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Region containing highly conserved amino acids
1

C. Reinhardtii transit

Recoded €. Reinhardtii peptide sequence Recoded C. reinhardtii mature Fe-hydrogenase polypeptide sequence

cDNA sequence

Trichomonas vaginalis recoded Fe-hydrogenase polypeptide sequence

Neocallimastix frontalis recoded Fe-hydrogenase polypeptide sequence

Giardia intestinalis recoded Fe-hydrogenase polypeptide sequence
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C. Reinhardtii transit peptide
sequence and recoded
N-terminal amino acids

of other Fe-hydrogenases Sequences not drawn to scale
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METHODS AND COMPOSITIONS FOR EVOLVING
HYDROGENASE GENES

BACKGROUND OF THE INVENTION

[0001] Evolving genes through directed evolution proce-
dures 1s a way of generating novel nucleic acids sequences
that encode proteins that can perform desired functions
quickly and efliciently. One method of directed evolution 1s
error-prone PCR, 1n which a DNA Polymerase incorporates
random single-base sequence errors into a product. (Leung
et al., Technique (1989) 1, 11-135) Another technique 1s site
directed mutagenesis, in which one or more particular amino
acids 1n a gene are substituted for a diflerent amino acid.
Other methods utilize agents that induce random mutation,
such as the addition of compounds such as nitrosoguanidine
(N'TG) to the culture media of a population of organisms (for
example, see Nestmann E R. Mutat Res 1975 June;
28(3):323-30). The resulting nucleic acid sequences and
genomic sequences created using these procedures comprise
a library of sequences with differing abilities to perform a
desired function, and the performance of that function 1is
then assayed for and novel and desirable sequences are

1dentified.

[0002] Assay procedures for desired functions may be
employed to test the aforementioned nucleic acid sequences
for a desired function. For instance, an enzyme that func-
tions best at pH 5.0 may be mutagenized and the resulting,
population of sequences 1s then assayed for the production
of the product of the enzymatic reaction at pH 7.0. Alter-
natively, sequences encoding antibodies may be
mutagenized and then assayed for the ability to bind a
particular molecule with an aflinity that 1s stronger or weaker
than the original antibody sequence.

[0003] The assay system for directed evolution procedures
may be based on selection or screening, or both. In a typical
selection protocol, organisms that are transformed with or
contain mutagenized sequences are put through a procedure
in which the ability to perform a given function 1s coupled
with the ability to survive the conditions that the trans-
formed organisms are subjected to. For instance, an enzyme
that has potential bioremediation Ifunctions may be
mutagenized and an organism 1s transformed with the
library. Organisms that can detoxily a toxic compound using
a mutagenized enzyme under conditions in which the toxic
compound 1s supplied at a concentration that would other-
wise kill the organism are selected for. In screening proce-
dures, organisms that cannot perform the desired function
survive, but do not identify mutagenized versions ol genes
that are desirable. For instance, an enzyme that cleaves a
substrate that exhibits a first fluorescence emission wave-
length spectrum when intact and a measurably distinct
second fluorescence emission wavelength spectrum after
catalysis may be screened for when the transformed organ-
1sms are subjected to specific fluorescent excitation wave-
lengths of light and the emission 1s monitored at two or more
wavelengths. Enzymes that cleave the substrate at an
enhanced rate may be 1dentified.

[0004] Directed evolution is therefore a useful method
through which genes may be adapted to perform desirable
functions.

BRIEF SUMMARY OF THE INVENTION

[0005] The invention provides methods of evolving
hydrogenase genes comprising providing at least two dis-
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tinct hydrogenase coding sequences or fragments thereof,
wherein at least one of said coding sequences or fragments
thereol has been modified from 1ts wild-type sequence by at
least one nucleotide to more closely adhere to codon usage
preferences of an organism, followed by performing an
annealing-based recombination reaction with the at least two
distinct hydrogenase coding sequences or fragments thereof
to generate a recoded and recombined hydrogenase library,
followed expressing the recoded and recombined hydroge-
nase library 1n the organism, and screening or selecting for
a transformed organism that exhibits a desired phenotype.

[0006] The invention further provides methods wherein
the hydrogenase coding sequences are Fe-hydrogenase or
NiFe-hydrogenase genes or fragments thereof.

[0007] The invention further provides methods wherein
the organism 1s capable of performing photosynthesis, and
further wherein the organism 1s a green algae species. The
invention further provides methods wherein the organism 1s
from the genus Chlamydomonas, and further wherein the
organism 1s Chlamydomonas reinhardtii. The invention also
provides methods wherein the organism 1s prokaryotic, and
further wherein the organism 1s E. coli. The invention also
provides methods wherein the organism 1s a cyanobacteria
or a photosynthetic bacteria.

[0008] The invention provides Fe-hydrogenase and NiFe-
hydrogenase coding sequences that have been recoded to
utilize only the most preferred codons in Chlamydomonas
reinhardtii and E. coli strain K12, respectively. The inven-
tion also provides methods of recombining the recoded
hydrogenase coding sequences using an annealing-based
recombination reaction.

[0009] The invention further comprises methods of per-
forming annealing-based recombination reactions that
include variant oligonucleotides that do not correspond to
any known naturally occurring hydrogenase genes, but
contain hydrogenase sequences that are substituted at one or
more amino acids. The mvention also provides methods of
performing saturation mutagenesis on recoded hydrogenase
genes, preferably at amino acid positions 1 and near the
active site ol hydrogenases.

[0010] The invention provides methods of screening or
selecting recoded and recombined hydrogenase sequences
for phenotypes such as Oxygen tolerance, the increased
ability to accept electrons from ferredoxin, the ability to
catalyze the formation of molecular Hydrogen in the pres-
ence of molecules such as metronidazole, and the ability to
catalyze the formation of molecular Hydrogen at increased
rates over wild-type hydrogenases.

[0011] The invention further provides methods of select-
ing organisms for desirable hydrogenase phenotypes
wherein the organism that 1s transformed with a recoded and
recombined hydrogenase sequences 1s also transformed with
mutagenized and/or upregulated nucleic acid sequences that
encode proteins that are involved in electron transfer to a
hydrogenase protein, such as ferredoxin, psaA, psaB, psaC,
psaD), psae, psaF, psal,, psaX, and components of the
cytochrome b I complex.

[0012] The invention further provides methods of select-
ing organisms for desirable hydrogenase phenotypes
wherein the organism that 1s transformed with a recoded and
recombined hydrogenase sequence 1s also transtormed with
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at least one nucleic acid sequence, besides hydrogenase, that
1s upregulated in response to Sulfur deprivation 1n green
algae but 1s regulated by a different promoter sequences than
its naturally occurring promoter sequence, such as a consti-
tutive or light-regulated promoter.

[0013] The invention further provides methods of mating
strains of organisms that contain recoded and recombined
hydrogenase sequences that catalyze the formation of
molecular Hydrogen at an enhanced level over naturally
occurring hydrogenase sequences with strains of the same
organism that contain genetic modifications such as random
integration of transposons or other nucleic acid sequences,
expression of RNA1 constructs that are driven by light-
inducible or dark-inducible promoters, and genomic back-
grounds that have been randomly mutagenized using
mutagenesis agents such as chemicals or UV light.

BRIEF DESCRIPTION OF THE DRAWINGS

10014] FIG. 1 illustrates codon usage tables for the organ-
isms Chlamydomonas reinhardtii and Clostridium perfrin-
gens. The numbers next to each codon are the frequency of
the use of that codon per thousand codons 1n transcribed and
translated sequences from the genomes of each respective
organism. The most preferred codon for each amino acid and
stop codon 15 depicted 1n bold font.

[0015] FIG. 2 illustrates codon usage tables for the organ-
ism Entamoeba histolytica. The numbers next to each codon
are the frequency of the use of that codon per thousand
codons 1n transcribed and translated sequences from the
genome the organism. The most preferred codon for each
amino acid and stop codon 1s depicted in bold font.

[0016] FIG. 3 illustrates how one type of annealing-based
recombination method, known as DNA shuflling, recom-
bines sequences from diflerent genes to create a library of
recombined sequences encoding variants of the starting gene
sequences. FIG. 3 1s schematic and generally depicts meth-
ods of DNA shuflling that can be found 1n patents such as
U.S. Pat. Nos. 5,830,721, 5,605,793, 6,132,970, and 6,180,
406.

10017] FIG. 4 illustrates the recoding sequence key for
recoding Fe-hydrogenase genes. The nucleotide sequences
set forth 1n SEQ ID NOs: 88-174 were recoded to utilize
only the most preferred codons in C. reinhardtii, as shown
in bold and underlined font, to generate the nucleotide
sequences set forth in SEQ 1D NOs: 1935-281. SEQ ID NOs:
88-174 and 195-281 encode the amino acid sequences set
forth in SEQ ID NOs: 1-87.

[0018] FIG. 5 illustrates an embodiment of the invention
in which oligonucleotides that correspond to fragments of
recoded gene sequences are designed to cover all regions of
the recoded sequences. Each arrow depicts a region of a
gene that the oligonucleotide corresponds in sequence to.
The oligonucleotides are then subjected to an annealing-
based recombination method. Library 1 and Library 2 depict

other oligonucleotide sequences that correspond to variants
of the conserved PXFTSCCPXW (SEQ ID NO: 345) and
FXEXMXCXXGCXXGGGQP (SEQ ID NO: 350) amino

acid motifs of Fe-hydrogenase proteins. Arrows point in the
5'—3'" direction.

[0019] FIG. 6 illustrates naturally occurring iterations of
the Fe-hydrogenase FXXXGGVMEAAXR (SEQ ID NO:
347) amino acid motif.

Jan. 11, 2007

10020] FIG. 7 illustrates all possible iterations of the
Fe-hydrogenase FXXXGGVMEAAXR (SEQ ID NO: 347)
motif containing naturally occurring amino acids found in
SEQ ID NOs: 1-87 at variable positions. 120 possible amino
acid sequences conform to the key. Of these 120 possible
sequences, only 12 naturally occur 1in known Fe-hydroge-
nase sequences.

10021] FIG. 8 illustrates engineered iterations of the

FXXXGGVMEAAXR (SEQ ID NO: 347) motif that do not

naturally occur in known Fe-hydrogenase genes. Varant
oligonucleotides corresponding to each amino acid sequence

that utilize C. reinhardtii preterred codons specified in FIG.
4 are depicted beside each amino acid sequence.

[10022] FIG. 9 illustrates the experimental results of
BLAST comparisons of the wild-type and recoded Chlamy-
domonas reinhardtii and Clostridium perfringens Fe-hydro-
genase genes. Some sections of the genes that encoded
conserved amino acids in Fe-hydrogenases are illustrated.
The increase in percent nucleotide identity between the
wild-type and recoded sequences 1s listed at left. Annealing-
based recombination methods generally require at least 60%
nucleotide i1dentity between two sequences for sequence-
specific annealing to occur 1n the absence of non-sequence-
specific annealing. The invention creates hydrogenase gene
sequences that are recombined using any annealing-based
recombination method, wherein the corresponding wild-
type gene sequences cannot be recombined or as effectively
recombined in annealing-based recombination methods. Top
nucleotide strand of each recoded sequence comparison 1s
recoded Clostridium perfringens Fe-hydrogenase sequence
fragment from SEQ ID NO:203, with the corresponding
amino acid sequence of the fragment from SEQ ID NO:10.
Bottom strand of each recoded sequence comparison 1is
recoded Chlamydomonas reinhardtii  Fe-hydrogenase
sequence fragment from SEQ ID NO:219, with the corre-
sponding amino acid sequence of the fragment from SEQ 1D
NO:24. Top nucleotide strand of each wild-type sequence
comparison 1s wild-type Clostridium perfringens Fe-hydro-
genase sequence fragment from SEQ ID NO:98, with the
corresponding amino acid sequence of the fragment from
SEQ ID NO: 10. Bottom nucleotide strand of each wild-type
sequence comparison 1s wild-type Chlamydomonas rein-
hardtii Fe-hydrogenase sequence fragment from SEQ ID
NO: 112, with the corresponding amino acid sequence of the

fragment from SEQ ID NO:24.

10023] FIG. 10 illustrates the comparison other amino acid
motifs in Fe-hydrogenase as described for FIG. 9. Top
nucleotide strand of each recoded sequence comparison 1s
recoded Clostridium perfringens Fe-hydrogenase sequence
fragment from SEQ ID NO:2035, with the corresponding
amino acid sequence of the fragment from SEQ ID NO: 10.
Bottom strand of each recoded sequence comparison 1s
recoded Chlamydomonas reinhardtii Fe-hydrogenase
sequence fragment from SEQ ID NO:219, with the corre-
sponding amino acid sequence of the fragment from SEQ 1D
NO:24. Top nucleotide strand of each wild-type sequence
comparison 1s wild-type Clostridium perfringens Fe-hydro-
genase sequence fragment from SEQ ID NO:98, with the
corresponding amino acid sequence of the fragment from
SEQ ID NO: 10. Bottom nucleotide strand of each wild-type
sequence comparison 1s wild-type Chlamydomonas rein-
hardtii Fe-hydrogenase sequence fragment from SEQ ID
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NO: 112, with the corresponding amino acid sequence of the
fragment from SEQ ID NO:24.

[10024] FIG. 11 illustrates codon usage tables for the organ-
ism Lischerichia coli strain K12. The numbers next to each
codon are the frequency of the use of that codon per
thousand codons in transcribed and translated sequences
from the genome of the organism. The most preferred codon
for each amino acid and stop codon 1s depicted in bold font.

10025] FIG. 12 illustrates codon usage tables for the

organisms Pyrococcus furiosus and Rhodospivillum rubrum-
codon. The numbers next to each codon are the frequency of
the use of that codon per thousand codons 1n transcribed and
translated sequences from the genomes of each respective
organism. The most preferred codon for each amino acid and
stop codon 1s depicted 1n bold font.

10026] FIG. 13 illustrates the recoding sequence key for

recoding NiFe-hydrogenase genes. The nucleotide
sequences set Torth 1n SEQ 1D NOs: 184-194 were recoded

to utilize only the most preferred codons 1n Chlamydomonas
reinhardtii, as shown 1n bold and underlined font, to gen-

erate the nucleotide sequences set forth in SEQ ID NOs:
330-339. SEQ ID NOs: 184-194 and 330-339 encode the

amino acid sequences set forth 1n SEQ ID NOs: 1-87.

