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MolCraft: a hierarchical approach to the synthesis of artificial proteins
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Abstract

The modular structures of extant proteins and genes suggest that modern genes developed hierarchically from combinatorial assemblages
of smaller primordial genetic units (microgenes). MelCraft system described in this review is the new type of in vitro protein evolution
system whose underlying concept is the hierarchical evolution of genMallCraft, a microgene is initially evolved in silico and then
tandemly polymerized with insertion or deletion mutations at the junctions between microgene units. Because of the junctional perturbations,
proteins translated from a single microgene polymer are molecularly diverse, originating from the combinatorics of three reading frames,
and are thus combinatorial polymers of three peptides. Notably, repetitiousness retained in the overall structure of proteins contributes to the
formation of ordered structures, and enhances the chances of reconstituting biological activity rationally encrypted in the microgene unit.
Applications of this new technology are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction able progress over the past 10 ye|r3-19] In one of the
formulas for such combinatorial bioengineering, a large pool
The beginning of the 21st century is marked by the mas- of random sequences is prepared by combinatorial polymer-
sive growth of information on the structures and functions ization of nucleotide units, after which functional clones
of proteins coming from research into genomics and pro- are selected from a library. This methodology has shown
teomics[1-3]. And as our knowledge about the relationship its greatest utility in the de novo synthesis of ribozymes
between protein structure and function grows, so grows the [20—-27] RNA aptamef28,29], DNA aptamef30] and pep-
expectation of the rational synthesis of novel proteins. This tide aptamef31-35] and has recently been applied to the
ambition for rational creation of novel proteins is, however, de novo protein evolutiofB6].
a revisit to the “protein engineering” that rose to promi-  Still, selection from random sequences has an inherent
nence at beginning of the 1980s, when analysis of protein drawback that renders it incapable of taking advantage of the
crystal structures began in earnest, and recombinant tech-output of ongoing genome research: in this system molecules
nologies reached full maturity, and computational capacity cannot be created in a rational manner. In the emerging
reached new heighfd,5]. But although the fruits of protein  genome-era, the emphasis is on “rationality” in protein cre-
engineering are certainly not negligitlé-12], one would ation, and the novel system for protein creation is expected to
have to say they have fallen far short of expectations. This rationally utilize the accumulated knowledge obtained from
is simply because deciphering the relationship between pro-genome research. It is within that context that | describe
tein structure and function is an intricate problem and dif- MolCraft, our approach to protein creation, in which a
ficult to attack. On the other hand, the irrational approach short rationally designed DNA sequence (microgene) is used
known as “combinatorial bioengineering” has made remark- instead of nucleotides as the building block for constructing
combinatorial pools. This novel type of combinatorial bio-
engineering system is expected to make a significant con-
* Tel.: +81-3-5394-3903: fax:81-3-5394-3903. tribution in creating new catalyst, bio-nano-materials and
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2. A hierarchical approach to in vitro protein evolution whose underlying concept is based on exon shuffling, or
a hierarchical approach. In this system, small gene blocks
De novo evolution of functional proteins from a pool of (microgenes), rather than nucleotides, are used as building
random sequences is theoretically underpinned by the con-units, and molecularly diverse gene libraries are prepared
cept that genes originated from random sequences of nu-by combinatorial polymerization of these microgenes.
cleotides[37,38] Although small, primordial genes might Efforts are ongoing in many laboratories to establish a
have arisen from random sequences, it is now widely ac- versatile system based on hierarchical evolutish-63]
cepted that larger modern genes evolved from assemblage$DNA shuffling”, in which genetic segments are shuffled
of preexisting smaller primordial genetic unjg9—44] The among a family of related genes, enabling a sparser sampling
“exon theory of genes” proposed by Gilbert in 198%5] of protein sequence space, is one such hierarchical evolu-
is fully compatible with this notion. In the exon theory, it tion system[64—66] Because this method is dependent on
is proposed that polymerization of exons via their flank- homologous recombination of DNAs, however, assemblage
ing introns (“exon shuffling”) gave rise to the first set of between gene blocks that do not share any sequence simi-
genes. Although the engagement of exon shuffling in the larity is difficult to achieve. Therefore, several artifices have
early stages of gene evolution is a matter of depébed 7], been proposed to address this problem: (i) shuffing RNA
it is now evident from analytical studies of existing genes cassettes of exons using tlrans-splicing activity of engi-
that exon shuffling did indeed play a pivotal role in evolv- neered group Il introngs1]; (ii) assembling exons using the
ing new genes in metazoan phy#8,49] Thus, a plausible  lox-Cre recombination systei2]; (iii) assembling exons
scenario for protein evolution is a hierarchal one in which by PCR from gene blocks pre-made so that they contain re-
primordial microgenes endowed with rudimentary activities gions that partiallj53,58]or completel\[56,57]overlap re-
initially emerged from random nucleotide sequences or from gions in other blocks; (iv) using the “SCRATCHY” method
repeats of short oligonucleotides, after which these micro- [59], which enables creation of multiple-crossover DNA
genes served as building blocks for the larger, more exquisitelibraries in which nonhomologous genes are recombined
genes that evolved from their combinatorial assemblages. using incremental truncation for creating hybrid enzymes
The advantages of a hierarchal approach are also apparent'ITCHY") [55] or sequence homology-independent protein
from a theoretical viewpoint. Bogarad and Deem compared recombination (“SHIPREC")60], and the resultant fusions
the efficiencies of generating new protein folds using several are subjected to DNA shufflin$4—66} (v) assembling mi-
evolution models in silico and observed that combinatorial crogene blocks using thermostable DNA ligase and one or
linkage between preexisting gene blocks via nonhomologoustwo guide oligonucleotidel$1]; and (vi) using “Y-ligation”,
DNA recombination, rearrangement, or desertion provided which uses T4 RNA ligase to ligate single stranded DNA
the greatest likelihood of generating new protein fdksi3]. blocks that form one stem and two branches (Y-shape)
Fig. 1depicts an idealized directed protein evolution system [54,62]
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Fig. 1. The hierarchical evolution of proteins (A) and an in vitro protein evolution system that mimics hierarchical evolution (B).
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Fig. 2. Outline of protein evolution iMolCraft.

