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METHODS AND COMPOSITIONS FOR PIRECTED MOLECULAR
EVOLUTION USING DNA-END MODIFICATION

FIELD OF THE INVENTION
[01] Theinvention relates to direeted evoiution, which ensoinpasses
methods that can be applied to genefic engiacering and protein engineering. Directed
evolution is used to evolve gene sequences with the goal of improving or altering gene or
protein funetion, Dirested ovolution can be applied to many areas including, but not limited

to, pharmecentical development, bioremediation, bioleaching, and the chemical indusiry.

BACKGROUND OF THE INVENTION

[02]  Recently attempts have been made o simulate the pracess of evelution
in vitro, thereby inducing genstic changes in specific genes t alter or improve their
functions. Alihough fechmques that slter genes have been known for several years, generally
detailed features about the encoded protein’s strueture and fanction were vequired for these
methods to be successful. The technique of DMA shuffling overcame this barrier to a cerlain
exlent, and has been applied to evolve several genes successfully in the past few yuurs
[Minshull & Stemmer, U158, Patent # 5 837,458 {1598)].

03]  MNatural evolution occurred over millions of years for genes in the
cnvironment. Jn vitro evolution attempts to imic the natural process in days or weels. Tn
order for ax in vitro slrategy to succeed, several facets of evelutionary theory nust be
understood. First, the concept of sequence space delines the tofal nurber of possible
sequonces of z proteln of a given length (Rauffman, {1993)]. Thus,

5=20"
where S, the sequence space, is the number of possible sequences, and N is the length of the
protein. In e viro evelution experiments, it would be aptimal w search 5 sequences of &
given protein in order to identify the fruction of those with the most improved or altered
activity. Tt cim quickly be seen that a protein with a modest 50 amino acids has an § of 20%
possible different sequences, o gumber which is virtualty nfinite in tenms of analysis with
cuh‘ent molecular biology techniques. Second, it ig clear that most amino acid changes are
deleterious to pmtafns. These changes may vender the profcin naskive, cause disraptions in

praper foldiug, or cause instability to the protein or mRNA & vive. It has been estimated that

JP 2004-507247 A 2004.3.11
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the ratio of advantageous to deleterious mutations on average is 1 in 10° (Radman et al., Anr.
N.¥. Acad, Sei. B70: 146-55 (1999)]. In thiz regard, rontation rate {3 an, important parameier
when mutating genes ¢ improve their fimetion. If the mutation rate is too higd, deleterious
mutations will ocour in eis with the advaniagesus mutations, a condition which makes the
genes with advantagcous mutations impossible to identify since the resulting protelns that
contain them will be inactive due to concomitant deleterious mutations. Third, in order to
avercorne the consequences of higher mutation rates, homalegous recontbination may be
utilized to remove daleterious mutation through double crossover events. Fourth, any in viiro
evolution teclmique requires a selection soreen in order to identify those sequences which
improve or alter the function of the protein.

{04] A nrajor barrier to current molecuiar evolution is Lhe inability o
efficiently search sequence space for a given protein, In this regard, of eritical importance is
the abiliiy to generate and Identify scquences that differ al more than one rosidue, whersin
those differences may have an additive effoct upon protein tunction. This additive effect niay
be described at arnino acid interdependsnce. For example, a protein with a single mutation at
Tegidue # may not bave any detectable increase in function unless a concomilant mujation at
is nlso present. In this vase, in order for evolution to he suceessful, all possible two-tutant
variznts of the target sequence should be saropled aud tested for improved function. In
general, the number of Ronutant variants of a protein of length N is given by:

20% N!
(N-R)IR!

.3

where R is the number of mutant variants, and 20 denotes the number of amine acids possible
at each position. Thus, for a protein of length 590, there are 490,000 different two mutant
varianfs. ’

[057 In these sirtistical analyses of sequence space, a critical vatue is the
length of the protein {i.c. the number of R-mutant variants depends on the lenyth of the
pretein). However, in nafure the length of any given protein may not be as critical for its
function ss the mrangement of amino acid residues in three dimensionel space. Indeed, a
hypothetical concept of “catalytic task space™ has been proposed to account for this principle
(Kaufimnan, 1993). Alterations in amino ecid residues without altering protein length, N, may
not zffect the three dimensional structurs of the protein in the same ways that increasing or
decreasing N would. Alternatively, changing N may not chunge the biological finction of the

profein at all. Analysis of virtually any family of homalogous proteins reveals that members
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have differeit lengths, sometimes with substantial usertions or deletions, but may retain
indislinguishable binfogical function, Thus, the above formuta probably doss net give an
aceiate view of the varions R-mutant variants that should be screened when ssarching for
improved or altered biological function. In the laboratory it would be opfimum to search all
of the R-mutant neighbors of a protein plus a number of variants with nuclsotides sither
added or deleted at every position.
[00)  In the case of deletions, the nuriber of D-mutant deletions would be
given by,
.
(-D)! D!
whers M is the initial length of the protein and D is the number of positions whese a delction
oceurs. In the case of amino acid additions, 4 similar formmla for all possible additions
accounts for the fact that any of the 20 amine acids nay be added at any position:
S, = 20" NI
tO(N-DHAL
where A is the number of possible addjtion mutants. In the cascs of the additien and delelion
mutants, these formula both assume that only one amine acid is added or deleted at sach
position. In terms of i1 vifre molecular evolulion, however, it would be optimal to search all
1,2, 3,..C number af amino acids added or deleted at each position. Thus, for deletion
muiants, the number of sequences with variable amino acids deleted at each position,
5, -G
N-D)! D!
where Cy; denotes the number ol aminw acids defeted at each position and D 15 the number of
positions where deletions oceur. For addition mutants, the formula becomes:
_C 200N
< (N-AN AL
where C,, is the number of amino acids added ut each position, and A is the nmaber of
positions where additions occur.
[07]  Since current rolecular biology techniques only allow a fraction of the
total space o be geverated and sampled for a given protein, a formula which desciibes an
experimental space to be geuerated con be defined. This expression will also allow the

monitorng of improvements in library congliuction techniques and allow analysis of the
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space which is relevant to protein function. A tofal space (0 be searched experimentally can
be defined as,

Sex =83 Sep Sca
where amino acids are mutaied to other residues (Sg), are deleted (Scg), or added (Sca} in
varjous combinations and permutations. Certrinly curreni molecular biology techniques
wanld allow a brary to be creted where R=1s08p =N, D =1s08cp=N,and A= s0
Sea=120N. For a protein of N = 30 then, this hypothetical Hbrary wauld contain 20 % N =
2.5 x 10° different sequences whare all permutations of one position changes, deletions, and
additions arc represented.

[08] The above discussion on the sequence space relevant to prolein
evolution may be applied in different ways 1o the iz vitre engineering of evolved sequences.
T nature, the evolution of different catalylic activities in famnilies of enzymes can be grouped
inte two broad categarics: 1) Those where the active sife amino acids remain the same, but
differcnces in the structural folds cause the cozymes o have different :;ub.strate specificities
[Perone & Crak, /. Rial. Chem. 272: 29987-99 (19973, and 2) Those where the enzyme
structures are the sane, but differcnces 7n the actve site residues cause the enzymes 10
catalyze different reactions [Babbitt & Gerlt, L Biol. Chem. 272: 30591-4 (1997)]. An
example of the former is the serine protease family, and of the latter is the enolase
superfanily.

[02]  Altheugh the differcnces between these categories might seem trivial,
they have impertant implications for the method of molesular evalution and the concept of
sequence space, For the enzymes in families with similar structural folds, a moleeular
evolution approach which samples sequence space throughout the length of the protein would
likely be the optimal strategy to alter an enzyme’s speciticity, since the catalytic aclive site
will likely require the same residues for the catalytic mechanism. However, for the sccond
type of enzymes, increasing sequence space ssarching through the entire length of the protcin
is probably not necessary. More lilely, increasing the sequence space sampling of the key
catalytic domains will optimize the meleeular ¢volution process. Tn this regard, it would be
Wistter to alter five key amine acids io sach of the twenty amine acids and sample this mere
liraited space (20°) rather than to sample 2 sequence space of 207 spread out over the entire
gene sequence. Additionally, sampling as many of the possible addition or deletion mutants
in key regions would alse eontribute io possible success of the i vitrs evolution protocal .
Thas, a method which would optimize melecular evolution of a gene belonging to the second

type of ensyme farmily would be a vory important and robust technique.
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[10]  The swapping of genetic domains is an efficient means to evolve new
or improved function in biomeleeules. While the alteration of single aucleotide residuss can
affect gene and protein finction, the wholesale exchange of maltiple residues in a gene can
have dramatic effects on protein function. For example, E. cofi and Salmonells are highly
related hacterial species, however the differences in their genctic content are due almost
entirely to genctic swapping events as eppaosed to single residue ehanges. Additionally,
swapping events where exchanpes of larye chunks of DNA create genes are thought to have
ocrrred several times e pathways such «s the cletting cascade, as well as lo create novel
transcription cassetics through transposition [Beli, (1997); Patthy, (1999)].

|11] A well known example of molecular svelution accurring naturally is
that which underlies the production of antibodies in the innmune system. In mammalian pre-
Iymphocytes natural molecular evolution occurs successfully on a daily basis. Antibodies are
capable of binding a bewildering array of different antigens, yet have similar amine acid
sequences and secobdary structures. Anlibody genes ars amynged In the genmline as gene
segments (Figure 2, During Iymphocyte maturation these segments (named variable or “V7,
diversity or “D7, and junctional ar “J”) are juxtaposed to one another in the process termed
V{D)] recombination to create g functienal antibody or T—cell receptor gene. Multiple V, D,
and J segments allow a substuntial amount of diversity, and hence different antigen binding
specificitics, to be created in the final roperloire of lymphocytes. The diversily created by
this mechanism is referred to as combinaiorial diversity. Another type of diversity is also
created during V()] recombination, which is as importunt as combinataorial diversity [Davis
& Bjorkman, Nuture 334: 395-402 (1988)]. This diversity is tertzed junctional diversity, and
15 cteated when nuelcotides arc logt or gained at the joints of the gone scaments. Tmportantly,
these joints encode the rogions of the antibody molecule whicl contact antigen, so this type
of diversity s critical o creating s diverse, but funclional imsmune system.

112]  The two types of diversity utilized by the immune system might be
characterized in the following way with regards to the practice of molecular evolution.
Generation of compbinstorial diversity in immunoglobulin genes allow a sampling of the total
sequence space by praviding multiple finctional ¥, D, and T gene sepments, sach member of
which is skightly different in sequence but stilt homologous to other members of the family of
segments. [n this respect, the combinatorial remrangement of ¥, D, md J gene segments
fimctions as a “domain swappisg” event in order o generate povel antibody genes.

Generation of junctional diversity allows a greater kacal sampling of sequence space at the
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critical residuas for contacting antigen through the mechanism of adding or deleiing random
nucleotidea at the ends of the DNA that are to be ligated.

[13]  Due o the aforementioned issues regarding genetic evolution; namely
the difficuliy in scarching a vast sequencs space, a preponderance of deleterious mutations in
sandoro mutagenesis, and amino acid interdependence, it kas been difficult to devise robust
methods for searching fupetional sequence space iu the laboratory. Current methods in
widespread use for creating mutant proteins in a library format are error-prone polymerase
chuin reaction [Caldwell & Joyce, (1992); Gram et al., Proc Natl Acud Sci §9: 3576-50
{1992)] and cassette mutagencsis [Arkin & Youvan, Proc Nat Acad Sei 8D: 7811-5 (1992);
Hermes et al., Proc Nail Acad Sci 87; 696-700 (1990); Oliphant et al., Cene 44: 177-83
(1986); Sternmer & Monds, Biorechniques 13: 214-20 (1892)], i whish the specific region ta
be optimized is replaced with a synthetically mutagenized alizonuelestide. Alternatively,
tnutetor strains of host cclls heve been eraployed to add mutational frequency [Gresner et zl.,
Mol Biotechnol 7: 189-85 (1997)]. In each cuse, & ‘mutant ¢lowd” [Kauflman, (1993)] is
generated avound certain sites in the ariginal sequence.

[14] Error-prone PCR. uses low-fidelity polymerization conditions to
introduce a low level of point mutations randomly over a long sequence. Ervor prone PCR
can also be used to mutagenize a mixture of fiagwents of unknown sequence. Error-prone
PCR can randomly mutatc genes by altering the concenirations of respective dNTP's in the
presence of dITP [Caldwell & Joyee, (1992); Levng & Miyamoto, Nuclvic Acids Res 17;
1177-95 (1989); Spee st el., Nucleic doids Res 211 777-8 {1292)1.

[¥5]  Hewever, computer simulations have suggested that point rvtagenesis
alone may often be toa gradual to allow the block chunpes that ave requirsd for continued
sequence evolution. The published error-prone PCR protocols wre generally unsuited for
reliable amplification of DMNA. fragments greater than 6.5 to 1.0 kb, limiting their practical
application. Further, vepeated cycles of error-prone PCR lcad to an accumnlation of neutral
mutations, which, for example, may make a protsin immunogenic,

18] [0 oligonucieotide-directed muiagenesis, a short sequence is replaced
with a synthetically imutagenized oligonueleotide. This approach does not gencrate
coimbinations of distant mutations and is thus ot significantly combinatorial. The limijted
library size relative to the vast sequence Jength means that many rounds of selection are
unaveidable for protein optimization. Mutagenesis with synthetic oligonueleotides requires
sequencing of individual clancs after cach selection round followed by grouping into

Families, arbitrarily choosing a single family, and reducmg it to a consensus molif, which is
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resynthesized and reinserted into a single gene followed by additional selection. This process
comslitutes a statistical bottleneck, it is labor intensive and not practical for many rounds of
mutzgenssis.

{t7] Methods of saturation nutagenesis utilizing random or partially
degenerate primers that incorporate reshiction sites have also been deseribed [Hill et al.,
Methads Enzymsl 155: 553-68 (1987); Dliphant et al., Gene 44; 177-83 (1986); Reidhaar-
Olson ct al., Methods Erzymol 208: 564-86 (1991)].

[18]  "Cassetie" mutagenesis is ancther method for creating [ibraries of
rutant proteins [Bock st al., T1.S. Patent # 5,830,720 (1995); Christou & McCabe, 1U.S.
Patent # 5,830,728 (1998); Hill et al., Methods Enzymol 155: 558-6% (1987); Miller et al,
I8 Palent # 5,830,740 (1998); Shiraishi & Shimurs, Gene 64: 313-9 (1988); Stermmer &
Cramari, .S, Patent # 5,830,721 {1998)]. Cassette mutagenesis typically replaces a sequence
block length of 8 template with a partiaily randomized sequence. The maximum information
content that can be shtained is thus limiled statistically fo the nunber of random sequences in
the randomized portion of the cassette.

[19] A protocol has alse been develaped by which synthesis of an
Gligonucleotide is "doped" with non-nattve phosphorumidites, resulting in rendomization of
the gene section targeted for random mutagenesis [Wang & Hoover, S Bacteriol 179: 5812-9
(1997}). This method allows control of position selection, while rctaining a random
substitution rate.

i20]  Zaecolo and Gherardi {1999) deseribe 2 method of random
mutagencsis utilizing pyrimidine and purine nucleoside analous [Zaccolo & Gherardi, J Mo/
Hiol 285: 775-83 (1999)]. This method was saceessful in achieving substitution nutations
which rendered  -lactamase with an increased catalytic rate against the cephalosparin
cefotaxime. Cren describes & "walk through” method, wherein a predetennined amino acid is
introduced into a targeted sequence at pre-selected positions [Crea, ULS. Patent # 5,798,208
(1298},

[21]  Methods for mutating a target gene by nsertion andfar deletion
mutations have also been develeped. It has been demonstrated that insertion ntations could
be accommedated in the intertor of staphylecoceal nuclease (Keefe ot al., Profein Sof 3: 391-
401 (1994)]. Exumples of deletional mutagenesis methods developed include the utilization
of a1 exonuclease (such as exonuclease IN or Bal31) or through oligomiclsotide dirceted
deletions incorporating point deletions [Ner et al., Nucleic Avids Res 17: 4015-23 (1989

Additionally, Lietz desoribes & method whereby oligonucleotides with randem seruences
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way be combined with PCE to induce insertions and deletions. Enhuncement of function by
this techmique has nof been shewn, and the capacily to overmutagenize (i.e. make too many
insertions or deletions per polynucleotide) is substantial in this method [Lietz, 1.8, Patent #
6,251,604 (2001)].

[22] The techmique most often used to evolve proteins ir vitro Ls lawwn as
“DNA Shauffling™. In this method, a library of gene modifications is creafed by fragmenting
homologous sequences of a gene, allowing the fregments to randomly anneal to one another,
and filling in the overhangs with polymerase, A full length gene library is then reconstructed
with polymerase chain reaclion (PCR). The ntilily of this method occurs at the step of
annealing, whereby homologous sequences may sateal to one anether, producing sequences
with atfributes of both starting sequences. In coffect, the method affects recombrination
befweoon two or more gencs that are homolegous, but that contain significant differences at
several positions. [t has been shown that creation of the Hbrary vsing several homologous
sequences allows a sampling of more sequence space U using a randomly pwtated single
starting sequence [Crameri et al., Nefure 391: 28891 (1998)]. This effect is likely dus te the
fact that years of evolution have already seiected for different advantageous or newtral
muiafions amongst the hormologs of the different species. Starting with homologs, then,
approciably limits the number of deleterious mutations in the ereation of the library which is
te be screened. Combinatorially rearranging the advantageous positions of the homologs can
apparently allow for an optimized secondary protein slructure for catalysing a biechemical
reaction, The resulting evolved protein appears 1o contain positive features contributed from
cach of the starting sequences, which results in drastically improved function following
selection.