10027] FIG. 14 illustrates the wild-type Entamoeba his-
tolvtica Fe-hydrogenase (GenBank Accession Number
AF248542; SEQ ID NO: 91). Codons most preferred in
Chlamydomonas reinhardtii are shown 1n large font. Codons
not most preferred in Chlamydomonas reinhardtii are shown
in small font.

10028] FIG. 15 illustrates Entamoeba histolvtica Fe-hy-
drogenase recoded to single Chlamydomonas reinhardtii
preferred codons (SEQ ID NO: 198). The gene sequences 1s

recoded according to FIG. 4.
10029] FIG. 16 illustrates the standard genetic code.

0030] FIG. 17 illustrates the design of chimeric oligo-
nucleotide sequences that encode the C. reirhardtii hydro-
genase transit peptide and N-terminal segments of other
recoded Fe-hydrogenase proteins. Inclusion of these chi-
meric oligonucleotides 1n an annealing-based recombination
reaction ensures that hydrogenase proteins encoded by the
recoded and recombined Fe-hydrogenase library is targeted
to the chloroplast stroma when the library 1s expressed 1n C.
reinhardtii as a host organism. The C. reinhardtii Fe-hydro-
genase gene 1s nuclear encoded, and 1n one embodiment the
recoded and recombined Fe-hydrogenase library 1s used to
transform C. reinhardtii using methods that target the
nuclear genome.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

[0031] U.S. patent application Ser. No. 10/287,750,

entitled “Methods and compositions for generating microbes
capable of producing large amounts of hydrogen”, as well as
all other references cited, are hereby incorporated by refer-
ence for all purposes.

Definmitions: The following definitions are intended to con-
vey the mtended meaning of terms used throughout the
specification and claims, however they are not limiting 1n the
sense that minor or trivial differences fall within their scope.
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[0032] The term “preferred codon™ means a triplet nucle-
otide sequence that encodes an amino acid that 1s utilized 1n
the coding sequences of an organism at a higher frequency
than another triplet nucleotide sequence that encodes the
same amino acid.

[0033] The term “most preferred codons” means a triplet
nucleotide sequence that encodes an amino acid that are
utilized 1n the coding sequences of an organism at a higher
frequency than all other triplet nucleotide sequences that
encode the same amino acid.

[0034] The term “recoding” refers to the process of alter-
ing the naturally occurring coding sequence of a gene such
that at least one codon 1s changed 1n nucleotide sequence by
at least one nucleotide but still encodes the same amino acid
sequence, wherein the a new codon 1s utilized by an organ-
1sm 1n a higher frequency than the naturally occurring codon
at that position. In one embodiment all codons 1n a coding
sequence that are not the most preferred codon for each
amino acid are recoded to contain the most preferred codons
for each amino acid for an organism. Genes from the
organism and from other organisms may be recoded to
conform to the most preferred codons of the organism.

[0035] The term “recoded and recombined hydrogenase
library” refers to a population of nucleotide sequences that
have been created through the recoding of at least one
hydrogenase nucleotide sequence followed by the inclusion
of the recoded at least one hydrogenase nucleotide sequence
with another distinct hydrogenase nucleotide sequence of
the same class 1n an annealing-based recombination reac-
tion. Classes of hydrogenases are Fe-hydrogenases, NiFe-
hydrogenases, and metal-free hydrogenases.

[0036] The term “annealing-based recombination reac-
tion” or “annealing-based recombination method™ refers to
procedures of recombining distinct gene sequences that
possess sequence homology to each other by allowing
single-stranded nucleic acid molecules of the distinct gene
sequences that are complementary or partially complemen-
tary to anneal to each other, followed by the addition of a
DNA polymerase enzyme, to generate novel nucleic acid
sequences.

[0037] The term “DNA shuffling” refers to annealing-
based recombination methods wherein fragments of gene
sequences are allowed to anneal and recombine, as 1llus-

trated 1n FIG. 3 and as disclosed, for example, 1n U.S. Pat.
Nos. 5,605,793, 6,132,970, and 6,180,406.

[0038] The term “exonuclease-mediated recombination
methods™ refers to annealing-based recombination methods
wherein a poly-binding nucleic acid molecule 1s annealed to
two or more mono-binding nucleic acid molecules, as
defined and as disclosed, for example, in U.S. Pat. No.

6,361,974.

[0039] The term “saturation mutagenesis” refers to the
generation of a library of nucleotide sequences wherein all
20 naturally occurring amino acids are substituted in the

same amino acid position m each of 20 nucleotide
sequences, as defined and set forth 1n U.S. Pat. No. 6,361,

974.

[0040] The term “codon usage regime’ refers to the codon
usage preferences of a particular organism, such as the
codon usage regimes depicted in FIGS. 1, 2, 4, 11, 12, and
13.
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[0041] The term “variant oligonucleotides™ refers to oli-
gonucleotides that encode a sequence corresponding to a
segment of a hydrogenase gene that differs by at least one
amino acid from known wild-type amino acid sequences of
hydrogenase proteins. The term “variant oligonucleotide
library” refers to a population of variant oligonucleotides
with distinct sequences. Variant oligonucleotides utilize pre-
terred and preferably most preferred codons of a particular
organism.

[0042] The term “molecular hydrogen™ means two Hydro-
gen atoms bonded 1n the chemical formula H,, also reterred
to as “Hydrogen” herein.

10043] The term “Fe-hydrogenase™ refers to an enzyme
that catalyzes the formation of molecular Hydrogen and
contains at least one Iron atom but no Nickel atoms
covalently bonded to amino acids in and near the active site.
The term “NiFe-hydrogenase” refers to an enzyme that
catalyzes the formation of molecular Hydrogen and contains
at least one Iron atom and at least one Nickel atom
covalently bonded to amino acids in and near the active site.
The term “metal-free hydrogenase” refers to an enzyme that
catalyzes the formation of molecular Hydrogen and does not
contain metal atoms covalently bonded to amino acids 1n
and near the active site.

10044] The term “Oxygen tolerance” refers to the ability
of a hydrogenase protein to catalyze the formation of
molecular Hydrogen in the presence of Oxygen. For
example, an Fe-hydrogenase that catalyzes the formation of
molecular Hydrogen 1n the presence of 3% Oxygen 1s an
Oxygen tolerant hydrogenase.

[10045] The term “Chlamvdomonas reinhardtii” means C.
reinhardtii, a species of green algae. Abbreviations of spe-
cies names such as this are used throughout.

[0046] The invention provides methods of directing the
evolution of hydrogenase genes to exhibit desired properties
such as increased catalytic activity, Oxygen tolerance, the
ability to functionally interact with other proteins such as
ferredoxins, and other properties. The mvention provides
compositions with which to perform the process. Novel
nucleic acid sequences are provided that impart the to ability
to evolve hydrogenase genes. The present mvention pro-
vides the insight that modifying the sequence of hydroge-
nase genes using methods disclosed herein allows for the
simultaneous benefits of exploration of sequence function
that would normally be silent 1n an activity assay and
increased recombination frequency between hydrogenase-
encoding nucleic acid sequences.

[0047] The methods of the invention work by first altering
nucleotides within the coding sequence of at least one
hydrogenase gene to conform to a codon usage regime that
corresponds to a preferred codon usage regime 1n a host
organism. This 1s referred to as recoding. The at least one
hydrogenase gene and at least one other hydrogenase gene
of the same class or fragments thereol are subjected to an
annealing-based recombination reaction that depends on
single stranded nucleic acid molecules that originate from
different parent genes annealing 1n a sequence-specific fash-
ion to other complementary or partially complementary
stranded nucleic acid molecules. One or more of a number
of distinct annealing-based recombination methods dis-
cussed herein are then performed that allow fragments of
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hydrogenase genes to be incorporated into novel hydroge-
nase gene sequences, each novel sequence being a member
of a library of recoded and recombined hydrogenase
sequences. The library 1s then expressed 1n the host organism
and at least one phenotype 1s screened or selected for. For
example, the phenotype of increased catalytic activity of a
hydrogenase over the parent sequences 1s screened or
selected for. Another example of a phenotype that may be
separately or simultaneously screened or selected for 1s the
ability of hydrogenase enzymes encoded in the library to
catalyze the formation of Hydrogen in the presence of
Oxygen, such as 10% Oxygen.

[0048] Sequence function of hydrogenases that would
normally be silent in the phenotypic assay i1s eflectively
assayed in the methods of the invention. ~

This 1s because
segments of hydrogenase gene sequence that would nor-
mally not be expressed in a host organism due to poor
translation resulting from differences 1n codon preferences
between the host organism and the organism from which
parent hydrogenase sequences are obtained are instead
highly expressed due to the recoding of the parent
sequences.

[0049] Increased recombination also occurs during the
annealing-based recombination process when recoded
sequences are employed rather than wild-type sequences
because parent hydrogenase genes included 1n the reaction
are from an extremely diverse set of organisms that each
exhibit unique codon usage regimes. But for the methods of
the invention, all of the hydrogenase genes of a given class
could not be effectively recombined since many hydroge-
nase sequences ol a given class possess no significant
nucleotide sequence homology to each other despite the fact
that 1n regions corresponding to conserved residues they
encoded proteins that possess significant amino acid
sequence homology. The nucleic acid sequences provided
herein were created through the methods of the mvention
and provide the ability to effectively recombine and assay all
known hydrogenase genes and fragments of hydrogenase
genes ol a given class for desired phenotypes. The mvention
therefore allows for the exploration of greater amino acid
sequence diversity through annealing-based recombination
methods, and thus provides the ability to obtain sequences of
hydrogenases that possess a greater array ol phenotypic
characteristics.

[0050] Novel hydrogenase genes created using the meth-
ods and compositions of the ivention are useful for the
generation of Hydrogen for use as an energy source. Hydro-
gen produced by microbes created through the methods of
the mvention 1s harvested from culture containers and used
as an energy source.

I General Explanations

[0051] A. Function of Hydrogenases and Sequence Simi-
larity of Related Hydrogenases

[0052] Hydrogenases are enzymes that catalyze the for-
mation or consumption ol molecular Hydrogen in the revers-
ible reaction:

DHY + 2% 2H,
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Although the reaction can be catalyzed 1n either direction,
most hydrogenases preferentially catalyze the reaction in
one direction over the other. The electrons that are utilized
in the reaction arrive at the hydrogenase after flowing down
the electron transport chain. In photosynthetic electron
transport chains, the electrons flow through the cytochrome
b1 and photosystem I complexes through proteins such as
psaA, psaB, psaC, psaD, psae, psaF and psal. to ferredoxin
before being transferred to the hydrogenase enzyme.

[0053] It 1s an object of the invention to provide hydro-
genase sequences that catalyze the formation of molecular
Hydrogen at increased rates and in increasing amounts over
naturally occurring hydrogenase enzymes. The methods
provided herein are directed to the generation of novel
hydrogenase genes that are used 1n the commercial produc-
tion of Hydrogen.

|0054] There are three classes of hydrogenase genes, Fe-
hydrogenases (iron-containing), NiFe-hydrogenases (nickel
and 1ron-containing), and metal free hydrogenases. Fe and
NiFe hydrogenases are the result of convergent evolution.
Though they possess similarly structured active sites, they
do not represent different branches of a gene family coming
from a common ancestral hydrogenase. Metal free hydro-
genases do not contain metal atoms. For a discussion of all
three classes see Vignais et al. FEMS Microbiol Rev 2001
August; 25(4):455-501. Diaflerent classes of hydrogenases
are found 1n different organisms. For example, many organ-
1sms possess Fe-hydrogenase genes, such as Clostriduim
pasteuranum, Desulfovibrio vulgaris, Clostridium perfrin-
gens, Megasphaera elsdenii, Chlamydomonas reinhardtii,
and many others. Some organisms such as Desulfovibrio
vulgaris possess both Fe and NiFe-hydrogenases. The cata-
lytic activity of both Fe and NiFe classes of hydrogenase
enzymes 1s irreversibly or reversibly mhibited by the pres-
ence of Oxygen.

[0055] Within a class of hydrogenase genes the amino acid
sequences of the encoded proteins possess high conservation
in regions corresponding to the active site and lower con-
servation or no conservation in other regions. For instance,
within the Fe-hydrogenase class, Fe-hydrogenase genes
from different organisms possess certain highly conserved
residues or motifs of residues. An example of such a motif
1s the amino acid sequence GGVMEAA (SEQ ID NO: 348),
which occurs 1n most Fe-hydrogenase proteins. See Happe
et al., Eur J Biochem (2002) February; 269(3): 1022-32.
Despite the high degree of conservation of certain amino
acids, the nucleotide sequences of many hydrogenase
sequences vary substantially. In regions of these genes that
encode highly conserved amino acids the sequence identity
between any two Fe-hydrogenases can be below 50%. In
other words, the degree of nucleotide sequence identity
between certain hydrogenase genes 1s not high even in
regions that encode conserved amino acid sequences, and 1s
no higher than the identity between random sequences in
regions of the genes that encode nonconserved amino acid
sequences and 1n some 1nstances in regions that encode
conserved amino acids. The reason the amino acid
sequences of hydrogenase genes can retain high identity
between proteins while the nucleotide sequences do not
retain high identity 1s due to the degeneracy of the genetic
code and the use of different codon usage regimes between
organisms.
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[0056] B. Genetic Code Degeneracy and Codon Prefer-
ences

[0057] All amino acids with the exception of tryptophan
and methionine can be encoded 1n a gene sequence by more
than one codon. Leucine, arginine, and serine can be
encoded by any of six different codons, while amino acids
such as valine, glycine, and others can be encoded by any of
four different codons. Isoleucine i1s encoded by three difler-
ent codons. Other amino acids such as histidine and tyrosine
are encoded by two different codons. Identical amino acid
sequences can therefore be encoded by different nucleotide

sequences. See FIG. 16 1in which the standard genetic code
1s 1llustrated.