MolCraft is a simplified hierarchical protein evolution a scale of one to several nucleotid@S8] to those on a
system in which a single gene block is used to make larger sub-chromosomal scal@4,75] One surprising discovery
genesFig. 2). By limiting the number of gene blocks to one, to come out of the sequencing of the human genome was
we have provided this system with unparalleled advantages.that various repeated sequences account for more than 50%

of the genomd76]. Proteins also exhibit levels of repeats

in their primary and tertiary structures. For instance, piscine
3. The contribution of repetitiousness in MolCraft antifreeze proteins consist of near exact copies of oligopep-

tide sequencefs9], and the tertiary structure of porcine

As mentioned above, one view of the origin of pro- ribonuclease inhibitor shows near-perfect periodicity, appar-
teins is that they arose from a pool of random amino acid ently evolving from the reiteration of a DNA sequence 87 bp
sequenceq37,38] According to this “emergence from in length or les477]. From these observations and others,
random” hypothesis, small primordial genes would have We can safely conclude that “periodicity”, or “reiteration”,
evolved from random nucleotide sequences. On the otherplays a critical role in the origin and evolution of proteins.
hand, Ohno recognized the repetitious nature of coding In my laboratory, we have been focusing on the periodic-
sequences and concluded that random sequences would biéy observed in proteins and genes with the aim of evaluating
an unusual state for RNA or DNA. He therefore proposed its role in the birth of proteins. My coworkers and | have
his alternative “emergence from repeats” theory, in which used ourMeolCraft system to create repetitious DNAs
he asserted that “periodic structures” formed during the through polymerization of arbitrarily chosen, short DNA
course of semi-conservative replication are more reflective sequences (microgenes), and characterized their translation
of the inherent nature of nucleic acids, and thus primordial productg78,79] Interestingly, although the proteins created
genes more likely arose from repeats of base oligomerswith MolCraft are combinatorial polymers of three pep-
[67-70] Two advantages of the emergence from repeatstide sequences, they are inherently periodic and frequently
theory are that (i) genes would be relatively tolerant to have ordered structures, which is in sharp contrast to proteins
frame shift mutations if they emerged from repeating se- With random sequences, which lack secondary structures.
quences devoid of termination codons; and (ii) the proteins
translated from repeated DNA sequences would likely have
a higher propensity to form secondary structU@gj. The 4. Designer microgenesfor rational protein construction
latter possibility is supported by an earlier experiment in
which de novo-designed repetitive polypeptides, including  During the first stage of hierarchical evolution of proteins
((GlyAla)3GlyGlu),, were shown to form stable secondary (Fig. 1A), the small primordial genes must have evolved
structureq71,72] rudimentary biological functionalit{80]. Similarly, in pro-