23]  Alterations to the DINA shuffling teclmique have been devised. Qne
process is termed the “staggered extension” process, or StEP. Instead of reassembling tho pool
of fragments created by the extended primers, full-length genes are assombled directly in the
presence of the template(s). The StEY consists of repeated cycles of denaruration followed by
exiretnely abbreviated annealing/sxtension steps. In each cyele the extended fragments can
anneal to diffcrent templates based on complomentarity and extend a little further to create
"recombinamt casseftes.” Due to this {emplate switching, most of the polynuclectides contain
sequences from different parental genes {i.e. are novel recombrnants). This process is
repeated until fiill-length genes form. It can be followed by an optionzl gene amplificafion
step [Arnold et al,, U.S. Patent # 6,177,203 (2001)].
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24} Tn another technique, fragmentation of the Initial DNA. can be
-accomplished by premature tenmination of the polymerase in an extension reaction by
inducing adduet formation in the target gens [Short, 11.8. Patent # 5,965,408 {19993]. Ina
different technique, a Library is crested by inducing incremental fruncations in each of two
homologs to praduce a libravy of fusion genes, each of which contains domains donated trom
each homolog [Ostetmeier et al., Nat. Biotechnol. 17: 1205-9 (1999)]. The sdvantage of this
approach is that significant homology amongst the starting sequences s not required since the
annsaling step of previeus methods is omitied. [t is uneloar, however, whether this modified
technique actually will l2ad te generation of impreved gene function after selection
techniques ave apphied to the library,

(28]  The previously deseribed methods of gene shuffling using alleles of
genes from different organisnis allows combinatorial diversity to aeeur, but is hmited by the
homelogy found in the starling sequences. Additionally, these methods do not provide for &
mechamism which would generate the junctional diversity formed through ¥(D) joining of
antibody gene segments. The present invention makes use of mechanisms enalogous to
Junciional diversily by adding and deleting residues from protein or nueleie acid sequences in
cither a directed or 3 random fashion. The present invention also provides for “gene
swipping” svents analogous to the combinatorial diversity generated by combinatarial V{DY)

recormbination. This will greatly enhance the imeans by which genes are evolred in vitro,

SUMMARY OF THE INVENTION
[26]  The present invention involves the dirceted molecular evolution of
nucleic acid scqnences by:

(2} adding or deleting nuclcotide residusg at random in a
polynucleotide 1o produce a library of pelynucieotides
gontaining additions or deletions; and

(b)  optienally subjecting the pool of polynucleotides in step ¢a) to a
selection procedure capable of identifying polymiclectides
encoding for a desired function or feature. Steps (a) and (b)
cas aptionally be repeated. Libraries produced by the methods
of the invention are also described and contemplated.

[¥71 Uniquely, the present invention allows a sampling of sequence space
which will include sequences that significantly affect secondary pratein stricture, thus

inereasing the probahility of identifying altered or impraved fanction in zn evelved genc.
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Further, the presont invention allows & sampling of sequence space wiich camot be sampled
by other current teehnologics. Moreover, libraries of pelynuclectides created with the present
invention cammot be ebtaied utilizing other current technologies.

28]  Secveral methods and compositions are deseribed and centemplated
below. Dne method of the invention generates a library ¢f polynucleotide sequetces having
puclentide deletions at differing positions in a sequence of a genetic element comprising the
steps of:

{a) subjecting multiple copies of circular polynucleotides
comprising the genetic element to randem cleavage to abtain
multiple Hinear polyaucieotides cach petynucleotide having at
lcast one 3* and 5’end; and

{b) subjecting said palynucleolides from step (4) ta a process
which removes at least ope nucleotide from one of suid DNA
ends of said polynucleotides producing a library of deletion
palynucisotide sequences, said library somprising multiple
deletion polynucleotide sequences with deletions at diflerent
randam pesittons.

Further, if desired, polynueleotides from step (b) tay be subjected to a pracess that
covalenly joins the 3° and 5" ends to one another and the library of polyoucleotides may be
further subjected to a process that selects for a fmction of interest. The library of deletien
palynueleotides may comprise more than two or mere, for example, deletions of at Jeast 10,
20 ar 30 er mere or even 50 to 100 individual polynucieotides each having a random
delelion at a different position from the others may be obtained. The number of defetfons
maide will depend upon the starting matctial and the goal of the technician. In some
embodiments, the library of deletion polynucleotides compriscs very short deletions of at
least 1,2, 3, 4, or 5 individual nucleotides or more. In different embodiments, the library
may comprise larger deletions of 50-100 or more nucleolides. Ir another emmbodiment, the
composijon of multiple copies of circulac polynucleotides is free of naturally-occurring
homelogs to the genelic clement. Further, steps (4) and (b} may optionaily be repeated.
Anciher optional methed includes a process for inserting nucleatides at the pusition of
deletion i step (b).

[29]  Substantially pure compositions comprising a library of multiple
(preferably mare than two, more preferably more than S, most preferabiy mere thay 10)
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Ingar polynucieotides each baving a different 37 and 2 57 end, but eagh Jinear polynucleotide
being ideniical to the others if circularized arc descrihed and contemplated.

[30]  Substantially pure conipesitions comprising 4 library of ut least 2
(preferably more than 5, mare preferably more than 10) deletion polynucleotides sach
differing from the other only by having « different yandom delefion are also described and
contemplated. Optlionally such deletion pelynucleotides further conaprise at least one
nueleatide inserted at the position of deletion.

[31] Another method of the invention gencrates a lbrary of polynucleotide
sequences having nucleotide additions at random positions in a genetic element comprising
the steps of:

(a) subjecting u composttion of multiple copies of circular
palynucleotides with the genetic clemont to random cleavage to
obiain multiple linear palyrucleotides each polynucleotide
having at least one 37 and 5* end; mnd

(b) subjeciing said polynucleotides from step (a) to & process
which adds al teast one nucleatide to one of said ends of said
palynuelentides producing 2 library of addition pelynucleotide
sequences, said library comprisig multiple addition sequences
with additions at different randont positions.

Further, if desired, the addition polynucleotides from step (b) may be subjocted to & process
that covalently joins said 37 and 5° DNA ends to one another. Op&onally, the library of
polynuclectides may be subjected to 2 process that selects for a function of infercst.

In any of the methods deseribed bere, cleavage preferably oceurs witlt the use
of an endonuclease, preforabiy S1. This methed parmits the library of addition
polynuclectides to camprise any number of different polynuclectides, for example, at least
5, 10, 20 or 20 individual polynucleotides cech having a random addition of nucleotides at 2
different position from the others. In one embodiment of the cluimed invention, the
composition of mulliple copies of circular polynucleotides is (fee of naturally-oceurting
homologs to the genefic clement. QOptionally, steps () and (b) of the methad may be
repeated. Anviher oplion includes a process for deleting nueleotides at the point of addition
in step (b). Any nunber of nucleotides may be added in step (b) depending upon the stacting
moleculs and the goal of the technician, for example, 1-3, 3-54, or 50-100 or more
aucleotides may be added in step (b).
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321  Substantially pure vompositions comprising a library of at least 2
(preferably at Jeast 5, most preferably at least 10) addition polynuclectides each differing
from the other ondy by having a different random nddition are conternplated.

[33]  Further, the present invention surprisingly provides a method to make
short deletions at the end of a polynucieotide, producing a pepulation of polynucleatides with
short deletions {frot 1 to 100), preforably from 1 to 35, most preferably 1 to 10 at the end.
A DNA end having such deletions can then be covalently joined with other DNA ends,
producing a libcary of polynucleoiides containing deletions at a spoeific internal position.
Often the two ends to be ligated will be present on the same DNA molesule, such that the
resulting ligation product comprises circular polynucleotides. Such methods and

compositions are important in the areas of protein enginecring and directed evolution.

BRIEF DESCRIPTION QF THE DRAWINGS

134]  FIG. 1 is a diagram of the process of DNA shuffling, an earlier msthod
of choice for molecnlar evolution. Homologs of a gene of interest are fragmented, subjected
to denaturation and veanpealing such thal the sinple-strand frzgments from the homologs can
prime ane another in an extension reaction. Amphfication of the full length gene then
produces a library of hybrid genes. A generic screen is then applied to select an elrered or
improved gene.

[33] FIG. 2 is a diagram of the immunoglebulin heavy chain locus
illustrating the process of V(D) recombination which produces combinatorial diversity, and
DNA end-joining which produces junclional diversity.

136]  FIG 3. is a diagram illustrating an example of a method which
produces nucleotide deletions and insertions at randem positions in a polynucleotide. A
target gene is cleaved to produce a pool of genes cach of which arc fragmentcd at random
positions in the gene. Residues can be deleted (Jeft), or inserted {right} at the DNA ends to
produse libraries containing dsletions, inscrtions, or deletions and Insertions at randorn
positions.

{37 FIG 4 is a diagram ilinstrating the random cleavapes of a
polynucleotide. In pausl A (Fig. 4A), the DNA plasmid pLacZi (Clontech, Palo Alto, CA)
was either uncleaved (Jane 2), cleaved with Lhe single cutting restriction enzyme Cla 1 (lane
3), or increaging concentrations of 81 nuclease (lanes 4-7), Lanes L and 8 are lambda/Hind
[0 DNA markers. In panel B (Fig. 4B), the pLacZi plasmid is uncut {lane 2), cleaved with
Cla I (fane 3), or 81 nucicase (lane 4). A samplo of the S1 cleaved pLacZi was gel purified
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and run in lane 3, or further cleaved with Cla Iand runin Jane 6. Bqual ameunts of DNA
were run in lanes 2-4 (1 pg), and lanes 5-6 (190 ng). The smear in lang 6 iltustrates that
cleavage by 81 was not site-specific. Lants 1 and 7 contain lambda/Hind T DNA markers.

i38]  FIG. 5 is a diagram illushating an example of a method which
produces short nueleotide deletions at 2 DNA end. Exonucluase 1T deletes nucieotides from
the ends of a fluorcscently labeled 232 by DNA fragment in a salt dependent reactian. As
salt is increased the number of deletions decreases.

[39] FIG 6 is a diagram Mustrating the deletion of miclentides in the Lacg
geng. The plasmid pl.acZi was cleaved with Cla L, treated with exonuclsase 11 as deseribed
i FIG. §, re-ligated, clectroporated inta £. coli, and plated on plates containing the
colorimetric lactose analog X-Gal. Clones with either a blue or white color were picked,
grown in LB, and DNA propated. Piasmid was suhjeeted to PCR with primmers flanking the
Cia 1 site, where one primer was fluorescently labeled. The PCR product was run on a 6%
denaturing acrylamide gel in. an ABL 373 DNA sequencer and analyzed with Genesean
software (Perkin Elmer, Foster City, CA). The top panel shows PCR with the wild-type LacZ
gene, producing a 312 bp fragment. Clones 1-6 had variable short deletions presept. Clones
1 and G had blue phenotypes and 2-3 bad white phenetypes.

140]  FIG. 7 is a 1.5% agarose gel showing 3 clones containing an insertion
in pLacZi, CHO cell cDINA was fragmented with DNase I, ligated inta the Cla I sitc of
pLacZi, electroporated into £, eofi, and plated on X-Gal plales. Three clones were analyzed
by PCR of plasmid DNA using primers flanking the Cla T site. Lanes labefed 1-3 are clones
containing different sized insertions, and lane 4 is plLacZj. The DNA ix the first and Jast
lanes are @X174/Hae 1T DNA mackers with their sizes in basepairs indicaled at the right.

DETAILED DESCRIPTION OF THE INVENTION
[41]  Gene swapping events censtilute a major driver in the evlution of
macromolecules. Swapping events may nclude nucleotide insertions, deletions, or
replacements. A swapping event may occur by means of homologous recombination, but
may also oeclr by non-homologous means as they do in V(D)) recombination and the DNA-
end joining mechanism uzed by antibody gone segmonts [Smider & Chu, Sert. fmmun, 9:
189-97 (19%7)].  Current technelogiss for molecular evolution do net provids a gererally

applicable non-homologous means for gene swapping.

JP 2004-507247 A 2004.3.11



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

0

25

30

(55)

WO 0116642 PUTIUSOTAASTHR

[42]  Applications of the current invention melude producing novel genotic
elements with improved or attered function, These genetic elements can have significant
commiercial value. For instance, the genetic element may enltance production of a protein
pharmaceufical. The genetic element may eneode a profein pharmaceutical such as a
raonocional antibody, or an engyme used to treat a disease, Further, the genetic element may
encode an enzyme important in industrial processes such as chemical manufacturing, or may
be used in a praduct such as laundry detergent (i.e. protoases, fipases, or esterases). Further,
the genetic element may have important uses in agriculture, such as 1 provide a mems for
pathogen resistance, or to allow production of novel nutrients by a plant species,
Additionally, the genetic element may be used in microorganisms to produce novel products
for human use, such as novel antibiotics, pigments or ather small molecules. As can be seen,
the modification of genetic elements in order to Improve or alter their function has a myriad
of applications in several diverse industries.

i43]  For the purposcs of describing this invention the foilowing terms will

be helpdul and wilt have the [ollowing meanings:

Definitions

[44]  The tern “base” refors 1o a component of nucleic acid consisting of
cither adenine, guaning, thyming, cytasing, or uracil. Additionally, “puring” refers o either
adenine or guanine, and “pyrimidine” refers to either thymine, cytosine, or uracil.

[45]  The term “pucleoside’ refers o a molecule comprising the covalent
linkage of a pyrimidine or purfne to a pantose ving {such as tibose or deoxyribose)

{46]  The term “nucleotide” refers to the phosphaic cster of 4 nucleoside.

7]  The ferm “palynucleatide(s)” refers 1o 2 molecule containing at lenst
one 57 hydroxyl of ons nucleotide covalently linked to one 3’ lyydroxy] of at least one other
mueleotide through a band such as z phosphodiester bond. A polynucleotide is necessarily
compased of “positions” confaivieg “residues™ as defined below,

48]  The tenm “position” as it relates to a polynucleotide sequence or
polypuptide sequence refers to the Jocation of a ziven residue in the polynuclectide or
poiypeptide chai. For example, “position” in a polynucleotide sequence 1s defined as the
[ozation of a fiucleotide in the polynucleotide chain in refirence lo at least one olher
nucleotide. For instance in the simple poiynucleotids TG, the T is in position 1 (in reference
to 1t5elf) and G is in positien 2 {in reference to the T in pesifion 1). Often if is convention to

label the furthest 5 nueleotide as a reference and labsl 1t as position 1. In & double strandsd
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polynncleotide encoding a gene, such as DNA, often the translation start site of & gene is
Ieheled as position 1. This Is often the adening in the ATG translation start sequence.
Posifions located 5' from the ATG would be given a negative position (such as -11, -35, etc.)
and positions lecated 3" to the ATG would be given positive positions, Those skilled in the
art will recognize the nature of the term “position” s it relates to the numbering schems in
sequences of palymucleotides. A “sequence” refers to the string resuiting from the
compasition of the residues oceupying each position. For example the sequence ATG msius
that the base adenine occuples a position which immediately precedes thymine, and thymine
occupies a pesition whick immediately precedes guanine. A “specific position” refers 1o a
position in a polynucleotide between at least two nucleatides whose sequence and
composition is known,

[49]  The term “residuc™ as it relates to a polynucleotide or pelypeplide
rcfers o either & puring or pyrimidine nucleotide for polynucleotides, or an amino acid for a
polypoptide.

[S0] A “genetic element” means a sequence of polynucleotide envoding &
function. Ior example, & “genstic element™ may encode a polypeptide sequence, may encodt
2 promoter fanction, an enbancer fugction, a transcripiion start or slop site, or RNA splice
sites and the like. Genetic elements may be operatively linked to other genctic elements, for
exaraple a promoter may be operatively linked 1o a genetic element encoding a protein to
allow expression of & profein in a given cell type. The tenin “gene” and “gene of interest™
refer to a polynuclectide capable of encoding & polypeptide.

[31] The term “swap” or "genc swapping™ in refzrence to 2 polynucleotide
means either: 13 the ceocurrence of a deletion of al least two residues aceupying conseeutive
positions it a polynucleatide, or 2} the occurrence of an addition of a1 least two residucs
occupying vonseoutive positions inte 4 pelynucleotide, or 3) the replacement of at least two
residues ecenpying consecutive positions in a palynuckéotide with other residues.

[52]  The term “guclostide delelions™ as applied to a polynucleetide means
that a polynucleotide has had one or more specific residucs removed from pne or more
positions in the polynuclectids chain when the resalting polynucleotide is comparesd 1o the
parental, wild-type, or other reference sequence.

153]  The term "nucleotide insertions™ ot “nuclectide additions™ means that
a polynucleotide has had specific residues added to the polynucleotide chain, such that at
least one of the original residues now ocoupies a new pasition in the polynucleotide when

compared to the parental, wild-type, or other reference sequence,
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[54]  The ten “library of polynucleotide sequences” refers to 2 mixture of
polynucleotides, wherem at loast one of the sequences differs om at least ong other
sequence in the mixture by sequence eeopesition or length, for cxample, where at least one
position is oceupicd by a different qucleotide when the two sequences are compared or at
least onc nucleatide position is ehsent in one sequence when compared with the other
BEQUENCE.

[55] Theterm “DNA" refors to deoxyribonucleic acid, It will be
undersiood by those ot skill in the art that whers manipulations are described herein that
refate to DIVA. they wiil also apply io RINA.