[0058] Organisms possess preferences for certain codons
over other codons that encode the same amino acid. For
example, FIG. 1 illustrates the coding preferences of
Clostridium perfringens and Chlamydomonas rveinhardtii.
For example, TAT codons, encoding tyrosine (Iyr), are
located 1n the coding region of Clostridium perfringens
genes 37.6 times per thousand codons. The other codon that
specifies Tyr, TAC, 1s located in the coding region of
Clostridium perfringens genes 7.1 times per thousand
codons. Chlamydomonas reinhavdtii exhibits different pret-
erences than Clostridium perfringens. For example, TAT,
encoding Tyr, 1s located in the coding region of Chlamy-
domonas reinhardtii genes 2.6 times per thousand codons.
The other codon that specifies Tyr, TAC, 1s located 1n the
coding region of Chlamydomonas reinhardtii genes 23.8
times per thousand codons.

[0059] The codon preferences of C. reinhardtii and C.

perfringens are diametrically opposite from each other. In
other words, for amino acids that are encoded by two
codons, one codon 1s preferred in C. reinhardtii while the
other 1s preferred in C. perfringens. For example, C. rein-
hardtii preferentially utilizes TTC to encode phenylalanine
(Phe) while C. perfringens preferentially utilizes TTT to
encode Phe. For amino acids that are encoded by four
codons, wherein two are utilized 1n substantial frequencies
in an organism while the other two are not, C. reinhardtii
preferentially utilizes two while the other two are preferen-
tially utilized 1in C. perfringens. For example, C. reinhardtii
preferentially utilizes GTG and GTC to encode valine (Val)
while C. perfringens preferentially utilizes GTT and GTA to
encode Val. The only codon that both organisms prefer
where there are different codon options available (in other
words not methionine or tryptophan) 1s TAA for a stop
codon. The result of these diametrically opposite coding
preferences 1s that genes that encode evolutionarily related
proteins that perform the same function 1n these two organ-
1sms do not necessarily possess significant nucleotide 1den-
tity. For example, the Fe-hydrogenase genes of C. rein-
hardtii and C. perfringens do not possess significant
nucleotide identity with each other. Many other Fe-hydro-
genase genes do not possess significant nucleotide 1dentity
with each other for the same reason. In another example, the
Entamoeba histolyvtica Fe-hydrogenase gene does not pos-
sess significant nucleotide 1dentity with the Fe-hydrogenase
gene of C. reinhardtii due again to different codon usage
preferences between the organisms. FIGS. 1 and 2 demon-
strate that, for example, C. reinhardtii, C. perfringens and E.
histolytica each utilize a different preferred codon for 1so-
leucine.
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[0060] Genes from one organism that are cloned or oth-
erwise transiormed into a different host organism are fre-
quently not expressed due to codon differences. Although
such genes are transcribed, they are not translated well or not
translated at all. Host organisms possess low levels of tRNA
molecules corresponding to nonpreferred codons. The result
1s that a gene that encodes a protein that could impart a
particular phenotype 1n a host organism 1s instead silent 1f it
contains a significant number of nonpreferred codons. The
codon usage regime of C. reinhardtii 1s particularly stringent
and as a result many foreign gene sequences cannot be
expressed 1n C. reinhardtii. See Rochaix J-D et al. (1998)
The Molecular Biology of Chloroplasts and Mitochondria 1n

Chlamydomonas (Advances in Photosynthesis, Vol 7), p.
30-31.

[0061] C. Annealing-Based Recombination Methods

10062] A number of methods have been developed that
allow a set of parental sequences to be recombined with each
other based on single-stranded nucleic acids from different
parent genes, which correspond to sense and antisense
strands of the same approximate region of an encoded
protein, to recognize c¢ach other and anneal. Annealing-
based recombination methods also employ DNA-poly-
merase-based extension, primed by a 3' nucleic acid frag-
ment end from a sense strand, 1n which the template 1s the
antisense strand. See FIG. 3 for a schematic illustration of
one type of annealing-based recombination method. Com-
plete hydrogenase gene sequences are formed by the exten-
sion process, which 1s followed by a ligation and/or PCR
protocol that amplifies newly formed genes and ensures that
all phosphodiester backbones of the recombined hydroge-
nase genes are uninterrupted by nicks.

[0063] Genes that do not possess significant sequence
similarities do not recombine when they are included
together 1n annealing-based recombination reactions. This 1s
because annealing-based recombination reactions work by
allowing single stranded nucleotide sequences that possess
certain regions ol complementary homology to recognize
cach other, anneal, and prime the extension of new sequence
from the 3' ends of fragments by DNA polymerase. Genes
that do not possess significant homology to other genes 1n an
annealing-based recombination methods reaction cannot
produce fragments that will anneal to fragments from the
other genes.

[0064] The invention provides methods of recoding genes
to possess higher homology to other genes that perform the
same function without altering amino acid sequence. The
result 1s that all hydrogenase sequences that possess signifi-
cant amino acid similarity are recombined in a single
annealing-based recombination reaction. Furthermore, the
recoding methods also ensure that all sequences created 1n a
recoded and recombined hydrogenase library are translated
in a host organism when all genes included 1n the annealing-
based recombination reaction are recoded to use preferred
codons of the host organism. The invention therefore solves
two problems of annealing-based recombination of hydro-
genase genes, namely lack of nucleotide similarity between
hydrogenase genes from diflerent organisms and lack of
cllective translation of a hydrogenase library that 1s recom-
bined but possesses nonpreferred codons. The invention
provides recoded nucleotide sequences of hydrogenase
genes. The mvention further provides phenotypic assay
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systems for selecting novel hydrogenase genes that possess
desirable qualities such as Oxygen tolerance, increased
catalytic activity, and other traits.

II Recoding of Hydrogenase Genes
[0065] Step 1(a): Recoding of Fe-Hydrogenase Genes

[0066] Fe-hydrogenase genes were 1dentified by searching
for protein sequences that possess significant amino acid
sequence similarity to C. reinhardtii Fe-hydrogenase (SEQ
ID NO: 24). Sequences were 1dentified using the Basic Local
Alignment Search Tool (BLAST) (National Center for Bio-
technology Information, www.ncbi.nlm.nih.gov). Param-
cters for the BLAST search were as follows: the peptide

sequence database searched was the nr database (Database:
All non-redundant GenBank CDS translations+PDB+Swis-

sProt+PIR+PRF); Matrix: BLOSUMS®62; Gap Penalties:
Existence: 11, Extension: 1. 87 unique protein sequences
were identified that possess E values of 47> or smaller
(SEQ ID NOS: 1-87). Some proteins were 1dentified that met
the E value criteria but either did not appear to be hydro-
genase genes, possessed significant homology to the C.
reinhardtii Fe-hydrogenase protein but did not contain
amino acids critical to the Fe-hydrogenase active site, or
were positively identified as having functions other than
hydrogenase activity in the BLAST entry (protein sequences

corresponding to accession numbers gi: 15020824,
g1:16754852, g1:13385742, 1:26335839, ¢1:12851667,

01:226354872, g1:14336719, g1:10438504, £1:18414657,
21:27691020, g1:20807184, £1:4930041 and g1:20807368).
Optionally genes encoding these sequences may be included
with the other 87 gene sequences described below 1n anneal-
ing-based recombination methods.

[0067] Wild-type cDNA sequences corresponding to each
of the 87 i1dentified protein sequence were then obtained
(SEQ ID NOs: 88-174). All cDNA sequences were recoded
to utilize the same codon for each amino acid to generate a
recoded Fe-hydrogenase cDNA set (SEQ ID NOs: 195-281).
The cDNA sequences of SEQ ID NOs: 193-281 were
recoded to utilize only the most preferred codons in C.
reinhardtii, as illustrated 1n FIG. 4. As part of the process,
two unique C. reinhardtii Fe-hydrogenase genes (SEQ 1D
NOs: 112 and 114) were recoded to the same codons
specified 1 FIG. 4 and are components of the Fe-hydroge-
nase CDNA set. The initial set of 87 wild-type hydrogenase
genes may be recoded to any codon usage regime, such as
the regime for C. pasteeuranuum or E. histolytica as 1illus-
trated 1n FIGS. 1 and 2. In other words, recoding the set of
wild type hydrogenase genes to the most preferred C.
reinhardtii codons 1s but one of many recoding options
provided by the mnvention.

0068] Step 1(b): Recoding of NiFe-Hydrogenase Genes

0069] NiFe-hydrogenase genes encoding hydrogenases
that preferentially catalyze the formation of molecular
hydrogen over the consumption of molecular hydrogen in
the reversible hydrogenase reaction:

2H + 2% 2H,

were downloaded and correspond to SEQ ID NOs: 185-194.
These cDNA sequences correspond to the small and large
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subunit genes of the NiFe-hydrogenase catalytic het-
crodimer. The NiFe-hydrogenase cDNA sequences were
recoded to utilize the same codon for each amino acid to
generate a recoded small and large subunit NiFe-hydroge-
nase cDNA set (SEQ ID NOS: 330-339). The cDNA
sequences were recoded to utilize only the most preferred
codons 1n £. coli strain K12, as illustrated in FIG. 13.

[0070] NiFe-hydrogenase enzymes are encoded by two
different genes to form catalytically active heterodimers that
consist of a small and large subunit. Other NiFe-hydroge-
nase genes may be recoded using the methods provided,
including all NiFe-hydrogenases listed 1n Table 2 of Vignais
et al. FEMS Microbiol Rev 2001 August; 25(4):455-501,

incorporated by reference 1n 1ts entirety for all purposes.

[0071] Steps 1(a) and 1(b) are alternate protocols for
recombining hydrogenases of diflerent classes. Since Fe-
hydrogenases and NiFe-hydrogenases are different classes
of hydrogenases and do not possess nucleotide or amino acid
similarity with each other, only hydrogenase genes of the
same class are recoded and put through the annealing-based
recombination methods. Furthermore, 1n the case of NiFe-
hydrogenases, small and large subunit genes are recoded and
recombined separately followed by coexpression of recoded
small and large subunit libraries. In order to practice the
invention 1t 1s not necessary to recombine and express genes
of both classes. Fither of the two classes of hydrogenase
may be recombined using the methods of the invention.
Certain organisms such as D. vulgaris possess endogenous
hydrogenase genes of both classes and may be used for the
expression of recombined genes of both classes.

[0072] The examples provided herein demonstrate recod-
ing of Fe-hydrogenase genes encoding proteins of SEQ ID
NOs: 1-87 to most preferred C. reinhardtii codons, however
the 1nvention provides methods of generating gene
sequences that encode the amino acid sequences set forth 1n
SEQ ID NOs: 1-87 and utilize preferred or most preferred
codons of any host organism. The examples provided herein
demonstrate recoding of NiFe-hydrogenase genes encoding
proteins of SEQ ID NOs: 175-184 to most preferred E. coli
strain K12 codons, however the invention provides methods

ol generating gene sequences that encode the amino acid
sequences set forth i SEQ ID NOs: 175-184 and utilize
preferred or most preferred codons of any host organism.

III Annealing-Based Recombination of Recoded Hydroge-
nase Sequences

[0073] A. Chemical Synthesis of Parental Recoded
Nucleic Acid Sequences

[0074] All annealing-based recombination methods of
recoded sequences require the synthesis of recoded parental
genes or oligonucleotides corresponding to fragments of
recoded parental genes. The recoded, synthetic nucleic acids
are then subjected to an annealing-based recombination
method that allows recoded parental genes or gene Irag-
ments to hybridize to other recoded parental genes or gene
fragments 1 a sequence-specific manner, followed by a
DNA polymerization step.

[0075] Recoded hydrogenase DNA sequences are synthe-
s1ized by chemical synthesis according to standard methods.
For example, synthetic DNA sequences may be purchased
from commercial sources such as Operon Technologies,
Alameda, Calif. DNA sequences may be synthesized corre-
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sponding to the entire length of cDNA sequences, however
yields typically decline for synthesis over 100 nucleotides in
length. Optionally, oligonucleotides of approximately 30-40
nucleotides 1n length are synthesized corresponding to the
entire sense and antisense sequence of each SEQ ID NOs:
195-281 or 330-339. Optionally, sense strands are designed
to anneal across boundaries of back-to-back antisense
strands and vice-versa, as depicted 1n FIG. 5. The result of
this particular design 1s that for a given recoded gene, all
polynucleotides corresponding to a particular gene anneal to
form recoded, double stranded genes with nicks i1n the
phosphodiester backbone of both strands. Preferably sub-
stantially all or all amino acids of a recoded gene are
encoded by at least one synthesized oligonucleotide, pret-
erably both as a codon on the sense strand and as the
complement of the codon on the antisense strand. Option-
ally, some oligonucleotides are also designed to encompass
regions of hydrogenase genes that correspond to regions of
conserved amino acid motifs and may include non-naturally

occurring variations of conserved amino acid motifs, as
depicted 1n FIG. 8.

[0076] The recoded oligonucleotides are directly intro-
duced into annealing-based recombination reactions such as
DNA shuflling, as described in Example 3. Optionally, the
recoded oligonucleotides corresponding to each tull recoded
gene sequence are annealed, ligated, and maintained as
clones until use 1 an annealing-based recombination reac-
tions such as imcomplete PCR extension, as described in
Example 3.

[0077] Other chemically synthesized oligonucleotides and
genes corresponding to parental genes sequences, chimeric
sequences, and nucleotide sequences that encode non-natu-
rally occurring amino acid sequences may also be generated,
as discussed 1n following sections.

[0078] B. Recombination and of Recoded Nucleic Acid
Sequences Using Annealing-Based Recombination Methods

[0079] Oligonucleotides containing recoded hydrogenase
sequences are recombined using methods that depend on
sequence similarity between distinct nucleic acid sequences
pooled into a reaction. A number of annealing-based recom-
bination methods may be employed.

[0080] For example, DNA shuffling may be employed as
the annealing-based recombination method. DNA shuflling
1s a method of recombining one or more genes that perform
an 1dentical or similar function and possess at least some
nucleotide sequence homology, preferably 60% or more.
DNA shuflling works by randomly fragmenting two or more
DNA sequences that differ by at least one nucleotide,
denaturing the fragments to make them single stranded,
allowing complementary or partially complementary single
stranded fragments to anneal to each other, and filling 1n the
gaps between the annealed fragments using a DNA poly-
merase. (For examples, see FIG. 3 and U.S. Pat. No.
5,605,793, U.S. Pat. No. 5,830,721, U.S. Pat. No. 6,117,679,
and related patents). The resulting population of nucleic acid
molecules can be subjected to the same process of fragmen-
tation, denaturation, annealing, and extension through
repeated cycles. The population of shuflled sequences are
then expressed and analyzed for the ability to display a
desired phenotype. For example, the desired phenotype can
be the ability to synthesize a particular molecule or degrade
a particular molecule. (for examples, see U.S. Pat. Nos.