Recent innovations in genomics, proteomics and struc- tein evolution systems that mimic hierarchical evolution, it
tural genomics have increased our appreciation of the scopes desirable that microgene blocks are prepared so that their
of periodicity. Genome structures have been shown to con-translation products will be related to biological activities or
tain a multitude of periodicities, ranging from those on ordered structures. Exon units or module units found in nat-
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Fig. 3. Microgene MG-14, which is encrypted with a copper binding motif, and an artificial protein (#292) that was created by its polymerization.

ural proteins can serve as such building blopk3,81-85] ized to yield a library of larger genes that are combinatorial
Alternatively, we can operationally define the small genetic polymers of three reading frameiig. 2).
units through fragment complementatigf1,86,87] In
MolCraft, moreover, a microgene is rationally designed
with the help of computation so that the translation prod- 5. Exploitation of information in hidden reading frames
ucts from its three reading frames are related to biological
functions and/or structures. In MolCraft, a designer microgene is polymerized
The most straight forward way to embed a specific using a method called microgene polymerization reaction
function within a microgene is to apply “peptide motifs” (MPR; Fig. 4) [91]. First, MPR primer pairs are designed
[88,89] that have been previously determined to be asso-from a custom-made microgene sequence. These primers
ciated with functions in natural proteins. For an instance, contain complementary bases in their&gion and a mis-
“H...[46aa].. .CSPHQGAGM’" has been identified as a matched base at their-®H end, which enables efficient
copper binding motif in plastocyaniff0]. We therefore polymerization of the microgeng81]. Thermal cycle reac-
designed a microgene, MG-J48], that encodes the pep- tions with MPR primers, the four dNTPs and thermostable
tide GAGMYAESYGRKICSPHQ, which with head-to-tail  exo™ DNA polymerase yields head-to-tail polymers of
concatenation, recreates part of the above copper-bindingthe microgene in sizes that can be controlled by varying
motif (Fig. 3. When artificial proteins were made by poly- the reaction conditions. One intriguing feature of MPR is
merizing MG-14, we found that some had an absorption that the reaction randomly inserts or deletes nucleotides at
maximum at 630 nm in the presence of copper ions, indi- end-joining junctions, thereby changing the reading frame
cating association between the proteins andCi79]. In of the polymerq91]. In other words, wittMiolCraft, all
addition to the embedding of peptide motifs, by designing three reading frames coded by a single microgene are used
microgenes so that its coded peptides have propensity toto construct proteins.
form secondary structures, we have also shown that struc- To explore all the information possessed by a single
tures can be encrypted in a microgene and reconstituted inmicrogene, we developed the microgene design program
MolCraft proteins[78,79] “CyberGene” [92]. Using CyberGene, we can design
Thus, with the hierarchal approach of tMolCraft “multi-functional microgenes” as illustrated ig. 5. In this
system, a microgene is first rationally designed so that the example, the peptide sequence lle-Arg—lle-GIn—-Arg—Gly—
encoded peptides are related to specific function(s) and/orPro—Gly—Arg—Thr—Phe—Val-Thr serves as a primary motif
structure(s), after which the designer microgene is polymer- to be embedded in a microgene. The first isoleucine can be
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Perturbations at junctions
Fig. 4. Polymerization of a microgene using MPR.

coded by three triplet sequences, any of which can be usedby the other two reading frames of the DNA sequence
for a microgene sequence. Similarly, the second arginine can(2 x 1.1 x 10’ = 2.2 x 10’) were constructed in the

be coded by any of six triplet codons. In this manner, the total processor. After then excluding all duplicated sequences,
number of DNA sequences that can code the given 13-merapproximately 15 x 10 variant peptide pools, each having
peptide is 5¢< 108 (3x 6x3x2x6x4x6x4x2x4x 4). a different sequence, were selected and assessed for their
Among this pool of sequences, approximatelyt ¥ 10’ physicochemical properties. For instance, if we wanted to
microgenes that did not have termination codons in eachembed a propensity fax-helix formation, the pools were

of its three reading frames were selected in the proces-assessed for their potential to formhelical structure using

sor. Next, all the amino acid sequences that were encodeda secondary structure prediction program. Then a peptide,
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Fig. 5. Design of a multifunctional microgene using CyberGene.
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Fig. 6. Rational and irrational aspects MolCraft.