[56] Thoterm “DNA ends™ or ends refers to the posifion in a8 DNA strand
wherein a phosphodiester bond is broken. In a single-strunded DNA end a nuclgolide is only
covalently linked with one cther nucleotide. A “double-standed DNA or RNA end”™ refers lo
the position in a double-siranded DNA or RNA molecule wheremn the molecule 15 no longer
double-stranded. Generally DNA ends are recognizable to those skilled in the art. Doulble-
siranded DNA ends are characterized as biunt, having 4 5° overhang, 2 3* overhiang, ora
halrpin structure, A BNA end may or may ot contain & 5° phosphate group.

[57] Theterm “cleavage” as used herein refers to the breakege of a bond
belween two nuclcotides, such ag a phosphodiester bond.

[58]  The term “circular polynucleotide™ refors to a polynuciectide wherein
no double-strandedt DNA ends are present. A circalar polynuclectide may be single-stranded
or doublo-stranded. A circular polynucleotide may, however, conlain single-stranded DNA.
cpds. A circulur pelynucleotide will be present if single-stranded DA ends exist but
hydrogen bonding keeps the two strands of the double-siranded molecule hybridized to one
another such thar & double-stranded DNA end is not created by the presence of two single-
stranded ends in proximity to one another. Such a eircular double-siranded polynuclestide is
often referred to as “nicked”.

[59]  Theterm “linear polynncleatide” is a pelynucleatide which contains at
Icast one, but most often two DNA ends. A linear polynucleotide may be gither single-
stranded or double-siranded.

[68]  The term “random® or “random position” as zpplied to a
polynusleotide refers to a process by which any of the specific residne positions may be
selected. Random as used hore does not mean that all points or peint of cleavage or
nucleotides or positions ate selected or chogen wWith equal frequency. Rather random focuses

on the unpredictable nature of the proccas, i.e. the worker cannot predict a priors whtere an
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event will ooewr or what position any base will have. Finally, ot all positions nesd be
available for cleavage for the process to be randoun as to the availabls positions or bases. For
example, 2 polynucleotide with a length of N may have any or all of its positions (i.e. I,
2,.. M) affected by 2 manipulation. In the addition {ingertion} or deletion of residuss, a
pelynuclestide necessarily must have covalent bends (such as phosphodiester bonds) cleaved,
thereafter which residues are deleted or added (i.e. the tofal number of positions is decreased
or increased, respectively). In describing “deletions &t random positions” in a polynuclectide
of length N, it is meant thal any or 2ll of the N {in & circular polynucleotide) or N-1 (in a
lineay polymuclectide) covalent linkages between nuclestides (j.c. phosphodiestar bonds) are
broken, und at least one nuclectide at the end is removed prior fo re-ligation.  Thus, ina
process causing “deletions al random positions™ the final length of the polynucleotide (N, or
the number of positions) necessarily decreases. Similarly, In describing “insertions at
random posiliens” in a polynucleotide of Yength N, it is meant thal uny or all ef the M (in a
circular polynucleotide) or N-I (in a lincar polynucleatide) covalent linkages between
nucleotides {i.e. phosphodiesier bonds) are broken, and at least one new nucleotide {i.e. a new
position) is added at the end prior to re-ligalion. Thus, in a process causing “insertions at
random positions” the final length of the pelynuclectide (N, or the sumber of positions)
necessarily increases. [t is recognized that a combination of precesses invelving “deletions at
random pesitions” and “inserticons at randon positions™ may allew the fival length of the
polynucleotide to remain unchanged (i.e. the additions cancel out the deletions and the final
number of positions remains the same, however the nucleotides occupying the positions imay
be different). [n descabing “random cleavage™ or & “single rundom break™ in a
polynuclectide of Jlength N, it is meant that any ane of the N (in a circular polynuclectide) or
N-1 (in a finear polynucletide) covalent linkages between residue positions in a single
polynucleatide molecule are clsaved. Accordiogly, In one vessel conlaining meny copies of a
polynucleotide, n singlc random break can oeur 4l different positions mn different molecules.
[611  As used herein, "substantially pure” means an object species is the
predominant species present (1., on a molar basis it is morc abundant than any other
individual macromolecular species in the composition), and preferably a substantially
purified fraction is 4 composition wherein the object species comprises at least about 50
percent {on a molar busis) of all macromoelecular species present, Generally, a substantially
pute composition will comiprise mere than about 89 to 90 percent of all macromelecular
species prescit in the composition. Most preferably, the object species is purified to essential

homogencity (contaminant species cannot be detected in the composition by conventional
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detection methods) wherein the composiiion consists essentially of a single macromoelecular
grecies. Solvent species, small molecules (<500 Daltans), and eleimental jon speciss are not
considered macromolecular specics.

[62]  The term "homolozous” or "homeologous” means that one single-
stranded nucleic acid seguencs may hybnidize to a complementary single-stranded nucleic
acid sequence, The degree of hybridization way depend on & number of factors ineluding the
amount of identity between the sequences and the hybridization conditions such as
temperature and selt concentration as discussed later. Preferably the region of identity is
graater than about 5 bp, more proferably the region of identity is greater than 10bp. Thus,
“hemelogs™ are nucleic acid molecules that are not identical but we capable of hybridizing to
ane another under phyziolagical conditions. Deuble-stranded homelogs are capable of
hybridizing 1o one another following denaturation.

[#3]  The term "haterologous” means that one single-stranded nucleic acid
sequence s unable to hybridize to another single-stranded nucleic acid sequence or its

complernent. Thus areas of heterology means that nucleic avid fragments or polynucieotides

have areas or regions in the sequence which are unable to hybridize to another nucleie acid or

polynucleotide. Such regions or areas are, for cxample, areas of mutations.

i64]  The term “identeal® or "idemtity" means that two nucleic acid
sequences have the same sequence or a complementary sequence. Thus, "areas of identity”
means that regions or arcas of a nucleic acid fragment or polynucleotide are identical or
complementary to another polynucleotide or nucleic acid fragment.

[65]  The (erm "amplfication” means that the nomber of copies of a miclec
acid fragment is incrcased.

166]  The rerm "wild-type” means that the nueleic acid frapment does not
comprise any mutations. A “wild-type” protein means that the protein will be active at a
comparibls level of activity found in mature and typically will comprise the amine schd
sequence found in nature. In an aspeet of the invention, the tarm "wild type" or "purental
sequence” can indicats 4 starling or reference sequence poor to a manipulation of the
BECUENCE.

[67]  The term "related pelynuclectides” means that regions or arsas of the
pohmucleotides are identical and regions or areas of the polymucleatides are helerologous.

[68] The texmn "chimeric polynucleotide” means that the polynucleotide

comprises nucleotide regions which are wild-type and regions which are mutated. It may also
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mean that the polynucleotide comprises wild-type regions from one polynueleotide and wild-
type regions from another related polynucleotide.

[69]  The term "population” as usced herein means a collectien of
componerts such as polymcleotides, nucleic acid fragments or proteins. A "mixed
population” means a ¢ollection of conmponents which belong to the same family of nucleic
acids or proteins {i.e. are related) but which differ in their sequence (i.e. are not identical) and
hence in theit biological aetivity. A “library™ necessarily implies a pupulation wherein at
Teast two of the components is different in some aspect {chemical compositien, length, cic.)

{701 The term "specific nueleie acid fragnrent” means a nucleic actd
fragment having cerlain end points and having a certain nucleic a01d sequence. Two nucleic
2cid fragments wherein one nuclsic acid fragment has the identical sequence as a pottion of
the sccond nucleic acid fragment but different ends comprise two different specific nueleic
acid fragments. Two nucleic acid fragmonis with identical sequences but different 5° or 3°
ends comprise two differcnt specific nucieic acid fragments.

[71]  The term "mutations” means changss in the sequence of a wild-type
nueleic acid ssquence or changes in the sequence of a peptide. Such muiations may be point
mutafions such as transitions or transversions. The mutations may be deletions, inserions o
duplications.

[72]  In the polypeptide notation used berein, the lefi-hand directon 1s the
amino terminal direstion and the right-hand direction is the carboxy-terminal direction, in
acordance with standard usage and convention. Simitarly, unless specified otherwiss, the
lefi-hand ead of single-stranded polynucleotide sequences is the 5° end; the left-hand
direction of double-stranded polynucleotide sequences is referred to as the §' direction. The
direction of 5 to 3" addition of nascent RINA transeripis is referred to as the transcription
direction; sequence tegions on the DNA straud having the same sequence as the RNA and
which are 5 to the 3' end of the RINA trimsoript are referred to as “upsiream sequences”,
sequence regions on the DINA strand having the same sequence as the RNA and which arg 3'
to the 3' end of the coding RNA trenscript are referred to as "downstream sequences”.

[73]  The term "nafurally-eccurring” as used hercin a8 applied to an object
refers to the fact that an object can be found x natire. For example, a polypeptide or
palynucleotide scquence that is present in an organism (including virses) that can be isolated
from & source in nature and which has not been intentionally modified by man in the

laberatory is naturally-occurring. Generally, the term naturally-occurring refers 1o an object
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as present 1n 2 non-pathelegical (undiseased) individual, such as would be typical for the
species,

[741  Asused hetcin the term “physiological conditions” refers to
fernperature, pH, fonic strength, viscosity, and like biochamical parameters which are
compatible with a viable organism, and/er which typically exist intracellilarly in a vighle
cltured yeast cell or murnmalien cell. For example, the intracellular conditions in a yeast cell
grown under typical laboratory culture conditions arc physiological conditions. Suitable in
vifro reaction conditions for in vitra transcription cocktails are generally physiological
condilions, In general, in virre physiological conditions comprise 50-200 mM NaCl or KCI,
pH 6.5-8.5, 20-45°C. and 0.001-10 mM divalent cation {e.g., Mg™, Ca*™); preferably about
150 mM NaCior KCI, pH 7.2-7.6, 5 mM divalent cation, and often inelude 0.01-1.G percent
nonspecific protein (2.2, BSA). A non-ionic detergent {Tween, NP-440, Triton X-100) can
often be present, usually ar about €.001 to 2%, typically 0.05-0.2% (v/¥). Particular aqueous
conditions may be selocted by the praciitionsr accerding to conveniional methods. For
general guidance, the foliowing buffered aquecus conditions may be applicable: 10-250 mM
NaCl, 5-50 mM Tris HCL, pH 53-8, with optional addition of divaient cations) and/or metal
chelators andfor nonionic detergeats and/or membrane fractions and/or antifoam agents
andfer scintillents,

[75]  Asused hercin, "linker" or “spacer” refees to & molecule or group of
molgciles that connects two meleculss, such 2s a DMA binding protein and 2 nmdoem
peptide, and serves to place the two molecules in a preferred configuration, e.g., so that the
rantom peptide can hind to a reeeptor with minimal sterde hindrance from the DNA binding
protein.

[76]  As vsed hereig, the letm "operably iinked” refors to a linkage of
palyniclectide elements in a funetional relationship. A nucleic acid is "operably linked"
when it is placed inle a functional relationship with another nucleio acid sequence. For
instance, & promoter or enhancer is operably liked to a coding sequence if it affects the
transcription of the coding sequence. Operably linked meuns that the DINA sequences being
Linked are typically contiguous and, where necessary to join two protein eoding regious,

contigucas and in reading frame.

Producing Libraries of Evolving Random Molecules
[77]  The present invention provides a methed to create libraries of

polynuclentides conlaining sither nueleotide deletions, ingertions or combinations of
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deletions and insertions at randon: positions. In effect this invention provides 2 means to
“swap™ genetic elements without the need for homology or amplification techniques. The
swapping of genetic clements is known to be a driving force in evoluticn of mecromelccules,
cells, and organisms [Ostermeier & Benkovie, 4dv Protein Chem 55: 29-77 (2000)]. Current
techniques, such as PCR based gene shaffling, do not allow significant swapping of genetic

clements independent of homology.

Deletions

[78]  Inane smbodiment, the nvention provides a method to crsate a
population of palynuclestides, with members of the population differing Bom one another by
the presence of deletions at a single random position. One method of the inventian, for
exampls, comprises the steps of:

{a) cleavage of a composition of multipls sopies of polynuelaotides at

random positions to create twe ends;

{b) subjecting said polynuclectides fom step () to a process which
reroves at least one nucleotide ftom one end of the ends of said
polynuclesiides; and

(t)  optionally subjecting said polynucleotides from step (b) to a process
which covelently joins said ends ta ane another, producing a library of
polynuclentides which contains at least onc polynucleatide that differs
frora the others by a deletion at one position.

[79]  Further, thw invenlion provides a populalion of polymucleotides, with
members of the population differing from one ancther by the prosence of deletions at a single
random position. 1t is contemplated that deletions will allow remeval of detrimental or
wwanted functions of a genetic ¢lement. These functions might include protease sites, fon
binding domains, DINA binding sequences for inhibitory transeription factors, nnmnogenic
domains of proteins and the like.

(801 In & further embodiment, the izvention provides a method, for
example, to generate polynucleotides wherein the polynncleotides contain deletions at more
than one position. One method compiises the steps of!

(a) cleavage ef a composition of multipls copiss of polymuclcotides at

random positions to eregte two ends;

Fa
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{b)  subjecting said pohymucleotides from step {a} 1o a provess which
removes at least one muicleotide from one end of szid ends of sajd
polynucleotides; and

(¢} optionally, subjecting sajd polynucleotidss fiom step (1) to a process
which covalently joins said ends i ope another, producing a library of
polynucleatides which contains at least one polynucleotide that differs
from: the others by a deletion at one position.

A funetion of interest roay then be selected for if desired (step(d)). Further, if desired, steps
(a) to {c) or steps (a) to (d) may be repeated from 1 to 50 times or mare.

|81]  Further, the invention provides s population of pelynucleotides
wherein the polynoclectides contain deletions at more than one position. It is conlemplated
that delvtions at multiple pasitions will allow romoval of multiple delrimental or uawanted
functions of 2 genctic clement. These functions might include any combination of protcasc
sites, ion binding doraing, DNA binding sequences for inhibitory transeription factors,
nmunogenic domains of proteing or other funetions of nterest 25 will be well appreciated by
those of skill in the art,

Insertions

[82] Inonc cmbodiment, the invention provides a method to creaie a
populatien of polynueleatides, with members of the population differing from one another by
the presence of insertions at a single yandom pasition. One method comprises the steps oft

fa)  cleavage of a composition of multiple copiss of polynucleotides at
randorm posilions to create twe sads;

{b)  subjecting said polynucleatides from step (a) to a process which inserts
al least one nucleotide to at least oue end of said polynucleotides;

(c) optionally subjecting said potynucieotides fiosm step () 1o a provess
which covalently joins said ends to one another, producing a library of
polynucleotides which contains at least one polynucleatide that differs
from the others by an insertion at one positioir.

[83]  Further, the invention provides a papulation of polynucleotides, with
members of the population differing from onc another hy the presence of insertions ata
single random posifion. This embodiment of the mnvention will allow novel fusion of genelic
clements to cccur. For example, a loxin could be fised to a targeting moleculs (like an

aniibody), enzyme modules in important metabolic pathways (such us polyketide synthetases)
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could be fused in new ways, or naw funciions Jike binding domams {1.e. nucleic acid binding
domgins, small molesule or ion binding domaing, protease sites, ar other post-iensiational
modification medules) could be incorporated inte existing genetc elements,

[84] Likewise in another embodiment, the mvention provides a method to
generate polyaucleotides wherein the polynuclectides contain insertions at more than one
position. One method comprises the steps of:

{a)  cleavage of  composition of mutiple copies of polynuclsotidas ar

random positions;

2y subjecting said polynucleotides from step (a) to & process which inserts

at least one mucleotide to af least one end of said DINA ends of said
palynuclectidss; and

(c)  oplionally, subjecting said polynucleotides from step (b) 1o a process

which covalently joins said DINA ends to one anoiker, producng a
library of palynuclectides which contains at Jeast one pelynucleotide
that differs from the others by an insertion at ane position; and

(d)  optionaliy selecting for a function of imerest. Steps {a)~(b), (2)-{c) or

{a)-(d} may bo repeated from | to 50 times or more.

[85]  Furiher, the mveniion provides 2 population of polynuclectides
wherein the polynucleatides contain insertions at more (hun one position. It is contemplated
that this embodiment of the invention will aliow muitiple novel fusions of genetic elements to
ocewr. For exemple, the following could be fused to 4 gene of interest In & combinatorial
fashion: a foxin could be fused to a targeting molecule (likce 1 antibady), enzyme modules
in important metabolic pathways (such as polyketide synthetases) could be fused in new
wiys, or new fanctions like multiple binding domains (i.e. nucleje ackt binding domains, jon
binding dotains, profease sites, or other post-translational modification modules) could be

incorporated into existing genetic elements,

Combinations of insertions and deletions
[86]  Inone embodiment, the Invention provides a method to create a

population of polynucleotides, with members of the population differing from one another by

the presence of deletions and insertions at 4 single random position. This method compriscs

the steps of:
() cleavage of o composition of multiple capies of poiynucleotides at

random positions to creale two ends;
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(b}  sobjecting seid polynuclentides from step (a) to a process which
Temoves af least one nucleotids from one end of said ends of said
polynueleoiides;

{c) subjecting said polynusleotides fTom step (b} to 2 process which inserts
at least one nucleotide to at Jeast one end of said DNA ends of said
pelynueleotides fram step (b);

(&) optionally subjecting said pelypucleotides from step (¢) to a process
which covalently joins said DNA ends to one another, producing a
library of polynucleolides which contains at least one polynucleotide
that differs from the others by a deletion and insertion at one position.