5,837,438; 5,605,793; 6,180,406; and 6,132,970).
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[0081] In alternative DNA shuflling methods, oligonucle-
otide fragments are synthesized and put through a shuilling
reaction that does not include an 1itial fragmentation step.
As opposed to shuflling reactions in which the parental
genes are cloned fragments, in these alternative methods the
parental genes are encoded by oligonucleotides synthesized

to correspond to fragments of the parental gene sequences.
For example, see U.S. Pat. No. 5,830,721.

[0082] In still alternative DNA recombination methods,
agents that enhance recombination between sequences are

included 1n a recombination reaction. For example, see U.S.
Pat. No. 6,117,679.

[0083] Other methods of annealing-based recombination
may be employed in which PCR or PCR-like extension
methods are interrupted before complete synthesis of a
strand has been performed. The partial synthesis generates
nucleic acid fragments that may be annealed and recom-
bined. The incomplete fragments are denatured and allowed
to anneal to complementary sequences or partially comple-
mentary sequences followed by at least one more poly-
merase extension reaction. Incompletely synthesized frag-
ments of different parental genes recombine by annealing
and serving as a template for further extension by DNA
polymerase. The extension may be interrupted through the
inclusion of agents that interrupt DNA polymerase enzymes
or by simply performing cycles of extension with extremely
short extension times followed by heat-mediated denatur-

ation. For example, see U.S. Pat. Nos. 5,965,408; 6,165,793;
and 6,440,668.

[0084] Other methods of annealing-based recombination
may be employed in which work by denaturing a gene and
allowing fragments of other genes to anneal to homologous
sections of the gene, followed by DNA Polymerase exten-
sion. In some variations of this method two or more single
stranded fragments of genes anneal to complementary sec-
tions of a single stranded full length gene, followed by
exonuclease-mediated excision of single stranded nucle-
otides that do not anneal. For example, see FIGS. 4-6 of U.S.
Pat. No. 6,361,974,

[0085] Other annealing-based recombination methods
may be employed to recombine hydrogenase sequences,

such as those described 1n Meyerhans et al. Nucleic Acids
Res 1990 Apr. 11; 18(7):1687-91, Moore et al. J Mol Biol

1997 Sep. 26; 272(3):336-477, Coco et al. Nat Biotechnol
2001 Apnl; 19(4):3534-9, and Coco et. al Nat Biotechnol
2002 December; 20(12):1246-30.

10086] C. Components of the Annealing-Based Recombi-
nation Reaction

|0087] Synthetic oligonucleotides corresponding to
recoded hydrogenase sequences, and optionally libraries of
variant oligonucleotides encoding non-naturally occurring
variants of conserved amino acid motifs, are pooled and
subjected to one or more annealing-based recombination
reactions. The reaction may contain diflerent combinations
of oligonucleotides of varying length and sequence. Since
the methods of the invention require the annealing-based
recombination reaction to allow similar sequences derived
from diflerent parental genes to anneal, the inclusion of any
first nucleic acid sequence 1n the recombination reaction that
possesses significant nucleotide similarity to any other
nucleic acid molecule 1n the reaction produces a recoded and
recombined hydrogenase library in which the first nucleic
acid sequence 1s represented.
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[0088] For example, sense and antisense oligonucleotides
corresponding to the entire length of recoded hydrogenase
genes are included in the annealing-based recombination
reaction. The oligonucleotides may be of variable length,
however preferably they are at least 10 nucleotides 1n length
and preferably at least 15 nucleotides 1n length. Optionally,
SEQ ID NOs: 195-281 and 330-339 may also be included 1n
the annealing-based recombination reaction by maintaining
the sequences 1n plasmid vectors and either amplifying the
sequences by PCR or releasing the sequences by restriction
digest, however the mnvention provides synthetic oligonucle-
otide sequences that may be synthesized and included 1n an
annealing-based recombination reaction without the need
for maintaining the sequences as clones.

[0089] The components of one example such an anneal-
ing-based recombination reaction are depicted 1n FIG. 5, 1n
which sense and antisense fragments encoding the entire
length of hydrogenase genes are included 1n a DNA shuflling
reaction. In addition, oligonucleotides corresponding to dif-
ferent 1terations ol conserved amino acid motifs are also
included 1n the reaction. FIG. 5 1s not intended to depict the
actual sequences to scale, nor 1s 1t limiting 1n the placement
ol particular libraries of oligonucleotides corresponding to
conserved amino acid motifs. The exact boundaries between
oligonucleotides encoding back-to-back sections of a tull
length sequence may be varied. The methods of the inven-
tion do not depend on any particular length or placement of
synthetic oligonucleotide boundaries.

[0090] Any number of sets of oligonucleotides may be
included 1n the annealing-based recombination reaction that
correspond to different amino acid motifs 1 hydrogenase
genes. In addition, a set of such oligonucleotides may
include any number of non-naturally occurring sequence
iterations of such an amino acid motif. A single oligonucle-
otide may be included 1n the reaction that corresponds to any
region ol a hydrogenase gene. Although the oligonucleotide
libraries 1n FIG. § are depicted to contain molecules of the
same number of nucleotides, there 1s no reason why the
oligonucleotides 1n a set must be of the same length or
contain sequences corresponding to the same 3' and 3
boundaries. For example, a library may contain oligonucle-
otides that are 1dentical 1n nucleotide length but staggered 1n
the amino acid sequence they contain, such as oligonucle-
otide Library 1 of FIG. 5. Literally any mixture of oligo-
nucleotides may be included 1n the annealing-based recom-
bination reaction reaction. It 1s preferable that any
oligonucleotide or other nucleic acid fragment that is
included 1n the reaction contain enough nucleotide sequence
similarity to at least one other oligonucleotide that the two
are capable of annealing at temperatures high enough to
prevent nonspecific annealing of nonhomologous
sequences. Typical annealing temperatures 1n annealing-
based recombination reactions range from 40° C. to 75° C.,
however preferred annealing temperatures are in the 50°
C.-65° C. range. It 1s preferable that sequences in the
reaction that correspond to regions of genes that encode
conserved amino acid motifs possess at least 60% nucleotide
identity with sequences from other genes included in the
reaction. More preferably, any two such sequences possess
at least 70% nucleotide 1dentity, more preferably at least
80%, and more preferably at least 90%. As illustrated 1n
FIGS. 9 and 10, the recoding methods of the invention alter
nucleotide i1dentity levels between sequences that encode
conserved amino acid motifs 1 hydrogenase genes of the
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same class between diflerent genes from levels 1n the low
40% to mid 50% range to levels 1n the mid 70% to low 90%

range.

[0091] Optionally, wild-type genes are included in the
annealing-based recombination reaction. Preferably a wild
type sequence mcluded 1n the reaction utilizes the same or
similar codon preferences as the synthetic oligonucleotides.

10092] PCR-based polymerization disruption methods
may be chosen as the annealing-based recombination
method, such as in U.S. Pat. Nos. 5,965,408, 6,165,793 and
6,440,668, and 1n these methods a plurality of templates and
primers may be included 1n the reaction that correspond to
recoded hydrogenase sequences and/or non-naturally occur-
ring variant sequences of hydrogenase sequences.

[0093] Optionally, the oligonucleotides are fragmented
before the annealing-based recombination reaction. Frag-
mentation may be performed on the pooled mixture or on
individual oligonucleotides of a particular sequence. Option-
ally, fragmentation may be performed only on full length
gene sequences prior to the annealing-based recombination
reaction, such as a wild type sequence incorporated 1nto the
sequence mixture. Optionally a partial, full length, or frag-
mented hydrogenase sequence from the host orgamism 1s
included in the sequence mixture. Fragmentation may be
performed using nucleases such as DNAse I, available from
sources such as Sigma Inc. St. Lous, Mo.

10094] Preferably, the ratio of each nucleic acid molecule
species 1n the annealing-based recombination reaction to all
other nucleic acid molecule species 1s controlled. For
example, the total number of oligonucleotide fragments
corresponding to sequences that span conserved amino acid
motifs in hydrogenase genes may be higher in the annealing-
based recombination reaction than the total number of
sequences derived from hydrogenase genes that span non-
conserved regions of hydrogenase genes. This situation 1s
depicted 1n FIG. §, wherein for example oligonucleotides
that encode polypeptide sequences corresponding to the
conserved Fe-hydrogenase amino acid motifs PXFTSC-
CPXW (SEQ ID NO: 343), FXXXGGVMEAAXR (SEQ ID
NO: 347) and FXEXMXCXXGCXXGGGQP (SEQ ID NO:
350) are included in higher numbers than sequences that
correspond to nonconserved regions of Fe-hydrogenase pro-
teins (single amino acid letter designation wherein X 1s any
amino acid).

[0095] In another example, the total number of oligonucle-
otide fragments corresponding to a hydrogenase gene from
one organism may be higher than the total number of
oligonucleotide fragments corresponding to a hydrogenase
gene from a different organism i1n the annealing-based
recombination reaction. For example, the number of oligo-
nucleotide fragments corresponding to D. vulgaris Fe-hy-
drogenase genes included in the annealing-based recombi-
nation reaction 1s higher than the number of oligonucleotide
fragments corresponding to Fe-hydrogenase genes from
other organisms. The advantage to such an approach 1s that
characteristics of the sequences that are included in the
annealing-based recombination reaction 1 higher propor-
tionate numbers (to the overall number of sequences in the
reaction) are represented 1n a larger number of the recom-
bined sequences encoded by the recoded and recombined
hydrogenase library created by the annealing-based recom-
bination reaction. In this particular example, recoded D.
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vulgaris Fe-hydrogenase nucleotide sequences are included
in the reaction 1 higher numbers because this particular
hydrogenase protein 1s reversibly inhibited by the presence
of Oxygen whereas many other Fe-hydrogenase proteins are
irreversibly inhibited by the presence of Oxygen. A very
desirable trait of a hydrogenase gene created through the
methods of the invention 1s the ability to catalyze the
creation of Hydrogen molecules 1n the presence of Oxygen,
preferably atmospheric levels of Oxygen such as approxi-
mately 21%.

[0096] In another example, variant oligonucleotides are
included 1n the annealing-based recombination reaction. The
ratio of all vanant oligonucleotides corresponding to a
particular region of hydrogenase genes to each other may be
the same, or alternatively variant oligonucleotides that con-
tain an amino acid that 1s a conservative substitution com-
pared to the amino acid that occupies the position in the
majority of hydrogenase genes are included 1n the sequence
mixture in a higher total amount than other variant oligo-
nucleotides that contain an amino acid that 1s a nonconser-
vative substitution. Optionally, variant oligonucleotides are
designed to encompass regions ol hydrogenase genes that
correspond to concentrated regions ol conserved amino
acids, and 1n some 1nstances one amino acid position that 1s
not an mvariant conserved amino acid 1s altered in the
variant oligonucleotide to specity a different amino acid than
1s naturally found 1n that position. Preferably a set of variant
polynucleotides 1s designed to include each possible amino
acid at the vanant position. Variant oligonucleotides may
also be mncluded 1n the annealing-based recombination reac-
tion that contain conservative amino acid substitutions of
invariant amino acids of a hydrogenase class.

[0097] Conservative amino acid substitutions are, for
example, aspartic or glutamic acid as acidic amino acids;
lysine/arginine/histidine as basic amino acids; leucine/iso-
leucine, methionine/valine, alanine/valine as hydrophobic
amino acids; serine/glycine/alanine/threonine as hydrophilic
amino acids. Conservative amino acid substitutions do not
differ significantly 1n their effect on mamtaining (a) the
structure of the peptide backbone 1n the area of the substi-
tution, (b) the charge or hydrophobicity of the molecule at
the target site, or (¢) the bulk of the side chain. Naturally
occurring residues are partitioned into groups based on
common side chain properties as follows: (1) hydrophobic:
met, ala, val, leu, 1le; (2) neutral hydrophilic: cys, ser, thr; (3)
acidic: asp, glu; (4) basic: asn, gln, his, lys, arg; (5) residues
that influence chain orientation: gly, pro; and (6) aromatic;
trp, tyr, phe. The invention also envisions variant oligo-
nucleotides encoding non-conservative substitutions. Non-
conservative substitutions entail exchanging a member of
one of the classes described above for another.

[0098] In addition to the synthesis of recoded sequences,
in some 1nstances 1t may be desirable to 1ncorporate certain
clements of hydrogenase genes mto all or substantially all
recombined hydrogenase genes in a recoded and recombined
hydrogenase library. For example, the Fe-hydrogenase of C.
reinhardtii has a 56 amino acid transit peptide that targets
the enzyme to the chloroplast stroma. Since not all Fe-
hydrogenases are targeted to the chloroplast stroma or are
found 1n organisms that have chloroplasts, 1t 1s desirable
when utilizing C. reinhardtii as a host organism for expres-
sion ol a recoded and recombined hydrogenase library to
include in the annealing-based recombination reaction chi-
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meric oligonucleotides that encode the C. reinhardtii transit
peptide sequences at one end and at least 10 nucleotides
corresponding to N-terminal amino acids of other recoded
Fe-hydrogenase genes. Oligonucleotides corresponding to
the sense strand have the C. reinhardtii signal sequence on
theirr 5' end and nucleotides corresponding to another Fe-
hydrogenase sequence on their '3 end. The reverse it true for
the correspondmg antisense strand. It 1s not necessary that
the amino acids encoded by the oligonucleotide that corre-
spond to the non-C. reirhardtii Fe-hydrogenase be the
farthest N-terminal amino acids, but 1t 1s preferable that they
be located on the N-terminal side of all highly conserved
amino acids in the protemn. The chimeric oligonucleotides
anneal to complementary nucleotide sequences and allow all
or substantially all hydrogenase genes in the recoded and
recombined hydrogenase library to contain a transit peptide
that targets the encoded protein to the chloroplast stroma.
Example of such chimeric oligonucleotides are SEQ ID
NOs: 340-342, which encode the sense strand of the recoded
C. reinhardtii transit peptide sequence (from SEQ ID NO:
219) and nucleotides that encode 15 amino acid N-terminal
regions of the Trichomonas vaginalis, Neocallimastix fron-
talis, and Giardia intestinalis Fe-hydrogenases, respectively.
Each chimeric oligonucleotide utilizes most preferred C.
reinhardtii codons according to FIG. 4.