Tyr-Ala—Phe—-Arg—Glu—Ala—Leu—Ala—Ala—Leu-Leu—-Leu— tics of microgene polymer proteins, in this case pH depen-
Leu, was selected from among the peptides that weredency. These characteristics cannot be rationally predicted
predicted to have a high potential for forminghelical from our knowledge of structure-function relationships. This
secondary structure. This peptide was encoded by thelack of predictability can be overcome, however, by using
second reading frame of the microgene, ATACGCATTCA- a “selection” step, in which clones having desired functions
GAGAGGCCCTGGCCGCACTTTTGTTACT, which was and/or structures are chosen from the pools of combinatorial
selected as the microgene to encode the aforementionedibraries of polymers of the three reading fram&sg( 6).
primary motif in its first reading frame. Thus, MolCraft simultaneously exhibits both the ratio-
In the above example, we focused only on the secondarynality of protein engineering and the irrationality of combi-
structures of the pool of peptides coded by the hidden frames.natorial bioengineering.
However, we are able constrain virtually any physicochem-
ical property (e.g., hydrophobicity, amino acid composition
and isoelectric point, among many others) on the pool of 7 Applications in bio-nanotechnology and
peptide sequences and evolve the desired microgenes igntriputionsin basic science
silico.
Motifs embedded within a microgene are not necessar-
ily ones found in natural proteins. By virtue of the progress
6. Rationalism versusirrationalism made in combinatorial engineering, peptide aptamers that
specifically recognize target molecules are now routinely
The design of a custom-made microgene represents thecreated using peptide-phage displaying systems. These sys-
rational aspect oMolCraft and run in the blood pro- tems were originally developed for isolating peptides that
tein engineering. We can extract sequences of functional specifically recognize biomacromolecules (e.g., proteinous
motifs from natural proteins and embed them within a pur- receptors)]31], but are now also being used to acquire pep-
posefully designed microgene, while at the same time en- tide motifs that bind to inorganic materials, such as semicon-
crypting biophysical characteristics into the microgene so ductors[93,94] silver [95], carbon nanotub§96], carbon
that the proteins produced from microgene polymers have nanohorngd97] and titanium[98]. These peptide aptamers
directed propensities. Despite this rationalMplCraft for inorganic materials expand of the applicable field for
also exhibits an irrational aspect—i.e., we cannot empiri- MolCraft from molecular biology to bio-nanotechnology
cally predict the combinations of the three reading frames [99]. In my laboratory, a new project is ongoing in which the
that will give the desired functions and structures. For in- functionalization of titanium (Ti) is the reason for using the
stance, artificial proteins #320 and #334 were, respectively, MolCraft system[98]. Although titanous materials are
created from combinations @.5x frame 1) — (1 x frame 3 now routinely used for dental implants and artificial joints,
and (95 x frame 1) of the designer microgene MG-[I/®]. problems with their biocompatibility persigt00,101] Our
Both proteins were-helix-rich at neutral pH, but #320 lost aim is to improve the biocompatibility of Ti surfaces us-
its secondary structure at acidic pH, while #344 retained ing artificial proteins Fig. 7). We plan to encrypt motifs
its secondary structure, even at pH 2.0. Furthermore, #344that (i) bind to the surface of Ti; (ii) stimulate osteogenesis;
precipitated at pH 8.0, whereas #320 remained soluble atand (iii) regulate biomineralization of calcium phosphate.
that pH. Thus, variation in reading frame and/or the num- Short peptide motifs that stimulate osteogenesis are being
ber of repeats can modulate the biochemical characteris-explored in natural proteins, such as bone morphogenetic
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