[87] Further, the invention provides a population of palynucleotidos, with
members differing from ene another by a combination of deletions and insertions at 2 single
random position. [t {s contemplated that this embodiment will aliow for new heterologous
domains to replace domaing in the gene of interest. In this regard, new functions, such as
Jigand binding or enzymatic catalysis could be conferred upon a genetic element. Alsa,
native funation could be cohanced ntilizing this embodinent.

[88] In another emboidiment, the invemion provides a method to generate
polyzuclectides wherein the pelynucleotides contain insertions and delotions at wiore than
one position. In this regard deletions may aceur at different positions than insertions, or
deletions and insertions can occur at the same position. Further, defetions and/or lusertions
can occur at multiple pesitions. This method comprises the steps of:

{a) cleavage of a composition of multiple copiss of palynucleotides at

randem positions lo creale two ends;

{by  subjecting sak! pelynucleotides from step (#) to a process which
removes af least one mcleotide frem onc end of said ends of said
pelynucleotides;

{c)  optionally subjecting said polynucleotides from step (b} to a process
whick inserts at least one nucleotide (o at least one end of sakd ends of
said polynucleotides;

@ aptienally subjecting sai.(i polynacleatides from step (c) 1o a process
which cavalently joins said ends to one apather, preducing a library of
polymuelcotides which contains at lcast one pelymicicotide that differs

from the others by a deletfon and insertion at one position;
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{e)  oplionally selecting for a function of interest; and optionally repeating

any ol steps (a) 1o (d) fom 1 to 50 times or more.

[89]  Further, the invention provides a population of polynuclectides
wherein the polymueicatides contain insertions and deletions at more than one position. Tt is
contemplated that this embodiment of the invenlion will allow for classical directed
cvolution, wherein multiple tounds of insertions at random positions, deletions at random
positions, and combinations of Inscrtions and deletions, are produced with the penetic
element being optionally subjected to sclection between cach round. This embodiment

allows for the improverasnt or alteration of the function of a genetic element

Starting material .

[90]  The present invention can be applied to any polynucleviide of interest
to the researcher. The polynucleotidc can be nucleic acid, i.e. RNA or DNA. Often the
polynucleotide will be DMA consisting of genstic elements or one or merc gones of intercst,
The slarting material may be eblained through natural soursss, or may be pelynucleotides
which have heen synthesized in a laboratory (e.2. gene synthests), or may be polynucleotides
derived fram narzal sources which have been mantpulated in a laboratory. Several sources
of poiymucleotides are available through publicly hatd databanks such as Genbank
(http:/fwww.nebi.ntm.nih gov:80/Genbank/index. Jurl) or availuble cormmercially (Celera,
Rockville, MD; Incyte, Palo Alte, CA; Clontech, Falo Alto, CA; Invitrogen, Carlshad, CA).

[%1)  The nucleic acid inay be obtained from any source, for example, rom
plasniids such a pBR322, from cluned DNA or RNA or fram natucal DNA or RNA from any
source including bacteria, yeast, viruses and higher organisms such as plants or avimals,
DNA or RNA may be extracted from bloed or tissue mataial. The templatc polynuclectide
may be ohtained by amplification using the polynucleotide chain reaction (PCR) [Mullis,
U.5. Putent # 4,683,202 (1987); Muilis ¢t al., U.S. Patent # 4,683,195 (1987)]. Alternatively,
the polynucleotide may be present in a veetar present in & cell and sufficient nucleic actd may
be obtained by eulluring the cell and extracting the nuclcic acid from the cell by methods
known in the act.

[92]  The choice of vootor depends on the size of the polynucleotide
sequence and the host cell to be employed in the metheds of this invention. The templates
may be plasmids, phages, cosmids, phagemids, viruses (8.g., retroviruses, parainfluenzavirus,
herpesviruses, reoviruses, paramyxaviruses, and the Iike), or selected portions thereof (e.g.,

coat protetu, spike alycoprotein, capsid protein). For example, cosmids, phagemids, YAC'S,
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and BACs ar¢ preferred where the specific nucleic acid sequence to be mutated is larger
because these vectors are able to stably propagate large nucleic acid fragments.

93]  If the specific nueleic anid‘ sequence is cloned 1nto a vector it can be
clonally amplified by inserting each vector into a host cell and allowing the hast cell to
amplify the vector. This is referred to as clonal amplification because while the absolute
number af nucleic acid sequences increases, the number of mutunts does not increase,

i94]  Starting materizl should be in substantially pure form. The
polyuucleotide may be double-stranded or single-stranded, but more preforably is double-
stranded. Further, the polynucleotide may be Linear or circular, but in a preferred
embodiment the polynucleolide is circular. Polynucleotides in cireular form may be prepared
by preparatian of plasmid DWA from orgamisms such as bacteria, yeast, plaats, or mavumalian
celle by techniques well known to those skilled in the art [Maniatis et al., (1988)]. The
number of dffferené specific nucleic acid fragments in the reaction. vessel will be at least
abant 100, preferably at least about 500, and more preferably at least about 1000,

[95]  The starting material {i.e. the polynucleciide), while in substantially
pure form, can also be present without homofogs or related sequences. In other words, the
pohmucleotides in the initial vessel may all be identical, although they may also be related,
viwelated or heterologous. [n faet, performance of the present invention will be unaffected by
the sequence of the starting material. Furthermore, the sequence of the starting material may
be known et unknown, For ditected evolution putposes, all that Is required is a method to

deteat the funetion of the polynucleotide (such as a screening assay).

Cleaving the polynucieotide at a random pesifion

196] Ino general, a nucleic acid fragment may be cleaved by 4 number of
different methods. The rucleic acid fragment may be digested with a nuclease such as
DiAse I, ST nuclease, P1 or mung bean nuclease, or RNAse, which are readily available,
Other enzymes, such as RAG] and RAG2, topoisomcrases, aud integrases arc capable of
cleaving polynucleotides. The nucleic asid may be randomly sheared by the method of
sonication or by passage through a tube having a small orifice. The use of radi:ation, such as
gaxama radiation or ultraviolet radiation is also capable of ¢leaving polynucleotides.
Chemical apents, such, as bleomycin or methyl methanesulfonate (MMS) can algo cleave
polynucleotides.

[97]  Of substantial importance to the generation of funetionaily mutated

genss contuining insertions or deletions is fo cleave the polynueclectide a small number of
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times, usually between 1 and 10, preferably between | aud 5, and most preferably ance. The
present invention provides a means to cleave a polynucleotide such that cleavage occurs only
at one position per polynucleotide in the reaction vessel. OF importance is that the present
invention provides 4 means for a near random cleavage of a polynucleotide (j.c. cleavage at
several different positions in different molecules). Cleavage can be double-stranded or
single-stranded (i.e, produce single-stranded ends or donble-stranded ends). Bxamples of
enzymes which ean cleave polymuclectides include DNase 1, S1 nuclease, PI nucleass, as
well as lopoisomerases, fransposons, and integrases. Cleavage can occur transiently with
enzymes such as tfopoisomerases, transposons, and integrases. Theac onzymes may cleave
the polynucleotide onee, or more than once, $1 nuclease can be used ta cisave double or
single-stranded polynucleotides in a generally random fashion. In a preferred embediment,
will circular double-stranded DNA, 81 nuclease will cleave the polynucleotide only once,
producing two DNA ends (F1G 4).

[98] It is also contemplated that the nuclelc acid may also be partially
digested with one or more restriction enzymes which cleave DNA at a high frequency (i.¢. at
several positions within a pelynuclestide), such that certain polynucleotides are cleaved only
onee, and that the resulting population contains polynucleotides cleaved one time, but with
different polynuclectides cleaved at different positions. The cleavage with a restriction
enzyme may not be entirely random, but if the genelic element of ulerest has enough specific
restriction sites at diffevent positions, the cleavage pattern may be vseful enough to generate
substantial diversity.

[99]  Itis conteniplated that single cleavage of a polynucleotide can be
accomplished through other alterpative mechanisms which normally cleave polynucleotides
several times. A polynucleotide can be randomly sheared by the ruethod of sonication or by
passage through a tube having = small orifice. The use of tadiation, such as gamma radiation
or uliraviolet radiation is also capable of cleaving polynucleatides. If any of these modalities
is carefully titratcd and & meuns of purification is utilized, the singly cleaved molscules can
be eblained in substentially pure form (i.e. singly cleaved molecuies can be punified away
from uneleaved or muliiply cleaved melscules).

[100] Furthermers, enzymes which act to cleave vnd rejoin DNA, suck as
topoisomerases, iransposons, and integrases can be utilized to effectively cleave a
polynucleotide [Singh et al., Proc Natl Acod Sei 94: 1304-8 (1997)]. In these cases the
cleavage and refoining steps may be coupled. Preferably the DINA ends are binked, or are in

physical proximity to one anather, following cleavage, This is in order to prevent the re-
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ligation of the wrong ends o one another following deletional ox insertional events. One
mechanisn to keep the ends linked is through the usc of a eireular polynuclestide as a
starting raaterial. Tn this case, the ends are linked by the intervening polynucleotide chain.
Thus, the re-ligation will be an inframelgcular event as opposed to intermelecular, and will
procecd with greater efficiency. Other mechanisms to keep the ends in proximify is through a
protein bridge, such as througl: chromatin {i.e. histones, or other DNA binding proteing), ar
through enzymes which couple cleavage with rejoining, such as transposons, integrases, or
tapoisomerases. Alternatively, ends could conceivably be left in proximity to one auother
through the linkage of opposite ands {the non-cleaved ends) to sclid supports.

[#01] Cleavage of « circular polynucleolide consisting of supercoiled
plasmid DNA can be accomplished by incubalimg from .7 to 100 pg, preferably from I to 10
WE with a nucicase such as §] puclease. The nucleasc can be present in amounls from 0. to
1000 units, but preferably from 1 to 100 units in 4 reaction of 10 ul. The temperature of the
reaction can oecur from between 0 and 100°C, but preferably between 4 and 50 °C. The
reaclion time can vary fom 30 seconds te § hour, bul preferably is beiween about 1 and 30
minutes. The degree of linearization can be measured by analyzing the plasmid DNA on an
agavose gel as in FIG. 4. The linear DNA shm;ld preferably he purified from the unent DNA
by any of & number of methads well lmown to those skilled in the art. Such methods include
utilization of agarose gel purificalion kits (Qiagen, Valencia, CA), HPLC, column
cluormategriyshy and the like.

Deletion of rucleotides

[102] Nucleotide deletions can be generated af a NA end by & varigty of
means. For Instance, an exonuclease, such as exonuclcase 111, can be used 1o reprove
nucleotides in 4 3° to 5 dircction from 2 DNA cnd. The resulting DNA end then contains a
5" overhang which can be removed by digestion of the DNA with a single-stranded
endonuclease such as P1 nuclease, $1 ouclease, or mung bean nuclease, Bal 31 nuclease iy
an enzyme which posscases 3° to 3° as well as 3’ fo 5 nucleolytic activity and can be used to
delete nuclectides from a DMA end. Furthermore, several polymerases, like DNA
yolymetase I from E. coli, Klenow fagment, and Tug polymerase contain exonuclease
activity and conld conceivably be used to make deletions from 2 DNA end. Cell sxtracts
from all organisms contain DINA repair enzymes which can act to delete nucleotides, thus
ungrure cell extract could conceivably be used s u source for exonuclease activity. Other

nucleases, Which may not have exenucleasc activity under certain conditions may be capable
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of producing deletions at « DNA end wnder other condilions. For example, 81 nuclease can
produce short delfeilons when used at bigh enzyme concentrations. Furthermors, it is
comtemplated that mild denaturation of @ DNA melecule, such that the DNA eads becoms
“frayed”, will allow defetions to cocur upen application of a single-stranded endonucledse,
such as 51, PL, or mung-bean nuclease,

[103] In a preferred ombodiment the conditions of the deletion reaction are
get such that the number of individual deletions occwring at cach DNA end may be well
contrelled. For exampls, altering the salt concentration, altoring the pH, altering the
temperature, or altering any of the other biochemical parameters of the reaction can chunge
the activity of the nuclease enzyme such that more or less deletions will occur depending on
the intent of the investigator (for instance devreasing temperature or inereasing salt may
lower the processivity of the exonuclease and cause fewer deletions). Figure 5 shows altering
conditions allowing differing numbers of deleliens io ocour on a DNA end. In some cases
large delctions night be warranted (j.c. to completely ramove a large domain in a genetic
¢lement), it other cases small deletions might be preferable (i.e. to ramove a single amine
acid, or a few aming acids such as these that cornprise a protease site). Generally deletions
could be obtained numbering from 1 te 1000, more preferably they would be from 1 4o 100,
Tu. certain instances, as described, the deletions may nmumber from 1 to 10.

[104] Drueto cleavage at a random position in the polynueleotide, the

Iocation of the delctions in the resulting palynucteotide will also be located at 2 random

position. Also, since residues are deleted from either and of the molecule, the total mumber of

delstions will equal the sum of the deletions occurring en the 53° end and the 3' end.

Adding nucleotides

[105} [n order ta make additions to a polynucleotide in random positions, e
polynucleotide is necessarily cleaved al 2 random position, 23 described above, Prior to
insertion, nucleotides may be deleted from the DNA ends produced during the cleavage
event. Alternatively, the DNA ends formed by the cleavage reaction can be used as
substrates te which new nucleotides or polynucleotides ace added.

[£86] Several difiereni mechanisms exist to add nuclestides to the ends of a
polynuclectide, For example, nuclestides can be added by shemical coupling, A
polymerase, such as terminal deoxynucleotidyl transforase can be utilized to add nucleotides
in a semirandom fashion to a DINA end [Gauss & Licber, Mo! Celf Biof 1996 16: 258-68
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(1996)]. Alternatively, the cleavage siep may be coupled ta the ingertion event, as can be the
¢ase when employing transposons ot integrases to the insertion event.

[107] A ligasc such as E. eofi ligase or phage T4 ligzse van be utilized to
covalently couple a new polynucleotide to the parent polynucleotide. In a preferred
embodiment the polynucleotide is a genetic element or a fragment of a genetic element. A
genefic elemen! predisposes the resulting polynucleotide to have function since genetic
elements are functional in some way by definition. The genetic element may be a gene, the
regulatory clomnent of a genc, or a genatie element encoding a nseful domain. The genstic
cloment may be 4 library of genetic elements such as a cDNA library or genomie DNA
library. Fragments of a genetic element can be produced by digesting the polynueleotide
with a nuclease, such as DNAse 1, 81 nuclease, P1 or mung bean nuclease, or RNAse. Other
€nzymes, such as restriction enzyies and topoisomerases, can alse cleave polynacleotides
into fragients, The pelynuclcotides may be randomly sheared by the method of sonication
or by passage threugh 2 tubo baving a small orifice. The use of vediation, such as gamma
radiation or vltraviclet radiation is also capable of eleaving polynucleniides inlo Sagmenis,
Chemical agents, such us bleomyein or MMS san also cleave polynucleotides into fragments.

[108] It is contemplated that the mixture of a parent polynucleotide cleaved
at o random position, with a papulation of genelic elements or fragments of genetic elements,
and a ligase such as T4 DNA ligasc, under the appropriate salt, buffer, and temperatiue
canditions, will allow covalent coupling of the genctic clements with the parent
polynucieotide at the position of' the original cleavage event. Thus, a mixture of
palynucleotides is produced comprising an insertion at a random position withn the parent
polynucleotide. The content (i.e. the sequence) of each insertion may be identical if the
genetic elements or fragments of genetic elements are identical, or different if the fragments

of genctic elements were non- identical.

Rejoining the DN A ends
[109] DNA ends may be rejoined covalently by incubating the DMA ends
with an enzyine ke a DNA ligase which will form phesphodiester honds betwecn

nucleotides at the DNA end. Examples ol ligases include £, coli DNA, ligase, phage T4 DNA,

ligase, or human DINA ligeses. These cnzymes can be nsed under conditions well known to
these skilled in the art to ligate DNA. Other enzymes are lso capable of creating covalent
linkages (like phosphodiester bonds) between nucleotides at DNA ends. Such cnzymes are

topoisomerases, (ransposons, integrases, and other recombination cnzymes. Other
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mechanismas can be used 16 joln DNA ends such as the utilization of an oliponueteotide
whose sequence can hybndize to sequences on. cither end (i.e. both the 5° and 3" ends)
“bridge” the ends with hydrogen bonds. The intervening saquence on the opposite strand
could be filled in with 2 pelymerase, such as E. eofi polymerase, Klenow fragment, phage T4
polymerase, or Taq palymerase. Micks could then be tepaired by a DNA ligase as described
above. Cellular extracts also contain lizase activities and cell or nuclear extracts could be
used to rgjoin DNA ends. Altematively, DINA molecules could he infroduced into intact cells

and the cell’s machinery could rejoin DMA. ends by homolegous or non-homologeus means.

Library compusitions

[110) The present invention provides for novel libraries of which the
following compositions are cxamples:
Deletions

|111] The invention provides a population of polynucleotides, with members
of the population differing from one another by the presence of deletions at & single random
positiod. Such single deletion libraties can contain at least 2 moleculss, but preferably 100
mmwlecules, und most preferably at least ebout 1000 molecules. Deletion libraries should
contain at least one moleculs that differs from at least one other moleenlc by the deletion of
at least one nucleotide at ong rapdem. position. The number of deletions at sach position
could be from 1 to 1000, but should be at Teast one, Tt is contemplated that deletions will
allow removal of detrimental or wiwanied functions of 2 genetic element. These functious
might include protease silvs, ion binding domains, DINA binding ssquentces for inhibitery
transcription factors, imnrunogenic demains of proteins and the Like.