[0099] In an example of a non-annealing-based mutagen-
es1s reaction, hydrogenase genes, preferably recoded to most
preferred codons of a host orgamism, may be subjected to
saturation mutagenesis and then assayed for the production
of Hydrogen in the host organism. Saturation mutagenesis 1s
a technique described previously 1n which all 20 amino acids
are substituted 1n a particular position 1n a protein and clones
corresponding to each variant are assayed for a particular
phenotype. For example, see U.S. Pat. Nos. 6,171,820 and
6,358,709, Although any amino acid may be substituted in
a saturation mutagenesis experiment, the most likely amino
acids that may be substituted to create novel hydrogenase
genes that exhibit properties such as Oxygen tolerance are
amino acids that are not imnvariant between all hydrogenases
of a class, and are directly adjacent to one or two invariant
active site amino acids of the class. For example, the X

residue 1n the Fe-hydrogenase GGVMEAAXR (SEQ ID
NO: 349) motif 1s a candidate for saturation mutagenesis.

0100] Novel hydrogenase genes other than SEQ ID NOs:
88-174 and 185-194 may be obtained, recoded, and included
in an annealing-based recombination reaction in addition to
the sequences disclosed herein or to the exclusion of
sequences disclosed herein. Such novel hydrogenase genes
may be obtained from several methods. For example, probe
nucleic acid molecules corresponding to conserved amino
acid motiis, particularly enzyme active site residues, may be
immobilized and libraries of denatured genomic or cDNA
sequences from a plurality of microbes may be hybridized to
the probe. Nucleic acid sequences corresponding to proteins
that perform similar or i1dentical functions as the protein
from which the probe was derived are 1solated using these
techniques. It 1s preferable to use degenerate probes that
utilize different codons but encode the same amino acid
sequences so as to maximize the chances of 1solating genes
from microorganisms that utilize a diverse assay of codon
usage regimes. For example, see U.S. Pat. Nos. 6,368,798
and 6,344,328. Other methods of 1solating novel hydroge-
nase genes include placing microbes under conditions sui-
ficient to induce the expression of hydrogenase genes, such
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as anaerobic conditions, followed by the 1solation of mRINA.
For example, exposing green algae to anaerobiosis or Sulfur

deprivation induces the expression of hydrogenases. See
U.S. patent application Ser. No. 10/287,750, and Zhang at

el., Planta (2002) February; 214(4):552-61. cDNA libraries
are then generated from the microbes using standard tech-
niques, and the libraries are sequenced to identity novel
hydrogenases. Alternatively to generating cDNA libraries,
hydrogenase genes may be identified from mRNA samples
by RT-PCR amplification using primers that correspond to
highly conserved motifs 1n hydrogenase proteins. For
example, RT-PCR 1s performed using degenerate sense
oligonucleotides that encode the Fe-hydrogenase motif

PXFTSCCP (SEQ ID NO: 346) and antisense oligonucle-
otides that encode the Fe-hydrogenase motif GCXXGGGQP
(SEQ ID NO: 331). In addition, polydT oligonucleotides
may be used along with an upstream primer corresponding
to a conserved motif. RT-PCR products are then sequenced
and longer or full length hydrogenase sequences are deter-
mined using other standard PCR techniques such as RACE-
PCR. Novel hydrogenase sequences, which need not be tull
length sequences, are recoded and included 1n an annealing-
based recombination reaction.

[0101] Additionally, genes encoding hydrogenase proteins
sequences other than those set forth in SEQ ID NOs: 88-174
and 185-194 may be employed 1n annealing-based recom-
bination reactions by mutation of the genes that encode SEQ)
ID NOs: 88-174 and 185-194 to encode functional variants
of SEQ ID NOs: 88-174 and 185-194. For example, any
hydrogenase gene that possesses at least 60% nucleotide
identity with a segment of another nucleotide sequence over
a stretch of nucleotides at least 10 nucleotides, preferably 15
nucleotides, and more preferably 20 or 30 nucleotides may
be utilized in the methods of the invention.

10102] D. Results of Recoding on Exploration of Protein
Function

[0103] The recoded and recombined hydrogenase libraries
created by the annealing-based recombination methods of
the invention allow for the functional exploration of gene
sequences that would not be incorporated into libraries using
traditional annealing-based recombination methods. This 1s
because hydrogenase genes from different organisms do not
always display significant nucleotide sequence homology
despite the fact that they encode similar amino acid
sequences. Nucleotide sequences that do not possess sig-
nificant homology to other sequences included in the same
annealing-based recombination reaction do not anneal dur-
ing the reaction, and therefore these sequences do not
recombine. In addition, since the invention provides
sequences that are recoded to utilize most preterred codons
in the host organism 1n which the recoded and recombined
hydrogenase libraries are expressed, the invention allows for
all sequences 1n the library to be translated with maximum
eiliciency by the host organism. The invention therefore
prevents sequences in a hydrogenase library that encode
proteins with desirable qualities from being missed in the
screening or selection assay due to poor translation. For
instance, using traditional annealing-based recombination
methods, a region of high conservation (such as the
PXFTSCCPXW (SEQ ID NO: 3435) motif of Fe-hydroge-
nases) encoded by a sense oligonucleotide from one organ-
1sm and an antisense oligonucleotide from a diflerent organ-
1sm might 1n some 1nstances allow the sequences to anneal
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and recombine, however 1f the codons 1n any region of one
of the oligonucleotides are not preferred in the host organism
then despite the successiul annealing and recombination of
the sequences, proteins encoded by the resulting recombined
gene are poorly translated. In other instances the different
codon usage in the two genes causes such oligonucleotides
to not anneal and recombine at all.

10104] To illustrate one benefit of the invention, two
sequences of Fe-hydrogenase genes were compared using
the BLAST program belfore and after recoding. The nucle-

otide sequences of wild-type Chlamvdomonas reinhardtii
Fe-hydrogenase (SEQ ID NO: 112) and wild-type
Clostridium perfringens (SEQ ID NO: 98) were compared
using the pairwise analysis module of the BLASTN version
2.2.4 program under the following parameters: Match: 1;
Mismatch: -2; gap open: 5; gap extension: 2; X_dropoil: 50;
expect: 10.000; wordsize: 11; Filter: on. The result indicated
no significant nucleotide sequence similarity between the
two gene sequences. Some portions of the two sequences
demonstrated limited identity in regions corresponding to
highly conserved amino acids, as depicted mn FIGS. 9 and
10. For example, FIGS. 9 and 10 demonstrate that 82, 96, 70,
and 27 base pair segments of the two wild-type sequences
that correspond to highly conserved amino acid sequences
possess only 56.1%, 42.7%, 52.9%, and 55.5% nucleotide
identity, respectively. After the sequences were recoded to
conform to the codon usage of most preterred Chlamydomo-
nas reinhardtii codons depicted i FIG. 4, the two recoded
sequences (SEQ ID NO: 219 and SEQ ID NO: 203) were run
through the pairwise analysis module of the BLASTN
program under the same experimental parameters as with the
wild-type sequences above. As depicted 1n FIGS. 9 and 10,
the same regions possess 87.8%, 74.0%, 78.6%, and 92.6%
nucleotide 1dentity, respectively. Fe-hydrogenase sequences
of SEQ ID NOs: 193-281 and NiFe-hydrogenase SEQ ID
NOs: 330-339 are therefore superior to the corresponding
wild-type Fe-hydrogenase sequences of SEQ ID NOs:
88-174 and NiFe-hydrogenase SEQ ID NOs: 185-194 for
purposes ol annealing-based recombination methods. The
invention provides methods of manipulating nonidentical
but homologous gene sequences to make them more likely
to anneal and therefore recombine 1n annealing-based
recombination reactions. Since annealing-based recombina-
tion methods require at least 60% nucleotide identity
between segments of genes 1 order to recombine, and
preferably 70% or more, much larger numbers of gene
sequences are elfectively recombined using the methods of
the mvention than with traditional annealing-based recom-
bination methods, with the result that a deeper exploration of
hydrogenase sequences 1s performed.

[0105] The effect of recoding also provides the benefit that
the host organism efliciently translates any region of a
recoded gene. To illustrate this benefit, FIG. 14 depicts the
wild-type sequence of Entamoeba histolytica Fe-hydroge-
nase (SEQ ID NO: 91). Codons that are preferred in C.
reinhardtii are depicted 1n large font while nonpreferred
codons are depicted in small font. FIG. 15 depicts the
recoded sequence of Entamoeba histolyvtica Fe-hydrogenase
(SEQ ID NO: 198). All codons are the most preferred in C.
reinhardtii. Any region of the recoded Fe-hydrogenase gene
1s efliciently translated in C. reinhardtii when 1t 1s used as the
host organism for expression of recoded and recombined
hydrogenase libraries that include segments of SEQ ID NO:
198. Any fragment of the recoded Entamoeba histolytica
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Fe-hydrogenase that possesses amino acid homology with
any other Fe-hydrogenase 1s both (1) more likely to recom-
bine with any other Fe-hydrogenase nucleotide sequence
recoded to the same or similar codon preferences and (2)
cllectively translated 1n a host organism that the wild-type E.
histolytica Fe-hydrogenase sequence has been recoded to
conform with. The recoding of wild type hydrogenases
provides 1for expanded exploration of hydrogenase
sequences over traditional annealing-based recombination
methods.

IV Assay for Desired Phenotypes

[0106] A. Expression of Recoded and Recombined Hydro-
genase Library

[0107] The recoded and recombined hydrogenase library
1s mserted mto a nucleic acid vector which 1s then trans-
formed into a population of host cells. Standard transfor-
mation methods are used for C. reinhardtii. See for examples
see Kindle et al., Proc Natl Acad Sc1 USA (1991) Mar. 1;
88(5):1721-5; Kindle, Meth Enzymology (1998) 297: 27-38,
Shimogawara et al., Genetics (1998) April; 148(4):1821-8,
Randolph-Anderson et al., Mol Gen Genet (1993) January;
236(2-3):235-44, and Rochaix J-D et al. (1998) The Molecu-
lar Biology of Chloroplasts and Mitochondria in Chlamy-
domonas (Advances 1n Photosynthesis, Vol 7). Transforma-
tion methods for other microbes such as photosynthetic
bacteria and cyanobacteria are also known. (for examples
see Wirth et al., Mol Gen Genet 1989 March; 216(1):175-7,
Koksharova et al., Appl Microbiol Biotechnol 2002 Febru-
ary; 58(2):123-37). Transformation methods and selectable
markers for use i1n bacteria such as £. coli are also known
(for examples see Maniatis et al. (1989) Molecular Cloning;:
A Laboratory Manual Cold Spring Harbor Laboratory). The
vector may contain any number of additional components
besides the recoded and recombined hydrogenase
sequences, including but not limited to promoters, screen-
able or selectable markers, other genes that can be expressed
besides hydrogenase genes, and structural sequences that aid
in maintenance of the vector sequence in the cell such as
centromeres.

[0108] For example, selectable markers amenable for use
in Chlamydomonas include markers imparting spectinomy-
cin resistance (Fargo et al., Mol Cell Biol (1999) October;
19(10):6980-90), kanamycin and amikacin resistance (Bate-
man et al., Mol Gen Genet (2000) April; 263(3):404-10),
zeomycin and phleomycin resistance (Stevens et al., Mol
Gen Genet (1996) April 24; 251(1):23-30), and paromycin
and neomycin resistance (Sizova et al., Gene (2001) Oct. 17;
2°77(1-2):221-9). Screenable markers are also available 1n
Chlamydomonas, such as the green fluorescent protein
(Fuhrmann et al., Plant J (1999) August; 19(3):353-61) and
the Remnilla luciterase gene (Minko et al., Mol Gen Genet
(1999) October; 262(3):421-5). Many other selectable
marker systems are available i bacterial cells and other
microbial cells that are known 1n the art (for examples see
Sambrook et al., Molecular Cloning, A Laboratory Manual,
Cold Spring Laboratory Press, Cold Spring Harbor, N.Y.
(1989)).

[0109] Genes in the vector are driven by any type of
promoter, such as inducible or constitutive promoters. For
example, i Chlamydomonas, a promoter sequence that
imparts transcriptional activation when a cell 1s exposed to
light may be incorporated into the vector (for examples see
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Hahn et al., Curr Genet (1999) lJanuary;, 34(6):459-66,
Loppes et al., Plant Mol Biol 2001 January; 45(2):215-27,
and Villand et al. Biochem J 1997 Oct. 1; 327 (Pt 1):51-7).
Other light-inducible promoter systems may also be used,
such as the phytochrome/PIF3 system (see Shimizu-Sato et
al., Nat Biotechnol 2002 October; 20(10):1041-4). Other
promoters may be used that activate expression when a cell

1s exposed to light and heat (for examples, see Muller et al.,
Gene (1992) Feb. 15; 111(2):165-73, von Gromofil et al.,

Mol Cell Biol (1989) September; 9(9):3911-8). Other pro-
moters may be used that activate expression when a cell 1s
exposed to darkness (for example, see Salvador et al., Proc
Natl Acad Sci1 USA 1993 Feb. 15; 90(4):1556-60). Alterna-
tively the promoter sequence imparts transcriptional activa-
tion when an exogenous molecule 1s added to the culture
media using receptors not present in the wild-type cell such

as receptors for estrogen, ecdysone, or others (Metzger et al.,
Nature 1988 Jul. 7; 334(6177):31-6, No et al. Proc Natl Acad

Sci USA 1996 Apr. 16; 93(8):3346-51). Alternatively a
constitutive promoter can be used such as the promoter of
the RBCS2 or psaD genes (see Stevens et al., Mol Gen
Genet (1996) Apr. 24; 251(1):23-30 and Fischer, WO
01/48185). Promoter sequences 1n bacterial cells and other
microbes are also known (for examples see Sambrook et al.,
Molecular Cloning, A Laboratory Manual, Cold Spring

Laboratory Press, Cold Spring Harbor, N.Y. (1989)).

