine.

4. Notes

1. The overall amino acid compositions are similar for the a-helical and B-sheet
binary patterned libraries. Therefore, the different properties of the resulting pro-
teins (6,7) are not from differences in amino acid composition (8). Moreover, the
observed differences are not from differences in sequence length: irrespective of
length, sequences with the P-N-P-P-N-N-P periodicity form o-helical proteins,
whereas those with the P-N-P-N-P-N-P periodicity form B-sheet proteins. Thus,
it is the binary patterning itself that dictates whether a de novo protein forms o or
B structure.

2. The binary codons, VAN and NTN, encode six polar amino acids (glutamate,
aspartate, lysine, asparagine, glutamine, and histidine), and five nonpolar amino
acids (valine, methionine, isoleucine, leucine, and phenylalanine), respectively.
In addition to these 11 variable amino acids, a variety of other residues can be
incorporated into the constant regions of the sequences. For example, our recent
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library of 102 residue four-helix bundles contains 17 of the 20 amino acids (15).
Only alanine, proline, and cysteine were omitted. In natural proteins, alanine occurs
both in surface and core positions. Thus, its role in the binary code as polar or
nonpolar is somewhat ambiguous. Proline is a special case because its restricted
phi angle makes it useful only in certain well-defined regions of structure. Cys-
teine should be used only in designs wherein a disulfide bond or metal binding is
planned.

PAGE purification of synthetic oligonucleotides is essential. This reduces the
likelihood of truncated oligonucleotides being incorporated into the library.
Although this purification step reduces the quantity of DNA (and potentially the
diversity), the quality of the genes, and resulting libraries is enhanced significantly.
By excluding T from the first position of the VAN (polar) codon, tyrosine codons
are avoided. This is desirable because tyrosine is not a completely polar residue
and frequently occurs in the hydrophobic cores of natural proteins. Therefore
only the most polar residues (histidine, glutamine, asparagine, lysine, aspartate,
and glutamate) are incorporated into the designed surface positions.

According to the International Union of Biochemistry, the degenerate base sym-
bols and their nucleotide base compositions are as follows (44): K=G/T,M = A/
C,R=A/G,S=C/G,W=A/T,Y=C/T,B=C/G/T,D=A/G/T,H=A/C/T, V
=A/C/G, N = A/C/G/T.

Our method for constructing full-length de novo gene libraries relies on combi-
natorial assembly using libraries of shorter fragments (6,7). Among the advan-
tages of this approach is an increase in the diversity of the full-length library. For
example, four individual segment libraries containing only 10* sequences per
library can be combined to yield a full-length library with a theoretical diversity
of 10'¢ sequences (39).

. The purpose of the Designer Dotplot analysis of library sequences is not merely

to eliminate all undesired base-pairings, because this may not be possible, but
rather to identify problem regions and design assembly protocols accordingly.
For example, library oligonucleotides with significant cross-annealings should
be assembled separately and joined by restriction digest and ligation (see Sub-
heading 3.3.).

The preselection for gene fragments that are in frame must be independent of the
structure and solubility of the encoded polypeptide fragments. Because binary
patterned segments of secondary structure are designed to fold only in the con-
text of the full tertiary structure (8), it is crucial that these segments not be weeded
out of a library before assembly of the full-length genes. The intein-thymidylate
synthase system (Subheading 3.4.2.) selects for in-frame gene segment sequences,
regardless of the structure or solubility of the expressed polypeptide. This is made
possible by a poly-asparagine linker designed to separate the inserted gene seg-
ment from the intein-TS fusion (39). This linker permits the reporter TS enzyme
to fold and function independently of the polypeptide encoded by the inserted
gene segment.
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