1112) Further, the inventton provides a population of palynucleotides
wheiein the polyaucleatides contain deletions af more than one pasition. Such & library
should contain at Jeast 2 molecules, but preferably 100 wolecules, and most preferably at
Jeast ahout 1080 molecules. These multip)e deletion libraries should contala af least one
molecule that differs from at least one other molecule by the deletion of af least one
nucleotide at moie than one random position. It is conteruplated that deletions atmultiple
positions will allow removal of maltiple detrimental or unwanted fanctions of @ genctic
element. Thess fumctions might include any combination of mulliple protease sites, ion
binding domains, DNA binding sequences for inhibitory transeription factors, immunogenic

domains of proteins and the like.
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fnsertions

[113] Thenvention provides a population of polynucleotides, with members
of the population differing from one anather by the presence of insertions at 2 single random
position. Insertion libraries can contain at least 2 mofecules, but preferably 100 molecules,
and most preferably at least about 1000 molecules, Insertion libraries shewld conlai at least
one molecule that differs from at least one other melecule by thie insertion of at least one
wcleotide at one random position. The number of insertions at each position could be from 1
ta 10,000, but preferably will be at least one. For vxample, 2 toxin could be fised toa
targeting molecule (like an antibody), enzyme modules in important metabolic pathways
(such as polyketide synthetases) could be fused in new ways, or a new function like binding
domains (1.e. nuclefe acid binding donrains, ion binding domains, protease sites, or ather
post-transtational modification modules) could be incorporated mlo existing genetic
elements.

[E14]  Further, the invention provides a population of pelynucleotides
wherein the polynuecleotides contain insertions at mars than one pesition. Such & Library
should contain at leust 2 molécules, but preferably 100 molecuies, and most preferably at
lzast about 1009 molecules. These multiple insertion libraries should contain at Jeast one
melecule that differs from at least one other molecule by the insertion of at least one
rucleetide at more than one random position. Tt is contemplated that this embodiment of the
invention will allow novel fision of genetic clements to accur. It is contemplated that this
erbodiment of fhe invention will allow multiple novel fusions of genetic elements to ocour.
Bor example the following could be fused to a gene of interest in & combinaterial fashion: a
toxin could be fused to a targeting molecule (ke an antibody), enzyme modules in important
metabolic pathways (such us polyketide synthetases) could be fused in new ways, ov new
fimction like bindfng domains (i.e. nucleic acid binding domains, jon binding domains,
protease sites, or other post-transiational modifieation madules) could be incorporated into

existing genetic elerents,

Combinations of insertions and deletions

[I115] The invention provides a population of polynuclentides, with members
differing from one anotlier by a combination of delctions and insertions at a single random
position. Such a library should ¢ontain al léus! 2 molecules, but preferably 100 molecules,
and most preferably st least about 1000 molecules. These combination librarics should

confain at least one molecule thet differs from at least one other molecule by the nsertion of
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one nucleotide and the deletion of at least one nuclestide at one random position. Ttis
conternplated that this embodiment will allow for heterologous domains o replace domaing
in the gene of infercst. In this regard, new functions, such as ligand binding or enzymatic
catalysis could be conferred upon a genetic element. Alse, native function could be enhanced
wtilizing this embodiment.

[116) Purther, the invention pravides a papulation of polynuclectides
wherein the polynuclectides contain insertions and deletions at moere than one position. Such
a library should contain af least 2 molecules, but preferably 100 mzolecules, and most
preferably at least about 1000 moleenles. These cornbination libraries should contain at least
one molecule that differs fron: at least one other moleenle by the inscrijon of at Jeast one
musleotide at one random position and the deletion of &t least one nocleotide at ane random
position. This embadiment of the invention will allow for classical directed evolution,
wherein multiple rounds of insertions at random positions, deleiions at random positions, aud
combinations of insertions and deletions, are produced with the gens of interest being
optionally subjected to selection between each round. This embodiment allows for the

improvement or alteration of function of a genetic element.

Analyzing the compasition

jt17] The composition of such librarics can be determined by mechanisims
well known to those in the art. In order to determine whether a library contains insertions or
deletions, the library can be analyzed by agarose or acrylamide gel electrophoresis and size
can be compared to the parcntal sequence. Other methods, Like HPLLC, mass spectromelry,
columnn chromatography can be nsed fe identify size differences between polynucleotides.
Because the present invention relates o randum positions of inserilons and delelions, the
mast definitive methed to determining the composition of a library is to subject
representative palynuclectides witkin the composition to sequencing, a method well known to
those skilled in the art. Comparison of sequences of representative cloncs would allow one (v
determing if doletions or insertions occurred at random positions in dilferent molecules in the
libravy.

[118] The resulting library could be ligated into an expression vector far use
as 4 vehicle to express the resulting variants contained within the library. The nature of the

expression vector is described below in the “sereening’” section.

Screening for a funciion of inferest
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FI19]  Lu festing a library of pelynucleatides for a function of interest, the
iibrary should be insetted in an appropriate expression vector, Alternatively, the libsary can
be constructed in an expression vector (i.e. the library comprises an expression vectar), The
vector used for cloning is not critical provided that it will accept a DNA fragment of the
desired size. If expression of the DNA fragment is desired, the cloning vehicle should firther
comprise franseription and translation signals next to the site of insertion of the DNA
fragment to allow expression of the DNA fragiment in the host csll. For sereening in baclerial
cells, preferred vectors include the pLIC series and the pBR. series of plasmids.

[120] The resulting bacterial population will include a number of
recombivant DNA {ragments having random mutations. This mixed pepulation may be tested
1o 1dentify the desired recombinant nucleic acid fragment. The method of selection will
depend on the DMNA fragment desived.

11211 The choice of vector depends on the size of the polynucleotide
sequence and the host ccll fo be employed in the methods of tis invention. The lemplates
may be plasmids, phages, cosmids, phagemids, viruses (.., retrovinses, parainfluenzavirus,
herpesviruses, reoviruses, paramyxoviruses, and the like), or scleeted portions thereof (e.5.,
cout protein, spilre glycoprotein, capsid protein). For example, eosmids, phagemids, YACs,
and BACs arc preferred where the specific nucleie acld sequence is larger because these
veetors are able to stably propagate large nucleic acid fragments.

[122] 1fa DNA fragment which encodes for b protein with increased binding
efficiency to a Jigand is desived, the proteins expressed by each of the DNA fragments in the
population or library may be tested for their ability 1o bind to the ligand by meéthods know iu
the art (i.e. paoning, affinity chromatography). If a DINA. fragment which encodes for a
profein with increased drug resistance {s desired, the proteins expressed by sach of the DNA
fragmentz in the population or library may be tested for their ability to confer drug resistance
to the host organism. One skilied in the art, given knowledge of the desired protein, could
readily test the population to identify DNA fragments which confer the desired properties
onto the protein.

[i23] Inthe context of the prosent invention the term "positive polypeptide
varants" means resulling polypeptide variznts possessing functional properties which has
been improved it comparison to the polypeptides producible from the corresponding input
DNA sequences. Examples, of such improved properties can be as difforont as, for example,
enhanced or lowered biological activity, increased wash pE:l'fOl:ﬂlE]l'lCE, thermostability,

oxidation stability, substrate specilicify, antibiotic resistance ov others that may be of interest.
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[124) Consequently, the screening method to be used for identifying positive
variants depend ou which property of the polypeptide in question if is desired to clange, und
in what direction the change is desired.

[125] A number of snitablc screcning or selection systerms to soreen ot selecy
for a desired biological activity are described in the art. For cxample, Strausberg et al.
[Brravsberg et al., Riotechuology (N ¥} 13: 669-73 (1995)] describes a sereening system for
subfilisin variamts having calcium-independent stability, Bryan et al. [Bryan et al., Proreins
1:326-34 (1984)] describes o scrsening assay for proteases huving an enjenced thermal
stability.

j126] Itis conlemplated st one skilled in the art could use a phage display
system in which fragments of the profein are expressed as fusion proteins on the phage
surface (Pharmacia, Milwaukec Wis.), The recombinant DNA molecules are cloned info the
phage DNA at a site which results i the transcription of a fusion protein, a portion of which
is encoded by the recembinant DNA molecule. The phage conlaining the recontbinant nucleic
acid molgeule undergoes replication and transcription i the cell. The leader sequence of the
fusion protein directs the transport of the fision protein to the tip of the phage partiele, Thus
the fusion protein which is partially encoded by the recombinant DNA molecuie is displayed
on the phage particle for delection and seleclion by the methods described above.

Methods of Effecting Targeted Short Deletivns in Nuecleic Acids

[127] The ability to make short deletions in a polynucleotide 1s generally
hampered by the high activity and processivity of exonucleases that zct 2t 2 DNA end.
Several methods exist to make large (.6, more than 100 bass) deletions at DNA ends
[Sambroaok ct al., (1989)]. Howover, methods to create shost deletions, such as fom 1 to 100
bases or very short deletions like ffom 1 to 10 bases in a cantrolled fashion have not been
possible. The abilily to male such deletions at specific sites is impartant in the field of
protein engincering [Altarniranc et al., Mafwre 403: 817-22 (2000)] and is highlighted in the
end-joining mechantsm of ViD)J recombination, the method which produces the substantial
diversity in antibody genes [Smider & Chu, Sem. fmmun. 9: 185-97 (1997)].

Starfing material
[128] The deletion generating mechanism can be applied te any
polynucleolide of interest ta the researcher. The polynuclcotide can be nueleie acid, 1.6, RNA

or DNA. Often the polynucleotide will be DNA consisting of genetic elements or onte ox

JP 2004-507247 A 2004.3.11



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

20

25

30

a7

WO 0116642 PUTIUSOTAASTHR

maore pongs of interest. The starting matetial may be obtained through natural sources, or
14y be polymucleotides which bave been synthesized in a laboratory {e.g. gene synthesis), or
may be polynuelectides derived from natural sources which have been manipulated ina
laboratory, Several sources of palynuclestides are available through publicly held databanks
such as Genbank (bitp://www.ncbi nln.nih.gov:80/Genbankiindex.himl) or available
commercially (Celeta, Rackville, MD; Incyte, Palo Alle, Ca; Clontech, Pale Alto, CA;
Invitrogen, Carlsbad, CA).

[129] The nucleic acid miay be obtained from any source, for example, ffom
plasmids such a pBR322, from cloned DA or RNA, or from nutural DNA or RNA fom any
source mciuding bacteria, yeast, viruses and ngher organisms such #s plants or animals.
DNA or ENA may be extracted from bloed or tissue material. The template polynucleotide
may be obtained by amplification using the polynueleotide chain reaction (PCR) [Mullis,
TU.5. Patent # 4,683,202 (1987); Mullis et al,, U.S. Patenf # 4,683,185 (1987)]. Alfernatively,
the polynucleotide may be present in a vector present in a celt and sufficignt ucleic acid may
be obtained by culturing the cell and extracting the nucleic acid from the cell by methods

Iorown in fhe art.

Deletion of nucleotides

[130] Mucleotide delerions can be gensrated at a DNA end by a variety of
means. [or instance, an exonuclease, such as exonuclease 1T, cant be used to rentove
nucleotides in a2 3' to 57 divection from a2 DNA end.  Cfien the vesulting DNA end coniains 2
5 pverbang which can be removed by digestion of the DNA with a single-stranded
cndonuclease such as P1 nuclease, 31 nuclease, or mung bean nuclease. Other sxonucleases
could also be used in the present invention, Bal 31 nuclease is an enzyme which possesscs 5
to 3 as well as 3% to 3° nuelenlytic selivity and can be used (o delete nucleotides fiom a DNA
end. Exonuclease T can remove nucleotides in 2 3° to 5 direction. Exonuclease 7 can
remove nucleotides in a 5° to 3* direction, and can act at single-stranded ends such as nicks or
gaps. Bronuclease I catalyzes the removal of nucleotides from single-stranded DNA inthe 3
to 5° direction. Lambda exonuclease is a highly processive enzyme that aets inthe 5" to 3°
direction, catalyzing the removal of 5” imenenuclectides trom duplex DNA. Recl is a single-
stranded DINA, specific exonuclease that catalyzes the removal of deoxynuclectide
nonophosphates from DNA in the 57 fo 3° direction. Furthermore, severzl polymerases, like
DINA polymerase | from e. 2oli, Kienow fragment, and Taq polymerase contain exonuclease
activity and vould conceivably be used to makes deletions from a DNA end, Cell extracts
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from 21l organisms contain DNA repair enzymes which can act to delete nucleotides, thus
unpure cell extract could conceivably be used &s a souree for exenaclease activity. Other
mueleases, which may tiot bave exonuclease activity under certain conditions may be capahls
of produging delctions at 2a DNA end under other conditions. For example, 81 nnclease can
produce short deletions when used at igh enzyvme concentrations. Furthermore, it is
conternplated that mud denaturation of 2 DINA molecule, such that the DNA ends become
“trayed™, will allow deletions fo occUr upon appheation of 4 single-giranded endonuclease,
such s S1, P, or mung-bean nuelesss.

[131] In 2 preferred embodiment, the conditions of the delstion reaction are
set such, that the number of individual deletions accurring at each DNA end may be well
controlled. For example, altering the salf concentration and the temperature, altering the pH,
or altering any of the other biochemical parameters of the reaction can change the activity of
the nuclesse enzyme such that more or less deletions will occur depending on the infent of the
investigator. Mosi particularly and surprisingly we have found that decreasing temperature
and/or increasing selt lowers the processivity of the exenuclease and results in mere
controlled small deletions, Solls used in the reaction may be agy salt. Examples of salts
include sadimm chloride, sodium acetate, potassium chloride, or potassium acctate.
Preferably the salt is either sadium chioride or petassium chiloride. Salt eoncentrations can
range from 10 mM to 1.0 M, but preferably is between 50 b and 500 mM. Temperature of

the reaction can 2leo vary in the pregent invention. The temperature can renge fom 0°C to

" 30°C, but preferably is between 0°C and 24°C. Figure 5 shows altering conditions allowing

differing numbers of delelivns to ocour on a DNA end. In seme cases large deletions might
be warranted (1.e. 1o completely remove a large domatn in 4 genetic element), in other cases
smail deletions might be preferable (i.c. to emove a single amine acid, or a few amino acids
such as those that coutprise & proteasc site), The resulting population of polynucleotides
coptain variable amounts of deletionz at the ends of the starting sequence. Generully
deletions could be obtained numbering froxm 1 to 1000, more preferably they would be from 1
to 100 In a preforved embodiment, the deletions may iumber from 1 to 30 or even 1 to 140

Rejoining the DNA ends

1132} In soms cases it might be usetul to join the DMNA ends of a moleculs
containing a deletion with a second DNA end, such that the delztion now cecurs at an internal
position. Often the two ends to be hgated will be present on the szme DNA melecule, such

that the resulting ligation product is 4 circular polynucteatide, DMA ends may be rejoined by
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incubating the DNA ends with an enzyme like a DNA lgase which wil) form phosphediester
bonds between nuelectides at the DNA cnd. Examples of ligases include E. coli DNA ligase,
phage T4 DA ligase, ot human DNA ligases. These enzymes can be nsed under conditions
well Imown to those skilled in the art to ligate DINA. Ofher enzymes are also capable of
creating covalent linkages (like phosphodiester bonds) between nucleotides at DNA ends.
Such enzymes 2ce topoisomerases, transposons, integrases, and ather recombination
enzymes. Other mechanisms can be need to join DNA ends such as the utilization of an
cligonnclentide whoss sequence can hybridize 1o sequences on either end (i.e. both the 5° and
3" ends) to “bridge” the ends with liydrogen bonds. The Lolervening sequence on the opposite
steand could be filled in with & polymerase, such as e.celi polynerase, Klenow fragment,
phage T4 pelymerase, or Tag polymerase, Nicks could they be repaived by a DNA ligase as
described above. Cellular extracts also contain ligase activities and cell or nucleur extracts
could be used to refoin DNA ends. Altcrnatively, DINA molecules could be introduced into
intact colls and the eell’s machinery could rejoin DNA ends by homolegous or non-

homologous meanz.

Deletion compaositions

[133) In one embodiment the current invention provides for a composition of
potynuclcotides, wherein members of the population differ from one another by the presence
of deletions &t one or both cnds of the polynucleotide. The manber of deletivns may range
froro | to 104 al each end, but mors prelershle Is fom Lo 30,

[134] Additionally, the curvent invention. provides for a composition of
polyauclootides differing from one another by short deletions at a specific infemal position
(i.2. not 2t an end). This composition is obtsined by joining the composition of
polynucleotides with delstions at the ends to other DNA ends, such that the deletion now

accurs internally. Often the two ends to be ligated will be prasent ou the sume DNA

melecute, such that the resulting ligation product is a circular pelynucleotide. The number of

dejetions may range from 1 to 100 at each end, but more preferable is fom 1 to 30.

[135] Al references and patent publications rofsrred to herein are hareby
incorporated by reference herein.

1136] Ascan be apprenated from the disclosure provided above, the present
invention has a wide variety of applications. Accordingly, the following examples are
offered for illusiration purposes and are net intended to be construed as @ Nnilation o the

invenlion in any way.
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EXAMPLES

Example 1: Random cleavage of a plasmid

[137f Molecnlar evolutien techniques tilizing insertions or deletions require
a gene to be cleaved, at least transiently, 4 small number of times. Oplimally, each molecule
within a mix is cleaved once, et different random positions. There is signiticant difficaliy in
Preparing singly cleaved DNA, whercin cleavags ocenrs at random positions. Biondi, et.al.
described a cumbersome method using DNase [ and DINA polymerase to induce micks,
followed by fuxther cleavage of these micks to produce a4 double stranded break [Biond: st al,
Nucleic Acids Res 26: 4946-52 (1998)]. This process required tedions and time consuming
cesium chloride gradient purification and linker ligation steps, and is not generally applicable
to high throughput moelecular biclogy techniques Jike molecular evolution.