[0110] B. Culture of Cells Expressing the Recoded and
Recombined Hydrogenase Library

[0111] The host organism cells may be cultured in many
types of media containing diflerent components. The culture
media may also be solid or liquid. Preferably the cells are
cultured 1n liquid media since a desired strain that 1s capable
of generating large amounts of Hydrogen 1n the presence of
Oxygen 1s commercially deployed i liquid media for
growth 1n sunlit conditions mm minimal culture media.
Growth media for Chlamydomonas cells, such as Sager’s
Minimal Media or Hunter Trace FElement Media, are
described 1n sources such as Harris E., (1989) The Chlamy-
domonas Sourcebook. Academic Press, New York and
Rochaix J-D et al. (1998) The Molecular Biology of Chlo-
roplasts and Mitochondria in Chlamydomonas (Advances in
Photosynthesis, Vol 7). Minimal media 1s preferred when the
host organism 1s or can be photoautotrophic because 1t 1s
desirable to evolve microbes to generate Hydrogen using
only sunlight as energy. Standard growth media for other
types of cells such as bacteria, cyanobacteria, and photo-
synthetic bacteria are known (see Mamniatis et al. (1989)
Molecular Cloning: A Laboratory Manual Cold Spring Har-
bor Laboratory; Masukawa et al., Appl Microbiol Biotech-
nol 2002 Apnl; 58(5):618-24; and Papen et al., Biochimie
1986 January; 68(1):121-32).

[0112] Any component of the culture media may be
manipulated. For example, a selection molecule such as an
antibiotic 1s added to the culture media and a corresponding
selectable marker gene 1s incorporated into the transforma-
tion vector containing the recoded and recombined hydro-
genase library.

[0113] Optionally, other components of the culture media
are manipulated such as amount of Sulfur in the media. The
level of Sulfur may be increased, decreased, or held constant
throughout the period of culture. For example, the recoded
and recombined library of Fe-hydrogenases 1s transformed
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into C. reinhardtii and the cells are put under Sulfur deprived
conditions for a certain number of hours. The Sulfur 1s then
added 1n an incremental fashion back to the media. (see

Melis et. al. Plant Physiol (2000) January; 122(1):127-36
and Zhang et al. Planta (2002) February; 214(4):552-61).

[0114] Another component that may be optionally added
to the culture media 1s metronidazole (MNZ). MNZ 1s a
strong oxidizer of reduced ferredoxin. Ferredoxin accepts
clectrons from the Photosystem I complex and transfers
them to the hydrogenase to supply electrons for the 2H:+
2°~—H, reaction. Although the mechanism of MNZ’s func-
tion 1s not necessary to understand in order to practice the
invention, it 1s believed that MNZ exhibits a its toxic
mechanism of action on cells by taking high energy elec-
trons out of the electron transport chain and diverting them
from the energy production machinery of the cell. The more
clectrons MINZ accepts from reduced ferredoxin, the more
H O, 1s produced that can kill the cell. The mechanism 1s
proposed to occur through reduced MNZ being oxidized by
O,, yielding a superoxide radical which then disproportion-
ates into H,O,. Since reduced ferredoxin transfers electrons
to the Fe-hydrogenase during H, production, a mutant C.
reinhardtii strain capable of more efliciently shuttling elec-
trons to the Fe-hydrogenase than another strain 1s able to
survive better than a cell that less ethiciently shuttles elec-
trons to the Fe-hydrogenase 1n the presence of MNZ. When
MNZ 1s added to the culture media a controlled amount of
Oxygen 1s also added to the culture container and cells that
survive are assayed for H, production. In a typical experi-
ment, C. reinhardtii cells that survive the MNZ treatment
protocol, cultured for example 1n Saeger’s minimal media in
20 mM MNZ; 1 mM Sodium Azide; 2% Oxygen; 200 W/m”
light for 20 minutes, with expression of the recoded and
recombined hydrogenase library, are placed 1n liquid culture
media 1n multiwell plates and assayed for H, production. It
1s unnecessary to count the number of independent trans-
formants that survive the MNZ treatment. Any transformant
that survives the treatment 1s capable of producing more H,
under a certain level of Oxygen than a wild-type cell, and
theretore all survivors are assayed for H, production without

regard to the number or percent of mutant survivors. For an
example of the use of MNZ, see U.S. Pat. No. 5,871,952,

[0115] Optionally, a library of mutant ferredoxin genes is
also used to transform the host cells on the same or a
different nucleic acid vector as the recoded and recombined
hydrogenase library. The ferredoxin library 1s generated by
annealing-based or non-annealing-based mutagenesis meth-
ods. For example when the host organism 1s C. reinhardtii,
the C. reinhardtii wild-type ferredoxin gene (SEQ ID NO:
343) or the C. reinhardtii ferredoxins gene recoded, for
example, according to FIG. 4, 1s subjected to error-prone
PCR and coexpressed with the hydrogenase library. For
instance, the vector used to transform a C. reirhardtii strain
contains at least one screenable or selectable marker, a
member of a library of ferredoxin genes created by error-
prone PCR using a C. reinhardtii or other ferredoxin gene as
a template, and a member of a recoded and recombined
library of Fe-hydrogenase genes. Alternatively, ferredoxins
isolated from the same organisms that hydrogenases are
1solated from are recoded and recombined using an anneal-
ing-based recombination. Recoded and recombined hydro-
genases and ferredoxins are then coexpressed in a host
organism.
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[0116] Oxygen content may be manipulated in the culture
container. The amount of Oxygen in the culture container
may be directly adjusted through gas exchange or indirectly
by allowing or inducing the water-splitting mechanism of
photosynthesis. The Oxygen content, like all other culture
parameters, may be manipulated throughout the culture
period or held constant. The presence of some amount of
Oxygen 1s preferred 11 MNZ 1s added to the culture media.
Preferred hydrogenase genes are capable of catalyzing the
production of H, in the presence of Oxygen. A preferable
amount of Oxygen 1n a culture of commercially deployed
cells for H, production 1s an atmospheric level such as
approximately 21%. Several rounds of screening or selec-
tion may be performed using the methods of the invention in
which the Oxygen content of the culture container may be
increased between each successive round while H, produc-
tion 1s assayed. For example, a culture i1s exposed to 5%
Oxygen 1n the first screening or selection round, 10%
Oxygen 1n the second screening or selection round, 15%
Oxygen 1n the third screeming or selection round, and 20%
Oxygen 1n the fourth screening or selection round.

[0117] Optionally a chemical mutagenesis-inducing agent
may be added to the culture media at any time. The cells are
cultured for at least 15 minutes, and optionally as long as
desired. At any point after the addition of the mutagen to the
culture media the cells may be assayed for the production of
Hydrogen. The culture as a whole may be assayed for
Hydrogen production or the population may be partitioned
and smaller groups of cells, including single independent
transformant cells, each group being separately assayed for
Hydrogen production.

[0118] At one or more time points during the evolution
process a sample of the population may be removed from the
culture container. A DNA sample from each cell sample may
then be taken and characterized. One type of characteriza-
tion that the invention provides 1s the sequencing of Fe-
hydrogenase genes from the library before, after, and during
the screening or selection process. Sequences that are del-
eterious to Hydrogen production in Oxygen disappear dur-
ing a selection process and hydrogenase sequences may be
monitored at a plurality of time points. Any other genetic
variant sequence anywhere else 1n the genome of surviving
cells may also be determined using a variety of methods
betore, after, and during the screening and selection process.

[0119] The temperature of the culture container and media
may also be varied. Since the H,, production assay conditions
preferably mimic commercial deployment culture condi-
tions, strains may be selected for the ability to generate H,
as quickly as possible after shifting from dark/cold condi-
tions to warm/light conditions that mimic sunrise in a
commercial deployment setting. Cells that produce large
amounts of H, may also be further selected for the ability to
survive low temperatures in minimal media that mimic the
cold nighttime temperatures of a culture container deployed,
for example, in a desert setting. Hydrogen production may
be assayed over a period of time such as 24 hours to identify
strains that are able to produce Hydrogen for sustained
periods of time under shifting light and temperature condi-
tions. For example, the light intensity from a light source on

the cells at times 0, 3, 6, 9, 12, 15, 18, 21, and 24 hours 1s
2, 22.5, 65, 22.5, 2, 0.25, 0.25, 0.25, and 2 pE m-2 s-2,
respectively. The air temperature in the area of the culture
container 1s 15° C., 25° C., 35° C,, 25° C., 15° C., 12° C.,
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12°C., 12° C.,and 15° C. at times 0, 3, 6, 9, 12, 135, 18, 21,
and 24 hours, respectively. The temperature of the culture
container and the media 1s allowed to fluctuate with the
temperature of the air. Hydrogen production 1s measured at
hourly time points and strains that generate sustained hydro-
gen production are i1dentified.

V Mating

[0120] Optionally cells are allowed or induced to mate and
recombine genomes and are then assayed for desirable

phenotypes. Mating protocols for C. reirnhardtii are known
(see Harnis E., (1989) The Chlamvdomonas Sourcebook.

Academic Press, New York and Rochaix J-D et al. (1998)
The Molecular Biology of Chloroplasts and Mitochondria 1n
Chlamydomonas (Advances in Photosynthesis, Vol 7). Other
microbes may be mated for the purpose of recombimng
genomes using a variety of protocols. For an example,
Zhang et al., Nature 2002 Feb. 7; 415(6872):644-6. For
example, two or more strains of an organism may be mated
and allowed to recombine genomes followed by assay for a
desired trait. The advantage of mating cells that contain
different genetic backgrounds 1s to select for multiple variant
sequences that synergistically or additively contribute to the
generation of a desired phenotype. Mating 1s not required 1n
order to practice the invention.

[0121] In one embodiment of the invention, H, producing
cells are mated to other strains of the same species or
subspecies. For example, an msertion library 1s constructed
in which a transposable element 1s randomly inserted into
the C. reinhardtii genome. For examples of transposable
clements 1n C. reinhardtii, see, for example, Wang et al.
Plant Mol Biol 1998 November; 38(5):681-7, Day, Plant
Mol Biol 1995 June; 28(3):437-42. The genome of C.
reinhardtii may also be mutated randomly by 1nserting
nucleic acid sequences using transformation methods pre-
viously described, such as Kindle et al., Proc Natl Acad Sci
USA 1991 Mar. 1; 88(35):1721-3. In order to mutate all
portions of the C. reirhardtii genome, the mutagenesis 1s
performed on the mitochondrial, nuclear, and chloroplast
genomes as described in previously cited methods. The
mitochondrial, nuclear, and chloroplast insertion libraries
are simultaneously mated to H, producing C. reinhardtii
transformants containing at least one recoded and recom-
bined hydrogenase gene and H, production 1s assayed. For
example, the genomes of some sertion mutants that have
a gene disrupted that 1s deleterious for the production of H,
are recombined with genomes of Oxygen tolerant hydroge-
nase variants created through the annealing-based recombi-
nation method. Such cells produce larger amounts of H, than
cither parent. As an example, enzymes that convert energy
storage molecules such as simple starches nto less acces-
sible energy storage molecules such as complex starches
may be deleterious to maximal amounts of Hydrogen pro-
duction.

[0122] In another embodiment, isolates of different
Chlamydomonas strains that possess variant single nucle-
otide polymorphism (SNP) positions and therefore have
different genomic backgrounds but are still capable of
mating with each other and with a host strain are mated to
host strain transformants that have already demonstrated
Oxygen tolerant hydrogenase activity from an earlier assay
of a recoded and recombined hydrogenase library. Sections
of genomic DNA that contain SNPs throughout the genome




US 2007/0009942 Al

that impart vanations in the ability of the cells to produce H,
are recombined with Oxygen tolerant hydrogenase variant
sequences created through the annealing-based recombina-
tion method 1n cells produced by the mating protocol. Such
cells produce larger amounts of H, than either parent.

10123] In another embodiment, RNA interference (RNAi)
constructs are synthesized corresponding to all genes 1den-
tified in the completed C. reinhardtii genome sequence. The
complete genome sequence of C. reinhardtii 1s available at
http://www.biology.duke.edu/chlamy_genome/index.html,
and therefore constructs to iactivate all genes 1n the
genome through RN A1 are designed and synthesized. RN A1
works by producing a single double stranded RNA molecule
with the same sequence as a targeted mRNA as well as the
complement of that sequence encoded by the same molecule
and folded back hybridizing on itself. For examples, see Fire
et al., Nature (1998) Feb. 19; 391(6669):806-11 and Fuhr-
mann et al., J Cell Sc1 (2001) November; 114(Pt 21):3857/-
63. Expressed RN A1 constructs cause their target mRNA to
be degraded and not translated, effectively silencing the
gene. 'Two sets ol constructs are created for each C. rein-
hardtii gene, wherein one construct 1s driven by a promoter
activated by light and the other construct 1s driven by a
promoter activated by dark. Examples of dark and light
activated promoter sequences in C. reirnhardtii have been
previously described in earlier sections. C. reinhardtii are
transformed with the dark-induced and light-induced con-
structs that optionally contain selectable markers and cells
that retain the constructs are mated with transformants that
have already demonstrated Oxygen tolerant hydrogenase
activity from an earlier assay of a recoded and recombined
hydrogenase library. Since C. reinhardtii can only generate
H, using only light as an energy source when light is
available, this mating protocol selects for novel strains that
are adapted to conditions that mimic commercial deploy-
ment. It 1s desirable to generate strains of organisms such as
C. reinhardtii that ethciently produce H, when light 1s
available and conserve energy eflectively when light 1s not
available. Some genes mactivated by an RN A1 construct are
deleterious to the production of H, when light 1s available
while other genes inactivated by an RNAi1 construct are
deleterious to the conservation of energy when light 1s not
available. This mating protocol therefore generates strains of
C. reinhardtii that generate H, 1n the presence of Oxygen
and are more ellective at conserving energy during dark and
producing H, during light than any parent strain. Of course,
the C. reinhardtii that are transformed with the dark-induced
and light-induced constructs may be assayed for H, produc-
tion without being mated with stains that contain recoded
and/or recombined hydrogenase genes. RNA1 constructs
may also be created and expressed 1n organisms other than
C. reinhardtil.