[138]) The strategy of utilizing a single-stranded endonuclease to mduce
double-stranded breaks at random positiotis in DNA has heretofore not been utilized. Itwas

reasoncd that a single-siranded nucleasc, like 51, PI, or mung beun nuclesss, would

specifically cleave sivgle-stranded regions in tightly superceiled DNA, thus producing a nick.

A nick is the natural substrate for these enzymes, so cleavage to produce a double-siranded
break may then ocour in the sume reaclion. Following cleavaye, the single-stranded regions

are no longer present since the plasmid is no longer supercoiled, so the DNA is no longer a

substrate for the enzyrae. Thus, cleavage would occur once and only once. This example

iliustrates the utility of this hypothesis.

{139]) The plasmid pLacZi (Clontech, Paly Alto, CA) was used to illustrate
the mechanism by which a polynuclectide can be cieaved at randont posilions. The plasmid
was propagated in DH1OB £ coli cells (Invitrogen, Carlsbad, CA) and plesmid was propared
by Qiagen maxiprep columns (Qiagen, Valencia, £A). Plagmid DNA at 200 ng/pl was
incubated with 0.4, 2.0, 10, or 50 units of §1 nucleasc (Promega, Madison, WI) in 1X 81
buffer (30 mM sodium aceiate pH 4.5, 280 mM NaCl, 4.5 M ZnS0,) for 10 minutes at
room teraperature. The reaction was stopped by the addition of EDTA {o 0,025 M and
heated to 70°C for 10 minutes. Protein waa removed by twice extracting with an equal
volume of phenol:chloroform:iscamy! aleohol (25:24:1}, once with an equal volume of ether,
precipitated with sodium acefatc and resuspended in water.

1140] Cleaved pLacZi was unalyzed by 1.5% gparese gel electraphoresis
(Figure 4, panel A). 1 nuclease cleaved plasmid was seen to co-migrate with pLacZi

cleaved with Cla I, which ents pLacZi once. Thus, 81 nuclease can linearize a circular DNA
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molecule, Although 81 nuclease is pot known to cut DNA in 2 sequence specific imanner, it
was important o detenming that the eleavage of plasmid by 81 was not site specific. To this
end, linear plasmid produced by 81 cleavage was gel purified (Figure 4, panel B, lans 5), or
purificd and farther cleaved with Cla I (lane 6). Controls incinded swpercoiled plasmid (lane
2), plasmid linearized with Cla I (lane 3), or plasmid linearized with 81 nuclease and un-
purified (lans 4). The $1/Cla 1 cleaved plasmid is seon a8 4 smear, showing that 31 js
cleaving in several different positions in the plasmid, If 51 cleaved at poly ane position, then
the 81/Cla [ cleaved plasmid would migrate as two bands; if S1 cleaved at two positions, then
the 81/Ca I plasnud would imigrats as three bands, and so on. The importance of this
example is that & polymicleotide is able to be cleaved onee (i.e. linearization of a circle), and

only once, at different positions.

Example 2; Deletions at a site in LacZ

{1411 Nucleotide deletions have boen made for structural analysis of genes,
and for nucleotide sequence analysis. Generally these deletions are large, in the renge of well
over 100 nucleotides. Under nonmnal conditions, for exumple, exonucleass [I1 removes over
100 bases per minute [Sambrook et al,, {1989}]. The ahility to create small deletions,
hawever, would be uscful to alicr small domains in proteins or remove deleterious functions.
In order to make small deleiions &t the end of & polynucleolide, exonuclease 111 was utilized
under various conditions of sult (Figure 5) and ferperature. A fluorescently labeled 232 base
pair PCR. product from pLacZi was exposed to 10¢ md, 150 mM, and 200 mM NaCl i the
presence of 10 U exonuclease 111 (New Bnglend Biolabs, Beverly, MA) in 10 ] of 66 mM

Tris-Cl{pH 7.4), 0.66 mM MgCl; at 15°C [n a 5 minute reaction, The resction was stopped

by the addition of EDTA 10 0.025 M, and extracted once with an equal volume of
phenol:chloroform:isoatnyl alcohal (25:24:1), ance with an equal volume of ether, and
procipitated with sodium acetate. DNA was resuspended in 20 pl dejonized formamide, and
0.5 pl was run on a 6% polyacrylamide denaturing gel I ABI 373 sequencer (Perkin-Elner,
Foster City, CA) set to the genescan setting according to the magufacturers recommendation.

[142] WNearly 25 nucleotides can be removed under conditions of 100 nbd
Natl (Figure 5, second panel), up to 15 nucleotides with 150 mM MatCl, aud a fow
nucleoiides with 200 mh NaCl (bottom panel).

[143] The Cla I site in placZi exists in the coding region of the LucZ gene.
This site was tilized to make shert deletions within the gene itself, which could then be
analyzed further by PCR to determine the extent bo which deletions were made. Additionally,
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plasmids containing deletions were selected on LB agar plates containing 40 pg/ml X-Gal to
determine the functionality of the LacZ gene. The pLacZi plasmid (10 pg) waes lincarized
with Cla 1 irr 200 p), ther incubated with 20 U of 81 nuelease in 400 pl to remove the 2bp 5
overhangs. Purther, the linearized plasmid was concentrated and filtered through an ultrafres
MC membrane (30 kD cuteff, Millipore, Bedford, MA), then brought to a volume of 400 1t
in 1X calf intestinal phosphatase buffer containing 109 U of calf intestinal phosphatase (New
Eugland Biolabs, Beverly, MA) and incubated for 45 minutes at room temperature. Plasmid
was extracted with an equal volume of phenol:chloroform:isoamyl alcohe! (25:24:1), ence
with an equal volume of ether, precipitated with sodium acetate, and resuspended it water.
The plasmid was {hen incubated with exonuclease III as described in example 1, in the
presence of aither 100 M, 156 M or 200 mM. NaCl for 5 minutes 2l 15°C na 10 pl
reaction. In & contral arm, plesmid was not incubated with exonuelease 111, ta test for the
frequency of religation of the dephosphorylated plasmid in the absence of deletions. Afler 5
minuicz of exenuclease 1Ll reaclion, a mix contaiming S1 guclease 50 U in 1X 81 buffer was
added, This mix was further incubated at roam temperaturs for 15 minutes. The raaction
was stopped by the addition of EDTA to 0.023 M and heated to 70°C for 10 minutes. The
DN A was then extracted once with an squal volume of phencl:chloreform:isommy) alcohol
{25:24:1), once with an equal volume of ether, precipitated with sodium asetate and
resuspended in 10 pl of 1 lgase busfer containing 1.0 1 of VY4 UNA ligase (Invitrogen,
Carlshad, CA). Ligation reactions were incubated at 15°C fer 12 hours. Elcciroporation of
E. eoli strain DIT10B (Invitrogen, Carlshad, CA)Y was accomplished with 1.0 ul of ligation
mix. Cells were plated on LB agar plates containing 40 pg/mi X-Gal and 100 pg/ml
ampicillin and incubated overmight at 30°C. Table 1 illustrates the results of the plating

experinent.

Table 1. Colony characterisiics after site directed deletions.

Blue Colonies White Colonies Blue/\¥hite

No Exe II 0 0 R

Txo 11, 177 66 .37

100 mbd NaCl

Exo II1, 340 140 0.41

150 e MNaCl

Puo L, TP a4 0.44
_200mM NaCl
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[144] Notably, no background is realized when dephosphorylated plasmid is
oot exposed to excnuclease TIT (firat row, Table 1). Several blue and white colonias are
evident with exonuclease 111 treatment under different salt concentrations. Tnterestingly, the
theorstical maximum of the blusfwhite ratic is 0.33, since at least 2/3 of religations should be
out of frame. Howover, the blue/white ratio in this experiment is slightly mors than 0.33, and
appears to increase as salt concentration increases. This bias may be dug to the fact that a one
basepair deletion from one end would allow in-frame religation to ocour, and fewer deletions
are favored as salt is inereased, The statistical significance of this result has not been
analyzed, 5o the true frequency may actually be nearer to 0.33.

[145] Six of the colonies were analyzed by PCR with primers flanking the
ClaIsite. FIG 6 shows lhese resuits. [n the upper panel the wild-type 312 basepatr fragment
fiom pLacZi is shawn. Clone 1 contains an in frame deletion of 291 bascs (PCR product of
291 bases) and retains a blue phenotype. Clone 2 contains & 4 basepair out of fame deletion
(PCR. product of 308 basces) and les a white phenolyps. Clone 3 contams u 9 basspait in
frame deletion {PCR produet of 303 bases) and has 2 white phenotype. Clone 4 contains 2 6
basepair in frame deletion (PCR produet of 306 bases) and has ¢ white phenotype. Clone 3
contains & 7 basepair out of frume delelion (PCR product of 305 bases) and has a white
phenotype. Clone 6 has @ 3 basepair deletior {PCR product of 309 bases) and has a blue
phenotype. Although it may be thought that shorter deletions would lead to less severe
phenotype, this oxperiment illusirates that this is not necessarily the case. Clone 1 contains a
deletion sucompassing 7 amino acids but retains (unction whereas clones 3 and 4 contain in
frame shorter deletions but do tot retain funchion. Furthermare, this example illnstrates the

ability of deletional technology to scarch fuactional sequence space.

Example 3: Insertions in LacZ

[146] Ingertions of random DMA. in the LacZ pene was accomplished by
employing DNase I to fragment cDNA derived from CHO cells, followed by ligation of these
fragments into linearized pLacZi. Sincc cDNA is by definition functienal, it is conteroplated
that the use of cONA will opiimize the likelihood of ebtaining functions] proteins. CHO cell
cDNA (5 pg ) was (ragmented with 0.001 units of DMase I in & buifcr containing 40 noyl
Tris-Cl pH1 7.4 and 10.0 md MaCl, for 5 minutes ut room temperature. The reaction was
stopped by the addition of EDTA ta 0.025 M and heated to 70°C in the presence of [0 g of

protease K. DNA was extracted with an equal volume of phenolichicreformiisoanry! aleohol
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(25:24:1), once with an equal volume of ether, and precipitated with sedium acetate. Plasrid
linearized with Cla ] or 81 nuciease were dephosphorylaled as described above, then again
extracted with an equal volume of phepol:chleroform:iscanyl aleohol (23:24:1}, once with an
erual volume of ether, and precipitated with sedium acetate. To insert rundom cDNA
frapments into plasmid DNA, 0.2 mg of linearized, dephospherylated plasmid was incubated
with | ng of eDINA. fragments in the presence of T4 DNA. ligase (1.0 LY in a reaction volune
of 10ml sl 15°C for 12 bours. As controls, linearized plasmd was incubated with ligase in
the absence of cDNA fragments, and eDNA fragments were incubated with ligasze in the
absonce of linearized vector. DHI0B E. coli were then electroparated with 1.0 pl of sach
ligation mix.

[147] Several e cofi colonies were identified in the vector plus insert arms of
the experiment which exhibited either whiie, inlermediate, or blue phenotype on X-Gal
plates, PCR aczoss Ibe Cla I site in the solonies which arose from veclor linearized with Cla 1
figated to eDMA fracments revealed several clones containing insorts of sizes from 190-300
basepairs, Three of these are llustrated in FIG 7. Thus, the insertion of fragments of cDINA

into a genetic element can be accomplished with the presant invention.

Example 4: Funciional changes at random positions

[148] The lac operon is a model system by which genetic elements ate easily
studied. The enzyme [3-galactosidase is encoded by the LacZ gene, but is narmally only
produced when lactose is present in the envirooment. Conirol of enzyme levels is
accorgplished at the level of transcription. The lac repressor protein binds to the operator
sequence upstreat from the ATG start site of LacZ, and inhibits transeription by RNA
polymerase. In the presence of lactose, however, the repressor is removed fom the operator
and frapseription can proceed. Tle mechanism of premotor activation s through the binding
of lactose, fire inducer, to ihe lac repressor and causing an allosteric change that causes iis
affinity for the operater to deercase dramatically. In the laboratory setting, LacZ
transcription can be assessed by plating £. coli on the colorimetric substrate X-Gal, which
causes colonies to turn blue when hydrolyzed by [i-galactosidase. The operator can be de-
repressed by utilizing the lactose analog TPTG, which is non-hydrolizable, ang strongly
induces LacZ transcription by binding the Jac repressor.

{349 In order to test the ability of randem delstions te affect gene functicn,
the pEluescript 1L KS+ plasmid was lincarized with S1 nuclease, gel purified,

dephosphorylated, and subjected to exonuclease LT digestion as desciibed in examples | and
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2. Linearized plasmid at 20 ng/pl was incubated with 10 U exonuclease 111 in 66 mM Tris-C]
pH 7.4, 0.66 mM MgCl; buffer 2t 15°C for 5 minutes, foliowed by addition of 1X 81 solution
contayning 50 mM sedium acetete pH 4.5. 280 mM NaCl, 4.5 mM ZnSOsand 10U ST
nuclease, and jneubation for 13 minutes at room temperature. The reaction was stopped by
adding EDTA to 0.025 M, und extraction with an equal volume of
phenol:chloroformuisouyl alcohal £25:24:1), once with an equal velume of ether, and
precipitated with sodium acetate. DNA was resuspended in 1X T4 DINA ligase buffer
containing 1.0 U T4 DN A ligase and incubated at 15°C for 12 hours, The ligation reaction {1
11l was Lhen used o eleciroporate E. coli strain TOP 10 F, which produces the lac repressor
protein {Invitcogen, Carlsbad, CA). The E. cofi were incubated on LI plates either with or
without IPTG as induecr, and in the presence of X-Gal to measure f-galactosidase activity.
Additionally, pBluescript plasmid was plated in the presence or absence of IPTG on X-Gal
conwining plates. Table 2 iflustrates the results of the experiment.

Table 2. Funetional changes in transcription of p-galactosidise

+IPTG SIPTG
Blue White RBlue White
pBluescript 100% Q 0 100%

pBluescript/delctions  66% 34% 2% 8%

Several eglonies gzined the ability to transcribe LacZ in the absence of (he inducer [PTG in
the wm of the experiment where deletions were made at random pesitions. Additionally,
several colonies Lost their ability to produce funetional B-galavtosidase in the presence of
[PTG. One white colony in the presencs of IPTG from the pBluescript/deletious arm was
sequenced and found te have an cight basepair deletion af the ranslation stuxt sife. This
sequence is illustrated below, with the translation start site (ATG) eﬁwding mcthionine
codon underlined.

CACACAGGABR--—-—---, ACCATGATTACGCCARAGCGLGCAATTARCCCTCAC TAAAGGCARCAR
CACACACCAARCRGCTATGACCATCAT TACGUCARGCGCECAATTAACCCTCACTAARAGOGANCAR
{SEQ) ID NO: { 2nd SEQ [D NO:2, respectively)

Thus, random cleavage of a plasmid, followed by shorl deletions made by sxonuclease 1 can
cause funeticual changes in regulatory and protein coding regions of genetle elements. These
shanges can then be dotected with a funciional assay,
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SEQUENCE LISTING
SBQ ID NO:1
Mutation in 5* end of gene encoding B- galactosidase
CACACAGGARAACCATCGATTACGCCAAGCGUGCAATTRAACCCTCACTARRAGGGAACAR

EEQ ID WO:2
5" end of wild type gene encoding P- galaetosidase
CACACAGEAAACACCTATGACCATGATTACCCCAAGCGUGUAATTAACCCTCACTARARGGER
ACAR

45



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

L= L s s

=

87)

WO 0116642 PUTIUSOTAASTHR

WIHAT IS CLAIMFED

1. A method for generating a library of polynucleotide sequences having
nucleotide deletions at differing positions in a sequence of a genetic clement comprising the
steps of:

(a) subjecting multiple copies of circular polynucleotides comprising the
genetic slement 1o random. cleuvage to obizin multiple linear polynucleotides sach
polynucleotide having at leastone 3° and 5° ond; and

{b) subjecting said polynueleotides from step {a) 1o a process which removes
at least one nucleotide fram one of 3aid ends of said polynucleotides producing a lbrary of
delstion polynucleatide sequences, said library comprising nulfiple deletion polynucleotide

sequences with deletions at different random positions.

2 The method of claim 1, further whercin seid polynueleotides from sten

(b) are subjected to a process that cevalently joins said 37 and 5° euds (o one another.

3. The method of claim 1, wherein said Ubrary of pelynucleotides is

further subjecied to d process that selecis for a funclion of fnteres!.

4, The method of claim 1, wherein the cleavage oceurs with an
endonucleasa.

5. The method of claim 4, wherein the endonuclease is 51,

6. The method of elaim I, wherein the library of deletion pelynucleotides

comprises at least 3 individual poiynucieotides cach having 4 random deletion ef a different

position from the others.

7. The method of claim 1, wherein ihe library of deletion polynucleotides
compriscs at least 1€ individual polynucleotides cach having a random dcletion at a different

posthon from the others.

8. The method of claim I, wherein the library of delotion polynucleotides
comprises at least 30 individual pelynuclectides each having # random deletion at a different

posifion from the others.
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9. The method of claim 1, wherein the compesition of multiple copies of

circular pelynucleotides is froe of naturally-cocurring homelogs fo the penstic element.
10.  The method of claim 1, wherein steps (a) and (b} are repeated.

11.  The methed of claim 1, wherein step {b) further includes a process for

inserting nucleotides at the position of deletion.

2. The method of ¢lanm I, wherem 1-3 nucleotides are deleted i step (b).

—

13, 13. The methed ef claim 1, wherein $50-100 nucleotides are deletad in

step {b).

i4. A substantially purs composition comprising 2 libracy of multiple
inear polynucleotides each having a different 3° and a 57 end, but each linear polynocleotide

being idontical to the others if ¢ircularized.

15.  The composition of claim 14, wherein said library comptises at least 5

polynueleatides huving # different 3° and a 5” end.

i6. A substantially pure composition comprising a library of at least 2
deletion polyoucleotides each differing from the ather only by having a different random

deletion.

17. The substantially pure composition of claim 16, wherein said deletion

polynucleotides furlher comprise af least one nucleotide fmsertod at the position of deletion.

i8  The composition of vlaim 16, wherein the library hae ar least 5

polynuclzotides each differing from the other only by having a different random deletion.

19, A method for gencrating & library of polynuclectide scquences having
nuckentide additions at random positions in a genctic element comprising the stepa off

(a) subjecting @ composition of multiple copies of ciroular
polynuclentides with the genetic element to random cleavage to obtain multiple linear
polynucleotides each polynucleotide having at least one 3' and 5° end; and

(L) subjecting said polynicleotides from stop (a) to a process which adds

af least one gucleotide to one of sald ends of sald polynuciectides producing a library of
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addition polynucleotide sequences, said library comprising multiple addition sequences with

additions af different random positions.

20, The method of elaim 19, further wherein said addition polynucleotides
from step () are subjected to a process that covalently joins said 37 and 5° ends to ane

another.

21.  The method of claim 19, finther subjecting said library of

polymucleatides to a process that seleats for a function of interest.

22, The method of claim 19, wherein the cleavage occurs with an

sndonnclease.
23, The method of claim 22, whercin the endonuclease is S1.

24, The method of claim 19, wherein the library of addition
polymclentides comprises at least 5 individual polynucleotides each having 2 random

addition of nuclectides at a ditferent position from the vthers.

25, The method of claim 19, wherein the library of addition
pelyoucleotides comprises at least 10 individual pelymuelestides each having a random

addition at a different position frem the others.

26.  Themethod ef claim 19, wherein the library of 2ddition
polynucleatides comprises at least 30 individual polynucleotides sach having & random
addition at a different position from the others.

27.  The mecthod of claim 19, wherein the composition of multiple copics of

circular polynucleotides is froc of naturally-occurring homologs to the genetic slement.
28 The method of claim 19, whercin steps {a) and (b) are repeated.

29, ‘The method of claim 19, wherein step (b) includes a process for

defeting nucleotides ut the point of agdition.
30, Themeihod of claim 19, whercin [-3 nucleotides are added in step (k).

31, 31 Themethod of claim 19, wherein 3-50 nucleotides ure added in
step (b}
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32 The method of claim 19, whersin 50-100 xnuelsotides are added in step
).

33. A substantially purs composition comprising a library of st least 2
addition pelynucleotides each differing from the other enly by having a different random
addition.

34. A substantially pure composilion comprising a bibrary of at least 5
addition polynucleotides cach differing fron the other only by having a difforent random

addrizon.

35. A method for preducing short deletiéns from the end of &
polynucleotide by incubaling = population of polynucleatides with an exomucleuse at 2
temperature from 0°C to 24°C in the presence of 10 o 500 mM salt, therchy producing a
population of pelynucleotides containing delctions of 1-100 residucs from at least one end of

the polynucleotide.

36.  The method of claim 35, wherein the polynucleotide is double-

stranded.
37.  The method of claim 35, whercin the exonuclease is exonuclease I

38, The rrethod of claim 36, wherein the double-stranded nuclsic acid is

incubated with a single-stranded ctndonuclease to produce a blunt end.

39, Themethod of ¢laim 35, frther wherein the resulting population of
polynuclectides containing deletions at the ends are covalently joined to at legst a second end,

producing a population of polynueleotides containing a deletion at an internal position.

40.  The method of claim 38, wheren the single-stranded endornuclease is

31 nucleasc.

41, The method of elaim 32, wherein the polynueleotides resulting frarm

covalent joining are circular polynucleotides.

42. The method of claim 35 wharein the population of polynucleotides

contains deletions of 1-50 residues from at least one end of the polynueleotide.
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43, The method of claim 35, wherein the populalion of pelynucleotides

contains delctions of 1-30 residues from at least one end of the polynucleotide.

44, A substantially pure composition of at least two pelyrucleatides sach
having two ends and each differing from one another only by having different deletions of 1

to 100 residues at one or both ends.

45, The composition of ¢laint 44, wherein the composition of

polymiclectides differs from one unother by deletions of 1 to 50 residucs at onc er both ends.

46, The composition of claim 44, wherein the composition f

polynuclectides differs from one another by deletions of 1 to 30 residues at ome or both ends.

47 The composition of claim 44, wherein the composition of

polynucleotides differs from one another by deletions of 1 to 10 residues at one or both ends.

48. A substantially pure coraposition of at least two polynuclentides sach
differing from one ancther ouly by deletions of T to 108 residues at a specific internal
position within the polynucleotides.

4%, The substantiaily pure composition of claim 48, wherein the
palynucleotides differ from onc another by deletions of 1 10 50 residues at the specific

intermnal position.

50.  The substantially pure composthion of clain 42, wherein the
polymicleotides differ from ene another by deletions of | to 30 residues at the specific

internal position.

51.  The substantially pure composition of claim 48, wherein lhe
polynucleotides differ from one unolher by deletions of 1 to 10 residucs at the specific

internal position,
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METHODS AND COMPOSITIONS FOR DIRECTED MOLECULAR
EVOLUTION USING DNA-END MODIFICATION

FIELD OF THE INVENTION
[01]  The inventon relates to direcled evolution, which encomprsses
methods that can be applied to genetic engineeting aud proteln cngineering, Dirscted
cvolution is used to evolve zene sequences with the goal of improving or altering gens or
protein function. Directed evolution can be applied to many areas including, but not limited

to, pharmacentical development, hioremediation, bioleaching, and the chemiecal industry.

BACEKEGROUND OF THE INVENTION

102}  Rerently atlempts have been made to simulare the process of evolulion
in vitro, thergby inducing genetic changes in specitic genes (o alter ar improve their
functions. Although techniques that altar genes have been knewn for soveral years, zenerally
detgiled features ahout the encoded protein’s stucture and funetion were required for these
methads to be successful. The technique of DNA shuffling overcume tais burrier to a certain
extent, and has beew, applied to evelve scveral genes successiully fn fhe past fow yoars
[Minshull & Stemmer, 1.8, Patent # 5,837,458 (1598)].

[03]  Natural evolution occurred over milliona of yoars for genes in the
environment. In vitre evalulion alterpts to mimic the nataral process in duys or weeks. Tn
order for an in vitre siralegy to suceeed, scveral facets of evolutionary theory st be
understoed. First, the concept of sequence space defines the fotal number of possible
sequences of a protein of a given length T auffiman, {1993)]. Thus,

§=20"
whare S, the sequence spuce, is (lie numnber of possible seguences, and N is the length of the
proteur. In in viteo evolntlon expeimeonts, it would be optimal to scarch § scguences ofa
given protein in order to idemity the fraction of those with the most improved or aliered
activity. 1t san quickly be seen that a protein with a modest 50 amino acids as an § of 207
possible different sequences, a nureber which is vivinally infinite in terrs of analysis with
current molecular biclogy techniques. Sceond, it is clear that nost amino acid changes ate
deleterions to proteins. These changes may render the protein inaetive, cause disruptions in

pruper folding, or cause instahility to the protein or MRNA i vive. It has been estimated that
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the ratio of advantageous to deleterious niutations en average is 1 in 10° |Radman et al., Aun.
N.¥. Acad, Sei. 870: 146-35 (1999)]. Tn this regard, mutatior rate is an important parameter
when mutating genes to improve their function. It the mutation rate is too high, deleterious
mutations will oecur in cis with the advantageous mutations, a condition which makes (he
genes wilh advantageous mutations impossible to identify since the resulting protzins that
caidain them will be inactive duc (o concomitant deleterions mwations. Third, in order to
overcome Lhe consequences of higher mutatfon rates, homologous recombination may be
utilized to rernove ieteterious mutation through double crossover cvonts, Fourth, any i vitro
evolution technique requires a selection sereen in order to identify those sequences which
improve or alter the function of the protein.

[04] A major barmer to current molecular evolution is the inability to
efficiently search sequence space lor a given protein. In this regard, of eritical importance is
the ability to generate and identify sequences thal differ at more than one residuc, whetsin
those diflerences ay have an additive effect upon protein fimetion. This additive effec: may
be described af umino weid interdependence. For example, a prolein with a single mutation at
residue { may not have any deloutable increase in function nnless a concomitant mutarion al j
is also present. In this case, In order for evolution (o be successful, all possible two-mutant
variants of the target sequence should be sampled and tested lor inproved [unction. In
general, the number of R-mutant variants of a protein of length N is given hy:

_ 200 %!
TR NERYRI
where K 15 the number of mutant variants, and 20 denotes the ouniber of amino acids possible
al each positien. Thus, for 4 protein of length 50, there are 490,000 different two mutant
variants.

|05]  Tn these statistical analyses ol sequence spuce, a crilical valug is the
lengih of the protein (i.e. the munber of R-mutant varianis depends vm the fength of the
protein). Fowever, in nature the length of any given protein may not be as critical for its
function as the arrangement of amine acid residues in three dimensional space. Indeed, a
hypothetical concept of “eatalytic task space” has besn proposed to account for this principle
(Kauffuan, 1993], Allerations in amino acid residues without allering protein length, N, may
not atfect the three dimensional structure of the protein in the saine ways that increasing or
decreasing N would. Alternatively, changing N muy not changc the biological function of'tae

protewn at all. Analysis of virtia]ly any family of homologous proteins revesls that members

L=
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have dilferent lengths, somctimes with substantial Inscrifons or delstions, but may votain
indislinguishable bialogical fametion. Thus, the above formula probably does not give an
accurate view of the various E-mutant variamts that should be screened when searching for
improved or altered biological fnction. In the laboratory [t would he eptimum te search all
of the R-mutanl neighbors of a protein plus 2 number of variants with nucleotides either
added or deleted at every position.
[06] In the case of deletious, the number of D-mutant delctions would be
given by,
'

where N is the imitial length of the protein and D is the number of positions where a deletion
ocours. In the case of amino acid additions, a similar formula for all possible additions
accounts for the tact that any of the 20 amino acids may be added al any position:
« . 200N

t ND)AL
where A is the number of possible addilion mautants. In the cascs of the addition and deletion
ruutants, these formula both assume thal only one amino acid is added or dsleted at cach
position. It terms of in virro molecular evolution, however, it would be optimal o search all
1,2, 3...C momber of amino acids added or deleled at cach pesition. Thus, for delelion
mutants, the number of scquenecs with variable amino acids delsted at sach position,
_GN
(DT

where Cy, denates the number of amina acids deleted ut ench position and I3 is the number of
positions where deletions oceur. For addition mulants, the formula becomes:

_C, 200 NI
TERTIN-AY AL

where (s is the number of amino acids added at each position, and A, is the numbcer of
positiens where addilions oocur.

[07]  Since current malecular biology techniques only allow a fraction of the
total spuce to be generated and sampled for a given prolein, a foxmula which describes an
experimental spuce o be generated can be defined. This expression will also allow the

monitoring of improvements in lihrary conatruciion techniques and allow analysis of the
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sprace which is relevant to protein funciion. A total space ta be searched experimentaily van
be defined as,

Sux =8k Sco 8oy
where amine acids are mutated to other restdues (Sp), are delsted (Sep), or added (8ea) in
varous combinations and permutations, Certainly current molecular binlogy techniques
would allow a iibrary (o be created where R=150 Sg=N,D =180 Sep=N, and A= 150
Scs— 20 N. For a protein of N = 50 then, this hypothetical library wounld canain 20 * N =
2.5 % 10° different sequences where all permutations uf vne position changes, deletions, ané
acdditions arc represented.

|08]  The above discussion on the sequence spacc relevaut to protein
c¥nlution may be applied in different ways to the i vitre engineering of evalved sequences,
In nature, the evolulion ot different catalytic activities in fanilies of enzymes can be grouped
inte two broad categories: 1) Those where the active site amino acids remain the same, but
differenccs in the structural folds cause the enzymes to have different subsirate specificiries
[Perony & Crulk, J. Biol. Chem. 272: 29987-00 (1997)], and 2) Those where the suzyme
strucfures ave the sume, but difforenccs in the active site residuss casse the enzymies to
calalyze different reactions [Babbill & Gerlt, J. Biof, Chem. 272: 30391-4 (1997)]. An
example of the former is the serine protease [amily, and of the laticr is the enolase
superfamily.

[09]  Although the differcncoes between these categories might scom trivial,
they have imporiant implicatinns for the methed of molccular ovolution and the concept of
sequence space. For the enzymes in families with similar structural folds, a moelecular
cevolution approach which samples sequence space thioughou! (he length of the protein would
likely be the optimal strategy o alter an enzyme’s specificity, since (he cutalytic active site
will likely require the same residucs for the catalytic meehanism. However, for the second
type of enzymes, increasing sequence space searching through the entire length of the protein
is probably not necessary. More likely, increasing the sequence space sampling of the key
catalyric domains will optimize the molecular evolution process. T this regard, it would be
better fo alter five key amino acids o each of the tventy amino acids and sawple this more
limited apace (20°) rather than lo sample 2 sequence spave of 20 spread out over the sniire
gone sequence, Additionally, sampling as many of the possible addition or deletion mutants

in key regions would zlso contribule to possible success of the i vitre evolution protocol.

“Thus, 2 methed which would optimize melecular evolution of a gene belongmy to lhe second

Lype of enzyme farnily would by a very important and robust teclnique.

JP 2004-507247 A 2004.3.11



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

13

20

25

30

(105)

WO 02016642 PLCT/USOL/Z57R8

[10]  The swapping of genstic doruains is an efficient means to evolve new
or improved fimction in hiomalecules. ‘While the alteration of single nucleotide residues van
alfect gene and protein fanetion, the wholesale cxchange of multiple residues in a gene can
have dramulic effects on protein fanction. For cxample, E. coli and Salmonella are highly
relaied bacierdal species, however the differences in their genetic content are due almost
entirgly to genelic swapping events as opposed to single residve changes. Additionally,
swapping events where exchanges ol large chunks of DNA create genes are thoupht to have
ocewred several times in pathways auch as the clotting cascade, as well as to create novel
transcriplion cassettes through ransposition [Bell, (1997); Patthy, (1599)].

[M1] A well known exanple of molecular evolulion occurring naturally is
that which underlies the production of antibodies in the immune system, In mammalian pre-
[ymphocytes natural melecular evolution oocurs successfully on a daily basis. Antibodies are
capable of binding a bewildering array of different antigens, yet have similar amine acid
sequences and secondary structures, Antibody genes are arronged in the germline as gene
segments (Figure 2). Dwing lymphocyte maturation these segments (namsd variable or *V7,
diversily or “D", and junctional or “J”) arc juxtaposed to one snother in the process termed
V(D) recombination to create a functional antihody or T-cell receptor gene. Multiple V, D,
and I segments allow a substaniial amount of diversity, and hence different antigen binding
specificities, to be created in the final repertoire of lymphocytes. The diversity created by
this mechanism is referred to as combinatorial diversity, Another type of diversity is also
creaicd during V(D)T recombination. which is as important as contbinatorial diversity [Davis
& Bjorkman, Narre 334: 395-402 (1988)]. This diversity is fermed junctional diversity, and
is crealed when nucleotides are lost or gained ot the joints of the geae segiments. Importantly,
Ihese joints encode the regions of the antibody molecule which contact antigen, so this type
of diversity is eritical to creating a diverse, but functional immune system.

112]  The two types of diversity ulilized by the immune system might be
churacterized in the following way with regards to the practice o[ molecular evolution,
Geparation of combinatorial diversity in immunoglobrlin genes allow a sampling of the total
sequence space by providing muitiple functional ¥, 1, and J gene scgments, each member of
which is slighily difforent in sequence but stifl homologous to other members of the family of
segments. In this respect, the combinatorial rearrangement of V, D, and J genc scgments
funclicus as a “domain swapping” event in vrder 1o generate novel antibody genes.

Generation of junctional diversity allows a greater loval sampling of sequence space at the

A
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critical residues for confacting antigen through the mechanism of adding or doleting random
nuelcotides at the ends of the DNA that arc te be ligated.

[13] Dueto the aforementioned issucs regarding genetic evolution; namely
the difficulty in searching a vast sequence spiace, a preponderance of deleterious mutations in
random niutagenesis, and amino acid interdependence, it has been difficult to devise robust
methads for scarching functional sequence space in the laboratory, Current methods in
widespread use for creating mutant proteins in a libwary format are error-prone polymerase
chain reaction |Culdwell & Joyce, (1992); Gram et al., Proc Natl dead Sci 39: 3576-80
(1952)] and cassetle mutagenesis [Arkin & Youvan, Proc Nat! dcad Sez 89: 7811-5 (1952);
Hermes ot al., Proc Mai! Acad Sei §7: 696-700 {(1990); Oliphant er al,, Gene 44: 177-83
(1986); Stemmer & Motris, Biofechufgnes 13: 214-20 (1992)], in which the specific region o
e optimized is replaced with a synthetically mutagenized oligonucleotide. Altomalively,
mutator stralngs of host cells have been smployed to add mutational Bequency [Greener et al,
Mof Biotechnal 7: 189-95 (1997)]. In each case, a ‘mutant cloud” [Kauffman, (1953)] 1s
gencraied around cortain sites in the otiginal scquence.