10124] Wild-type cells may be subjected to mutagenic
agents such as ethidium bromide and nitrosoguanadine to
generate a mutated population of cells. The mutated popu-
lation may be mated to cells containing Oxygen tolerant
hydrogenase variants created through an annealing-based
recombination method.

[0125] Mating of cells after initial selection for Oxygen
tolerant hydrogenase variants created through an annealing-
based recombination method allows specifically designed
variations, such as those present in recoded and recombined
hydrogenase genes, to be tested for increased H, production
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under different genomic backgrounds that confer other desir-
able traits such as energy conservation during darkness.
Cells may also be allowed to mate as culture parameters are
modified, such as while increasing amounts of MNZ and
Oxygen are added to a culture.

V1 Assay for Hydrogen Production

[0126] One or more independent transformants or a popu-
lation of independent transformants contaiming mutagenized
nucleic acid sequences such as recoded and recombined
hydrogenase genes are assayed for H, production. H, may
be detected using a variety of methods such chemochromic
sensing films that contain transition metals (see U.S. Pat.
No. 6,277,589). Such films change from clear to dark
grey-blue when exposed to H,, and when placed 1in prox-
imity to cells that produce different amounts of H, they
identify cells that produce more H, than others. There are
other methods, both direct and indirect, that are used to
detect hydrogen, such as spectroscopic methods (see U.S.
Pat. Nos. 5,100,781 and 6,309,604). Other types of gas
sensors and films suitable for detection of hydrogen are
known 1n the art. See U.S. Pat. Nos. 5,100,781, 6,484,563,
6,265,222 and 6,006,582.

[0127] For example, a chemochromic film is placed on top
ol a plate of culture wells containing liquid culture media,
with one or more culture wells containing one or more
independent transformants containing at least one copy of
the vector that contains a recoded and recombined hydro-
genase gene. The film 1s placed against the plate such that
cach well 1s sealed or partially sealed from the outside
atmosphere. Preferably the culture media does not fill the
well so that a space of gas separates the media from the film.
The culture plates are clear, and are exposed to light, such as
60 uE m™= s*, for a period of time such as one hour,
preferably under controlled atmospheric conditions such as
2.5% Oxygen/97.5% Nitrogen. The amount of color change
in the film at each spot above a culture well 1s then
measured, preferably 1n a quantitative fashion, using tech-
niques such as densitometry or other scanning methods.
Alternatively, a digital camera photographs the film 1mme-
diately after exposure to the transtormed cells. Films may
also be analyzed by visual inspection. Parameters such as the
length and intensity of light exposure before the film 1s
placed over the culture wells for the H, assay may be varied.
For example, strains that are capable of sustained H, pro-
duction over the course of a 12 hour period in which the
intensity of light 1s increased and decreased to roughly
correspond to daylight may be 1solated by performing the H,
assay aiter the cells have been producing H, for 10 hours.
Such strains may be created by mating hydrogenase con-
taining transtormants with other cells that possess mutations
that alter energy utilization, conservation, and stockpiling
pathways, and other phenotypes.

[0128] Since the assay conditions preferably mimic com-
mercial deployment culture conditions, 1t 1s preferable to
assay cells i liqud culture rather than on solid growth
media. Mutants that possess inferior qualities such as
decreased phototaxis (1e: the ability to swim toward light)
are avoided by performing the H, assay 1n liquid culture.

[10129] Strains of cells that produce the most Hydrogen are
selected for further manipulation or commercial hydrogen
production or both.
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[0130] Having generally described the invention, the same
will be more readily understood by reference to the follow-
ing examples, which are provided by way of illustration and
are not intended as limiting.

EXAMPLE 1

10131] The Clamydomonas reinhardtii Fe-hydrogenase
amino acid sequence (SEQ ID NO: 24) was subjected to the
Basic Local Alignment Sequence Tool (BLAST) at the
National Center for Biotechnology Information. A total of
105 sequences were matched, all but one of which were
distinct from the input sequence. A single self-match was
reported as a 100% sequence identily. Parameters for the
BLAST search were as follows: the peptide sequence data-
base searched was the nr database (Database: All non-
redundant GenBank CDS {translations+PDB+SwissProt+
PIR+PRF); Matrix: BLOSUMG62; Gap Penalties: Existence:
11, Extension: 1. 87 unique protein sequences were 1denti-
fied that possess E values of 4°=% or smaller (SEQ ID NOs:
1-87). Some proteins were 1dentified that met the E value
criteria but either did not appear to be hydrogenase genes,
possessed significant homology to the C. reinhardtii Fe-
hydrogenase protein but did not contain amino acids critical
to the Fe-hydrogenase active site, or were positively 1den-
tified as having functions other than hydrogenase activity in

the BLAST entry (protein sequences corresponding to
accession numbers g1:15020824, ¢1:16754852, g1:13385742,

01:26335839, g1:12851667, £1:22654872, 21:14336719,
01:10438504, £1:18414657, £1:27691020, g1:20807184,
01:4930041 and g1:20807368). The scores (other than the
self-match) ranged from a high score of 628 with an E value
of e 1’7 of to a low of a score of 49 with an E value of e™*.
Sequences from microbes, vertebrates, invertebrates, and
plants were obtained.

[0132] c¢DNA sequences corresponding to each amino acid
sequence were obtained. cDNA sequences (comprising SEQ
ID NOs: 88-174) were obtained that correspond to the amino
acid sequences of SEQ ID NOs: 1-87. SEQ ID NOs: 88-174
were recoded to contain only the most preferred codons of
Chliamydomonas reinhardtii shown 1 FIG. 4 to obtain
cDNA sequences of SEQ ID NOs: 195-281. Because no
codons were altered to specity different amino acids in the
recoding process, the cDNA sequences of SEQ ID NOs:
195-281 also encode the proteins set forth 1n SEQ ID NOs:
1-87. A total of 24,003 codons contained 1n SEQ ID NOs:
88-174 were recoded to most preferred C. reinhardtii codons
illustrated 1n FIG. 4.

EXAMPLE 2

[0133] A collection of NiFe-hydrogenase genes encoding
hydrogenases that preferentially catalyze the formation of
molecular hydrogen over the consumption of molecular
Hydrogen were obtained that correspond to SEQ ID NOs:
185-194. These wild-type cDNA sequences correspond to
the small and large subunit genes of the NiFe-hydrogenase
catalytic heterodimer. The wild-type NiFe-hydrogenase
cDNA sequences were recoded to utilize the same codon for
cach amino acid to generate SEQ 1D NOs: 330-339. The
cDNA sequences were recoded to utilize only the most
preferred codons in E. coli strain K12, as illustrated 1n FIG.
13. A total 01 2050 codons from SEQ ID NOs: 185-194 were

recoded to most preferred E. coli strain K12 codons.
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EXAMPLE 3

[0134] Nucleic acid sequences corresponding to SEQ ID
NOs: 88-174 are recoded according to the most preferred
codons 1 Chlamydomonas reinhardtii, as 1llustrated 1n FIG.

4, to generate nucleic acid sequences according to the
sequences set forth i SEQ ID NOs: 195-281. Synthetic

genes of SEQ ID NOs: 193-281 are created by annealing
sense and antisense oligonucleotides corresponding to all
segments of SEQ ID NOs: 195-281 followed by ligation and
PCR, generally following the methods of Fuhrmann et al.,
Plant J 1999 August; 19(3):353-61. The genes are then
cloned and maintained in expression vectors known 1n the
art.

[0135] Using methods generally set forth in U.S. Pat. Nos.
5,605,793, 6,132,970, and 6,180,406, the synthetic genes of
SEQ ID NOs: 195-281 are put through a reassembly proto-
col using cycles of denaturation, annealing, and extension.
Clones of SEQ ID NOs: 195-281 are first fragmented using
DNasel. About 5 ug of the cloned genes are digested with
0.15 units of DNAsel (Sigma, St. Louis, Mo.) 1n 100 ul of
50 mM Tris-HCI pH 7.4, 1 mM MgCl,, for 10 min at room
temperature. Fragments ol 50-200 bp are then purified using
low-melting temperature agarose gel electrophoresis. Alter-

natively the fragments are isolated from gel slices by elec-
troelution.

[0136] The purified fragments are resuspended in a PCR
reaction mixture containing 0.2 mM each dNTP, 2.2 mM
MgCl,, 50 mM KCI, 10 mM Tris-HCI pH 9.0, and 0.1%
Triton X-100, at a concentration of 10-30 ng DNA fragments
per ul. The reaction 1s then put through 45 cycles of
reassembly 1n a thermocycler for one cycle of 94° C. for 60

seconds followed by 45 cycles of 94° C. for 30 seconds, 50°
C. for 30 seconds, and 72° C. for 30 seconds, followed by
S minutes at 72° C. PCR products are generated from the
reassembled fragments using primers that correspond to
N-terminal sense and C-terminal antisense sequences
derived from the first and last 25 nucleotides of SEQ ID
NOs: 195-281. The reaction 1s pertormed using a 20 cycle

reaction comprising one cycle of 94° C. for 60 seconds
followed by 20 cycles of 94° C. for 30 seconds, 50° C. for
30 seconds, and 72° C. for 30 seconds, followed by 5

minutes at 72° C.

[0137] The library of recombined sequences is cloned into
an expression vector containing a promoter capable of
expressing the sequences 1n C. reinhardtii, such as the psaD
promoter (see WO 01/48185) or RBCS2 promoter (see
Kozminski et al., Cell Motil Cytoskeleton 1993; 25(2):
158-70) and at least one marker gene that confers the ability
to screen or select for the presence of vector sequences. An
example of a marker available for use in C. reinhardtii 1s the

gene 1mparting resistance from phleomycin (see Stevens et
al., Mol Gen Genet (1996) Apr. 24; 251(1):23-30).

[0138] Transformed C. reinhardtii cells are individually
placed mn ligmd Sager’s minimal media 1 a multi-well
culture plate and cultured under light of approximately 55
uE m~ s~ Phleomycin or another selection molecule that
corresponds to the selectable maker gene 1n the vector 1s also
contained 1n the culture media at an appropriate concentra-
tion as described in Stevens at al. The gaseous atmosphere
of the culture chamber comprises approximately and 3%
Oxygen. The multi-well culture plate 1s substantially clear
and allows light to pass through. The cells are cultured for
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appr0x1mately 12 hours under light of approximately 55 uE
~2 s7* conditions. Hydrogen production is measured by the

m - s
placement of a hydrogen detecting film on top of the
multi-well culture plate that substantially seals the culture
wells from the atmosphere 1n the chamber. An example of
such a chemochromic film that changes color in response to
H, can be found 1n U.S. Pat. No. 6,277,598, however others
are also described in previous sections. Light of approxi-
mately 55 uE m~* s~ illuminates the culture container(s).
After the film has been positioned over the culture wells for
20 minutes, the film 1s moved to a position adjacent to the
culture containers and 1s photographed on top of a white
background. Spots 1n the film corresponding to each culture
well are quantitated using densitometric methods or digital
photography. Cells are removed from wells that correspond
to the darkest 5% of all spots on the film and are cultured
turther. Fe-hydrogenase sequences are recovered through
amplification of DNA from these independent H, producing
transformants using vector sequences as primer annealing,
sites. The hydrogenase coding region from each selected
transformant 1s then sequenced. The coding sequences are
turther recombined and assayed and/or the transformants are
commercially deployed for H, production. Optionally,
another round of annealing-based recombination 1s per-
formed with the isolated hydrogenase sequences and H,
production 1s again assayed under conditions of increased
Oxygen concentration from the previous round of selection.

EXAMPLE 4

[0139] Nucleic acid sequences set forth in SEQ ID NOs:

185-194 are provided. The sequences are recoded to accord-
ing to the most preferred codons 1n £. coli strain K12, as
illustrated 1n FIG. 13, to generate the nucleic acid sequences
set forth 1n SEQ ID NOs: 330-339. Synthetic oligonucle-
otides are generated that correspond to 30 to 40 base pair
fragments of each sequence. The synthetic oligounucle-
otides correspond to all nucleotides of each provided
sequence such that when all small subunit NiFe-hydroge-
nase genes (set forth i SEQ ID NOs: 330-334) and large
subunit NiFe-hydrogenase genes (set forth in SEQ ID NOs:
3335-339) are respectively pooled, all sequences from the
original distinct nucleotide sequences are represented 1n
recoded form. In addition, the oligonucleotides are selected
such that some sense strand oligonucleotides generated from
the recoding of one hydrogenase gene are capable of over-
lapping with and annealing to antisense strand oligonucle-
otides generated from the recoding of other hydrogenase
genes, as depicted in FIG. 5.

[0140] Using methods set forth in U.S. Pat. No. 5,830,721,
the oligonucleotides for the small and large subunits are
separately recombined in DNA shuflling cycles of denatur-
ation, annealing, and extension. Specifically, the oligonucle-
otides are resuspended at a concentration of approximately
10-30 ng/ul m PCR reaction mixture containing 0.2 mM
cach dNTP, 2.2 mM Mg(Cl,, 50 mM KCl, 10 mM Trns-HCI
pH 9.0, and 0.1% Trnton X-100, 0.3 ulL. Tag DNA poly-
merase 1n a 50 ul reaction volume. The reaction 1s then put
through 45 cycles of reassembly 1n a thermocycler for one

cycle of 94° C. for 60 seconds followed by 45 cycles of 94°
C. for 30 seconds, 50° C. for 30 seconds, and 72° C. for 30
seconds, followed by 5 minutes at 72° C. Samples of
products of the reaction are analyzed for size using methods
previously described 1n other examples, such as gel electro-
phoresis.
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[0141] The library of recombined sequences is cloned into
an expression vector containing a promoter capable of
expressing the sequences 1n L. coli and at least one marker
gene that confers the ability to screen or select for the
presence ol vector sequences. Such bacterial promoters and
selectable markers are known 1n the art, and are obtained
from reagent supply compames such as Invitrogen Inc.,
Carlsbad, Calif., and Clontech Laboratories, Inc., Palo Alto,
Calif. Each vector contains a recoded and recombined small
and large subunit NiFe-hydrogenase gene driven by a con-
stitutive or inducible promoter and at least one selectable
marker gene.

[0142] Independent transformed FE. coli K12 cells are
individually placed in liquid LB media (containing N1 and
Fe) 1n multi-well culture plates and cultured under condi-
tions suthicient for the expression of the recoded and recom-
bined nucleic acid sequences. A selection molecule that
corresponds to the selectable maker gene 1n the vector 1s also
contained 1n the culture media. The gaseous atmosphere of
the culture chamber comprises approximately and 8% Oxy-
gen. Hydrogen production 1s measured by the placement of
a hydrogen detection film on top of the multi-well culture
plate that substantially seals the culture wells from the
atmosphere 1n the chamber. After the film has been posi-
tioned over the culture wells for 10 minutes, the film 1s
moved to a position adjacent to the culture containers and 1s
photographed on top of a white background. Spots 1n the
film corresponding to each culture well are quantitated using
densitometric methods. Cells are removed from wells that
correspond to the darkest 5% of all spots on the film and are
cultured further. NiFe-hydrogenase sequences are recovered
through amplification of DNA from the independent H,
producing transformants using vector sequences as primer
annealing sites. The small and large subunit hydrogenase
coding regions from each selected transformant are then
sequenced. The genes are further recombined and assayed
using the same procedure as above, except with 12% Oxy-
gen and/or the transformants are commercially deployed for
H, production. Optionally, another round of annealing-based
recombination 1s performed with the 1solated hydrogenase
sequences and H, production 1s again assayed under condi-
tions of increased Oxygen concentration from the previous
round of selection.

EXAMPLE 5

[0143] Nucleic acid sequences corresponding to SEQ ID
NOs: 88-174 are recoded according to the most preferred
codons 1n Chlamydomonas reinhardtii, as 1llustrated 1n FIG.

4, to generate nucleic acid sequences according to the
sequences set forth n SEQ ID NOs: 195-281. Synthetic

genes of SEQ ID NOs: 193-281 are created by annealing
sense and antisense oligonucleotides followed by ligation
and PCR as previously described. The genes are then cloned
using standard procedures and maintaimned in expression
vectors known 1n the art.

[0144] Using methods set forth in U.S. Pat. No. 6,165,793,
the synthetic genes are subjected to PCR using incomplete
extension. Clones of SEQ ID NOs: 195-281 are subjected to
PCR amplification using primers corresponding to 25 base
pair sense and antisense segments dispersed approximately
evenly throughout each recoded gene sequence. The clones
are resuspended at a concentration of approximately 10-30
ng/ul in PCR reaction mixture containing 0.2 mM each
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dNTP, 2.2 mM MgCl,, 50 mM KCI, 10 mM Trns-HCI pH
9.0, and 0.1% Triton X-100, 0.3 ul Tag DNA polymerase 1n
a 50 ul reaction volume. The reaction is then put through 100
cycles of incomplete extension reassembly 1n a thermocycler
at 94° C. for 10 seconds and 60° C. for 10 seconds. Products
are analyzed using standard methods to determine the size
range. Products are preferably 40-80 nucleotides 1n length
and the 60° C. cycle 1s lengthened or shortened accordingly
to obtain the desired fragment size. The products of the
incomplete extension reaction are then subjected to a tull
length primerless PCR reaction of 45 cycles of reassembly

in a thermocycler for one cycle of 94° C. for 60 seconds
tollowed by 45 cycles of 94° C. for 30 seconds, 50° C. for

30 seconds, and 72° C. for 30 seconds, followed by 5
minutes at 72° C.

[0145] The library of recombined sequences is the cloned
into an expression vector and recombined sequences are
assayed for the ability to produce H, according to the culture

and assay conditions of EXAMPLE 3.

[0146] As alternatives to the above annealing based
recombination methods, other annealing based recombina-
tion methods based on DNA reassembly and PCR-based

interruption methods are employed, such as those set forth
in U.S. Pat. Nos. 5,965,408 and 6,440,669.

EXAMPLE 6

10147] Nucleic acid sequences corresponding to SEQ ID
NOs: 88-174 are recoded according to the most preferred
codons 1n C. reinhardtii, as illustrated 1n FIG. 4, to generate
nucleic acid sequences according to the sequences set forth
in SEQ ID NOs: 195-281. Synthetic genes of SEQ ID NOs:
195-281 are created by annealing sense and antisense oli-
gonucleotides followed by ligation and PCR as previously
described. The genes are then cloned and maintained 1n
expression vectors using standard techniques.

10148] Using exonuclease-mediated recombination meth-
ods set forth in U.S. Pat. No. 6,361,974 and claimed in

claims 8-15 of U.S. Pat. No. 6,361,974, multiple copies of
parental poly-binding nucleic acid sequences according to
SEQ ID NOs: 197 and 204 are prepared. SEQ 1D NOs: 197
and 204 are purified from a dam™E. coli strain, are methy-
lated, and are therefore substrates for Dpnl. Nucleic acid
sequences according to SEQ ID NOs: 195-281 are amplified
by PCR from clones previously referred to in this Example,
are unmethylated, and are therefore not substrates for Dpnl.
Equimolar amounts of each PCR-generated nucleic acid

sequence of SEQ ID NOs: 195-281 are pooled and subjected
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to random Iragmentation using a Dnasel, as previously
described, to obtain fragments ol approximately 30-80
nucleotides. These fragments, referred to as mono-binding
nucleic acid strands, are added to full-length fragments of
SEQ ID NOs: 197 and 204. The fragments are denatured by
heating the sample. The sample 1s then cooled and the
mono-binding fragments are allowed to anneal to the poly-
binding fragments. S1 Nuclease 1s added to the heteromeric
polynucleotides to liberate unhybridized segments of mono-
binding nucleic acid strands and create exonuclease-treated
heteromeric nucleic acid complexes, as depicted in FI1G. 4 of
U.S. Pat. No. 6,361,974. The population of exonuclease-
treated heteromeric nucleic acid complexes 1s then subjected
to extension by a DNA polymerase molecule followed by
ligation to achieve a population of poly-binding polynucle-
otides 1mperfectly annealed to newly synthesized comple-
mentary strands, some portions of which are newly synthe-
s1zed by DNA polymerase while the other portions originate
from mono-binding nucleic acid strands. The parental poly-
binding strands are then digested with Dpnl and separated
from the newly synthesized recombinant complementary
strands, leaving only the newly-synthesized recombinant
complementary strands. Complementary strands to the
newly-synthesized recombinant complementary strands are
then generated using N-terminal sense and C-terminal anti-
sense primers that correspond to each end of SEQ ID NOs:
195-281 to create a library of double-stranded, recoded and
recombined hydrogenase genes that contaimn recombined

segments of SEQ ID NOs: 193-281. Alternatively random-
primed PCR 1s used to generate the complementary strands.

10149] The recoded and recombined hydrogenase library
1s then cloned into an expression vector and the sequences
are assayed for the ability to produce H, according to the
culture and assay conditions of EXAMPLE 3.

[0150] Alternate methods of annealing-based recombina-

tion may be employed, such as those described 1n U.S. Pat.
No. 6,361,974 and recited 1n claims 1-7.

[0151] The above examples are not limiting in the sense
that a variety of different elements may be substituted in
cach described method, including the choice of host organ-
1sm and corresponding recoding key, the culture conditions
such as selection of culture media, the choice of vector,
selectable marker and promoter, the H, detection system, the
choice of annealing-based recombination method, the choice
of which recoded hydrogenase sequences to include 1n the
annealing-based recombination reaction, and other param-
eters.

SEQUENCE LISTING

The patent application contains a lengthy “Sequence Listing” section. A copy of the “Sequence Listing” 1s available in

clectronic form from the USPTO web site (http://seqdata.uspto.gov/?pageRequest=docDetaill&DocID=US20070009942A1).

An electronic copy of the “Sequence Listing” will also be available from the USPTO upon request and payment of the

fee set forth 1n 37 CFR 1.19(b)(3).
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What 1s claimed 1s:
1-38. (canceled)

39. A method of hydrogen production comprising:

a. providing a cell that has been transformed with a
nucleic acid encoding an iron hydrogenase, wherein the
iron hydrogenase contains at least one substitution
within
1. the segment

FX'EX"MX°C'X*X°G'C*X*X'G*G’G*QP  (SEQ
ID NO: 350); and/or

ii. the segment FX'X*X°G'G*VMEA'A*X*R (SEQ ID
NO: 347);

b. culturing the cell within a culture container; and

c. collecting gas from the culture container.

40. A culture container containing at least one cell that has
been transformed with a nucleic acid encoding an 1ron
hydrogenase, wherein the iron hydrogenase contains at least
one substitution within:

a. the segment FX'EX*MX°CHX*X?
G'C2XSX’G2GG*QP (SEQ ID NO: 350): and/or

b. the segment FX'X*X°G'G*VMEA'A*X*R (SEQ ID
NO: 347).

41. A method of evolving an iron hydrogenase compris-
ng:

a. substituting at least one amino acid in an iron hydro-
genase within the segment
FX'EX°MX°C'X*X°G'C*X°X'G*G°G*QP (SEQ ID
NO: 350);

b. transforming an organism with a nucleic acid encoding
the 1ron hydrogenase containing the at least one sub-
stitution; and

c. screening or selecting the transformed organism for the
ability to produce hydrogen in the presence ol more
than 0.5% oxygen.

42. The method of claim 41, wherein the amino acid F 1s

substituted.

43. The method of claim 41, wherein the amino acid X*

1S substituted.

44. The method of claim 41, wherein the amino acid E 1s

substituted.

45. The method of claim 41, wherein the amino acid X*
1S substituted.

46. The method of claim 42, wherein the substitution 1s
conservative.

47. The method of claim 42, wherein the substitution 1s
non-conservative.

48. The method of claim 43, wherein the substitution 1s
conservative.

49. The method of claim 43, wherein the substitution 1s
non-conservative.

50. The method of claim 44, wherein the substitution 1s
conservative.

51. The method of claim 44, wherein the substitution 1s
non-conservative.

52. The method of claim 45, wherein the substitution 1s
conservative.

53. The method of claim 45, wherein the substitution 1s
non-conservative.
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54. The method of claim 41, wherein screening the
transiformed organism occurs 1n the presence of an oxygen
concentration selected from the list consisting of 2%, 2.5%,
3%, 8%, 10%, 12%, 15%, 20% and approximately 21%.

55. The method of claim 41, wherein at least one oligo-
nucleotide encoding a variant of the
FX'EX*MX’C'X*XG'C*XX'G*G’G*QP (SEQ ID NO:
350) segment of an i1ron hydrogenase 1s included 1n an
annealing-based recombination reaction to generate the
nucleic acid.

56. The method of claim 55, whereimn a plurality of
oligonucleotides encoding variants of the
FX'EX*MX°C'X*X'G'C*X°X'G*G’G*QP (SEQ ID NO:
350) segment are placed 1n the reaction 1 a higher propor-
tion than other oligonucleotides encoding other regions of
the 1ron hydrogenase.

57. The method of claim 55, wherein at least one oligo-
nucleotide encodes at least part of a
FX'EX*MXC'X*XGIC*XX'G*G G*QP (SEQ ID NO:
350) segment that does not occur 1n SEQ ID NOs: 1-87.

58. The method of claim 55, wherein oligonucleotides
encoding all possible amino acids at one or more positions
of the FX'EX*MX°C'X*X°G'C*X°X’G*G G*QP (SEQ ID
NO: 350) segment are included in the reaction.

59. The method of claim 55, wherein the reaction includes
at least one nucleotide sequence that has been recoded.

60. The method of claim 41, wherein the screening or
selecting occurs 1n liquid culture media.

61. The method of claim 60, wherein the culture media 1s
minimal media and the organism 1s photosynthetic.

62. The method of claim 41, further comprising:

a. mating a first strain of the orgamism that (1) has been
transformed with an iron hydrogenase contaiming a
substitution n the

FX'EX"MX°C'X*X°G'C*X°X'G*G°G*QP (SEQ ID

NO: 350) segment; and (11) has the ability to generate

hydrogen 1n more than 0.5% oxygen to at least a second

strain ol different genetic background; and

b. screening or selecting the progeny of the mating for the
ability to generate more hydrogen than the first or
second strain.

63. The method of claim 62, wherein the mating reaction
contains more than two strains of organisms that have
different genetic backgrounds.

64. The method of claim 41, wherein hydrogen produc-
tion 1s measured at least two times under shifting light and
temperature conditions.

65. The method of claim 41, wherein the nucleic acid has
been recoded to the most preferred codons of the organism.

66. The method of claim 41, wherein the 1ron hydrogenase
of step (a) 1s selected from SEQ ID NOs: 1-87.

67. The method of claim 41, wherein the 1ron hydrogenase

of step (a), when compared to SEQ ID NO:24 using the
BLAST algorithm under the parameters:

(1) Matrix: BLOSUMG62;

(11) Gap Penalties: Existence: 11

(111) Extension: 1

46—05

generates an E value of or smaller.

68. The method of claim 41, wherein hydrogen produc-
tion 1s measured at a plurality of time points.
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69. The method of claim 41, wherein hydrogen produc-
tion 1s measured under a higher temperature and light
intensity than a previous period of time under which the
organism has been cultured at a lower temperature and lower
light intensity.

70. The method of claim 41, wherein all possible amino
acids at one or more positions of the
FX'EX'MX°C'X*X'G'C*X°X'G*G°G*QP (SEQ ID NO:
350) segment are substituted.

71. The method of claim 41, wherein the organism 1s
selected from the list consisting of Chlamydomonas rein-
havdtii, Escherichia coli, photosynthetic bacteria, cyanobac-
teria, and bacteria.
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72. The method of claim 71, wherein the organism 1s
Chlamydomonas reinhardtii.

73. The method of claim 41, wherein the screening 1s
performed using a chemochromic sensing film that contains
a transition metal.

74. The method of claim 59, wherein all nucleotide
sequences 1n the reaction have been recoded to preferred
codons of the organism.

75. The method of claim 59, wherein all nucleotide
sequences 1n the reaction have been recoded to most pre-
terred codons of the organism.

x x * x x
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