[14]  Error-prene PCR uses low-fidelity polymerization conditions to
intraduce a low level of point nutations randomly over a long ssquence. Brror prone PCR.
can alse be used to mutagenize a mixtuve of fragments of unknown sequence. Errar-prone
PCR can randomly mutate genes by altering the concentrations of respective dNTP'= in the
presence uf dITF [Culdwell & Joyee, (1992); Leung & Miymmoto, Nucleic Acids Res 17:

1 177-95 (1939); Spee et al., Nucleic Acids Rex 212 777-8 (1993)].

[L3]  However, computer simulations have suggested (hat point mutagenesis
alone may often be too gradual to allow the block changes that are required for continued
sequence evejution. The published error-prone PCR protocols are generally unsuited for
reliable amplification of DNA fragments greater than 0.5 to 1.0 kb, linuting their practical
application. Further, repeated cyeles of ermar-prone PCR ead to an acevmulation of neutral
mutations, which, for example, may mals a protein inmmoegenic.

[16] Incligonucleotide-dirceted mutagenesis, a short sequence is replaced
with u synthelically mutagenized oligonuclcotide. This approach does noi generate
combinations of distant mutarions and is thus noi signiffeantly combinatorial. The limited
library size relative 1o the vast sequence length means that many rounds of sclection are
unavoidable for protein aptimization, Mutagenesis with synthetic oligonucleotides reguires
sequencing of individual clones after euch seleetion round followed by grouping into

farnilies, arbitearly choosing a single family, und reducing it to 4 consensus motif, which is
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resynthesized and Teinserted inlo 2 single gone followed by additional selection. This process
constitutes u stalistical boulensck, it is lahor intensive and not practical for many rounds of
muytagenesis,

117)  Mecthods of saturation mufagenesis utilizing random or panially
degenerate primers that incorporale restrction sites have also been described [l e1 al.,
Methods Erzymol 155; 558-68 (1987); Dliphant et al.. Gene 44 177-82 (1986); Reidhaar-
Olson et al., Methods Enzymel 208: 564-86 (19913,

[L8]  “Cassette" mutagenesis is another method for creating libranes of
ptant proteins [Bock e al, ULS. Fatent # 5,830,720 (1993); Christon & ¥cCabe, U.S.
Patent # 5,830,728 (1998); Hill ot al., Methods Enzymel 155: 538-68 (1987); Millcr ef al.,
L&, Pulent # 5,830,740 {1998); Shiraishi & Shimura, Gene 64; 313-9 (1988); Stemmuner &
Cramexi, U.3. Patent # 5,830,721 (1998}, Cassette nrutagenesis typically replaces a sequence
block length of a template with a partially randomized sequence. 'Lhe maximum information
content that can be cbluined is thus limited statistically to the mumber aFrandom scquences in
the randomized porticn nf the cassette.

119] A protocol has alsa been devoloped by which synthesis of an
oligonucleotide is "doped” with non-native phosphorsmidies, resultiog in randamization of
the gens section targeted for random mulagenesis [Wang, & Hoover, J Bacteriol 179: 5812-9
(1997)]. This method allows contral uf position sclection, while retaining « random
substinution rute.

[20]  Zaccolo and Gherardi (1999) deseribe & method of random
mutagencsis utilizing pyrimidine and purine nuclensidc analogs [Zaccolo & Gherardi, J Mol
Biol 285: 775-83 (1999)]. This method was succcssful in achieving substitution mutations
which rendercd  -lactamase with an increased catalytic rate against the cephalosporin
celotaxime. Crea describes a "wall lhrough® mothod, wherein a predetermined anxino acid is
introducad inlo a targeled sequence at pre-selected positions [Crea, ULS. Patent 3t 5,798,208
(1998)]-

[21] Moethods for mutating a target gene by insertion dnd/or deletion
mutations have also been developed. It has zen demonsirated thut insertion nutations conld
be accommodated in the interior of staphylococcal nuclease [Keele of al, Profein Sei 3: 391-
401 (1994)]. Examples of deletional mutagenesis metheds developed include the utilization
of an exonuclease (such as exonuclease 1T or Bal21) or through oligomicleotide directed
gelations incovporating paint deletions [Ner et al., Nucleic Aeids Res 17: 4015-23 (1989)],

Additionally, Lietz describes a method whercby oligenucleotides with random sequences
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iy be vombined with PCR to induce insertions and deletions, Enhancement of function by
this igchnigue has net been shown, and the capacity to overmutagenize (ie. make too many
ingertions or deletions per pelynucieotide) is substantial in this method [T.ictz, T7.8. Pateut #
6,251,604 (20601)].

[22] The technigue most oflen used to cvolve proteins it vitro is lawwh as
“DINA, Shuffling”. In this methed, u library of gene medificalions is created by fragmenting
homologeus soquences of  gene, allowing the fragments to randomly anncal to one another,
and filling in the overhungs with polymorase. A full length gene fibrary {s then reconstructed
with polymerase chair: reaction {PCR). The utility of this method occurs al the stop of
aunealing, wherchy homologous seyuences may aimgal to one another, producing sequences
with attribiics of both sturting sequences. In effect, the method affeets recombination
between two or more genes that arc homelogous, but that contain significant differences at
several posilions. Tt has been shown that creation of the library using several homalogous
sequences allows a sampling of more sequsnce space than using a randomly mutated single
starting sequence [Crameri ot al, Numire 3912 288-91 (1998)). This effect is likely due to the
fact that years of evolution have already selected for differcnt advantageous or neutral
mutations anengst the hemologs of the different specics. Starting with homalogs, then,
appreciably Timits the number of deleterions mutations in the creation of the libmuy which is
to he serecned. Combinulorally rearranging the advanlugeous positions of the homologs can
apparently allow for an opiimized socondary protein struciure for catalyzing u bivchemical
reaction. 'The resuiting evetved protein appears fo ¢comtain posilive features contribited from
each of the starting sequences, which reselis in drastically improved function following
selection,

[23]  Altcrations to the INA shuffling technique have been devised. One
process is tarmed the “staggered exatension’ proeoss, or S{EP. Instead of reassembling the pool
of [ragments created by the extended primers, full-length genes are assembled divectly in the
presence of the template(s). The StEP consists of repeated cyeles of denaturation followed by
extremely ¢bbreviaicd annealing/matension steps. In each cycle the extended fragments can
anneal o different templates based on complementarity and extend a little furfher to create
"rgeombinant cassettes.” e ta this template switching, most of the polynucleotides contain
sequences from different parcntal genes (ie. are novel recombinants). This process is
repeated uniil full-length genes form, 1t can be followed by an optional gene amplification
step TArnold e al., U8, Patent # 6,177,263 (2001)].
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[24}  In another technigue, fragmertation of the initial DNA can be
accomplished by premature termination of the pelymerase in an extension reaction by
inducing adduct formation in the targer gene jShort, LS. Patent # 5,965,408 (1999)], Ina
different techmicue, a library is created by inducing incremental truncations in each of twe
homologs ta produce z library of fusion genes, each nf which contains domains donated from
each homolog [Ostermeier et ul, Net. Biotechuol. 17: 1205-9 (1999)]. The advantage of Lhis
approach is that signiftcant homology amouget the starting scquences is not required sinee lhe
anncaling step of previeus methods is omitted. It is npclear, however, whether this modifiad
technigque sctually will lead to generation of improved gene fiunction after seloction
technigues are applied to the Hbrary.

[25]  The previously described methods of genc shuffling using allefes of
genes from different organisms allows combinatorial diversity to occur, but is limited by the
homology found in the stavting sequences. Additienally, these melhods do not provide for a
mechanism which would generate the junctional diversity formed through V(D) joining of
aitibody gene segments. 'Lhe present invention makes use of mechanisms anzlugous to
junctional diversily by adding and deleting vesidues from protein or nucleic ucid sequences in
cither a directed or a randoim fashion, The present invention alse provides for “genc
swapping” events analogous to the combinatorial diversily generated by combinatorial V(D)W

recombination. This will greatly enhance the mewns by which genes are evolved in vitro.

SUMMARY OF THE INVENTION
|26]  The present invention invelves the directad molecular evolution of
nucleic acld sequences by:

(a) adding ur deleting nucleotide residues at random ina
polynuelectide to produce a library of polynuclentides
containing additions or deletions; snd

(b)  optionally subjesting the pool of pelynucleotides i stop (a) 0 8
selection procedure capable of identifying palynucleotides
encoding for a desired function or featurc. Steps (a) und (b)
can optienaily be repeated. Libraries produced by the methods
of the inveniion arc alsc described and eomtemplated.

[27]  Uniquely, the presunt invention allows a sampling of sequence space
which will inglude sequences that significantly affect secondary protein shucture, thus

increasing the probahility of identifying altered or improved function in an evolved fene,
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Turther, the present invention allows a sampling of sequence space which cannet be sampled
iy other cutrent iechnologies. Moreover, libraries of pelynucleatides created with the present
invention cannot be obtained utilizing nther current technologies.

[28]  Several methods and compositions are described and conternplated
below. One method of the invention generates a library of polynucieotide sequences having
nucleotide deletions at differing pasilions in a sequence of a genefic element compnsing the
sieps of:

() suhjeeting maltiple coples of cirouler polymucleotides
comprising the genetic eloment to random cleavage to obtain
multiple linear polynucleotides sach polynucleotide having al
least one 3 and 57end; and

[)] subjecting said polynucleotides from step (2) to a process
which remaves at laast onc nueleoiide from one of suid DNA
ends of said pelynugleatides producing u Library of deletion
polynuclentide sequences, said library comprising multiple
deletion polynucleotide sequences with deletions at different
random posilions.

Furiher, i desired, polynucleotides from step (b) may be subjected to 2 process that
covalently joins the 3' and $7 ends to otie another and the Hbrary of polynncleotides may be
further subjected 1o o process that selects for a funciion ol interest. The library of Jeletion
potynucleotides may comprise more than two or more, for example, delelions of 2t least 10,
20 ar 30 or more or even 50 to 100 individual pelynucleotides sach having a random
deletion at a different position from the others snay be obtained. The number of deletions
made will depend upon the starling material and the goal of the techniclan. In some
entbodiments, the library of deletion polynucleotides comprises very shont deletions of at
least 1,2, 3,4, or 5 individual nocleotides or more. In differsut embodiments, the library
may comprise lazger deletions of 50-100 or more nucleotides. In another emmbediment, the
composition of multiple copies of circular polynucleotides is free of naturally-oceurTing
homolags to the genetic element. Furlher, steps (a) and (b) may optiotaily be repeated
Another optional method ineTudes a process for inserting nuclectides at the position of
delelion in step (h).

[29]  Substanlially pure compositions comprising a librery of multiple

{preferably more than lwo, more preferably nore than 5, mest preferably more than 10)
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linear polynucleolides each having a different 37 and # 5° end, bw aach lincar polynusleotide
being identical to the others if circularized are desoribed and contemplated.

[30]  Substantinily pure compesitions comprising « library of at least 2
(preferably marc than 5, more preferably more than 10) delstion polynucleotides each
differing from the other only by having a different random deletion are also deseribed and
conterplated. Opiionally such deletion polynucleotides further comprise at least e
nucleotide inserted at the position of deletion.

[31]  Anuther method of the invention generates a library of pulynucleotude
sequences having nucleotide additions at random positions in a genetic element comprizing
the steps of:

{a) subjecting & compusition of multiple copies of cireular
polynuclentides with the genetic element o random cleavage Lo
obtain multiple Tinear polynucleotides each pafynmcleotide
Taving at leastene 3 and 57 end; and

(b)  subjceting said polynucleotides trom siep (a) to a process
which adds a1 least one nucleotide to one of sald ends ol said
polynucleatides producing a library of addition polynuclectide
sequences, said library comprising mulliple addition sequences
with additions at differant random positions.

TVurther, if desired, the addition polynucleotides trom step (b) may be subjected to a process
that covalently joins said 3" and 5' DNA ends to one another. Optionally, the library of
polynucleotides may be subjected o a process that scleets for a function of interest.

In any of the methods described here, cleuvage preferably ocours with the use
of an cadonuclease, prefarably S1, This method penmits the library of addition
polvnuclectides to comprise any number of dilferent polynucleolides, for cxample, al leasi
5,10, 20 or 30 individual palynuecleotides each having a random addition of nucleotides ata
different position from the others. In one embodiment of the claimed invention, the
compasition of multiple copies of circular polynucleotides is free of naturaily-ocetrring
homelogs to the genetic element. Optionally, steps (u} and (b) of the method may be
ropeated. Another option includes a process [or deleting nuclentides at the point of addition
in step (b). Auy number of nueleotides may be added in step (1} depending upon the starting
maleculs and the goal of the technician, for example, 1-3, 3-30, or 30-100 or more

nucleotides may be added in step (b),

11
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{32]  Substantiully pure compositions comprising a library of a least 2
(preferably at least 3, most prefarably at least 10) addition polynueleotides each dilfering
from the other only by having a different random addition are contemplated.

[331  Further, the present invention surprisingly provides a methed to make
shoxt deletions at the end of a palynucleotide, producing a pupulation of polynuclcotides with
short deletions (from 1 to 100), preforably from 1 10 35, most preferably 1 to 102t the end.
A DWA cnd having such deletions can then be cavalently joined with othet YNA ends,
producing a library of polynucleotides cuntaining deletions at a specific intemal positicn.
Ofien the two ends to be Hgated will be present on the same DNA malccule, such that the
resulling ligation product comprises cireular polynucleatides. Such meihods and

compositions are important in the areas of protein engineering and direcied evolution.

BRIEF DESCRIPTION Ol THE IRAWINGS
[34] TIG. 1 js 2 diagram of the process of DXNA shufiling, an carlicr method
of choice for molecular evolution, Lomologs ol a pene of interesi ars fragmented, subjected
1o denaturation and rcannealing such that the single-strand fragments trom the homaologs can
prime one another in an extension reaction, Amplification of the [ull length gene then
praduces a library of hybrid genes. A genetic screen is then applied fo select an altered or
improved gene,

[35] FIG. 2 is a diagram of the immunoglobulin heavy chuin locus
{liustrating the process of V(D] recombination which produces combinalorial diversity, and
DNA end-juining which produces junclional diversity.

[36]  FIG 3. is a diagram iliustrating an example of a method which
produces nuclotide deletions and insertions al rmdom positions in a polynuclectide, A
target gene is cleaved lo produce a peol of genes each of which are fragmenicd st random
positions in Lhe gene. Residues can be deleted (left), or inserled {right) at the DNA cnds 1o
produce librarics containing delelions, inacrtions, or deletions and msertions at random
positions.

[37]  FIG 4 iz a diagram illustrating the random cleavage of &
polynucicotide. In panel A (Fig. 4A), the DNA plasmid pll ac7i (Clontech, Palo Alto, CA)
was either uncleaved (lane 2), cloaved with the single cutting restriction enzyme Cla I (lanz
3), of inureasing concenlrations of $1 nuclsasc (lancs 4-7). Lanes 1 and 8 are lambda/TIind
Il DN A markers. In pancl B (Fig. 4B), the pLacZi plasmid is uncut (laue 2), cleaved with
Cla T (lane 3}, or 81 nuclesse (lame 4). A sample of the $1 cleaved pLacZi was gel puitied
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aud run iu lane 5, or farther cleaved with Cla 1 and yun in lanc 6. Equal amounts of DNA
were run in Janes 2-2 (I pg), and lancs 5-6 (100 ng). The smear in lane 6 iilustratos that
cleavags by 81 was pot sile-specific. Lanes | and 7 contain lawabda/ (find IO DN A matkers,

|38]  FIG. 5 is a diagram illustrating an cxample of 2 method which
produces short nucleotide deletions at 2 DNA end. Exonulease 11T deletes mucleotides from
{he snds of a fluorescently labeled 232 bp DINA fragment in a salt dependent reaction. Ay
salt is increased the nunber of deletions decreases.

[39]  TIG & is a diagram illusteating the deletion of nuckeotides in the T.ac?
gene. The plasinid pLacZi was cleaved with Cla 1, treated with exonuclease 111 as deseribed
in FIG. 3, re-ligated, eleciroporated into £. eoli. and plated on plates containing the
colorimetric lactose analog X-Gal, Clones with either a biue or white color wore picked,
grown in LB, and DNA prepared. Plasmid was subjecied to PCR with primers flanking the
Cla 1 site, where onc primer was fluorescently labeled, The PCR product was mn on a 6%
dengiuring acrylamide gel in an ABI 373 DNA sequencer and analyzed with Gencscan
sofiware (Perkin Glmer, Foster City, CA). The top pancl shows PCR with the wild-lypa T.acZ
pene, producing a 312 bp fragment. Clones 1-6 had variable short deletions present. Cloncs
1 and 6 had blue phenotypes rnd 2-3 had white phenotypes.

140]  FIG. 7 is 2 1.5% agarose gel showing 3 clones containing an inserlion
in placZi, CHO cell cTINA was Fagmented with DNass 1, ligated into tha ClaT site of
placZi, electroporated into £. coff, and plated on X-Ual plates. Three clones were analyred
by PCR. of plasmid DNA using primers flanking the Cla T site. Lanes labeled 1-3 are clones
conlaining different sized insertions, and lane 4 is pLacZi. The INA. in the first and last

lanes are (DX 174/Hac 111 DNA marlkers with their sizes in bascpairs indicated at the right.

DETAILED DESCRIPTION CF THE INVUNTION
|48]  Gene swapping cvenls constitute a major driver in the cvolulion of
macromolecules, Swapping events may jnelude nucleotide insertions, deletions, or
replacements. A swapping event may oveur by means of homclogous recombination, but
may also oecur by non-homologous means as they do in V(D) recombimation and the DNA-
end joining mechanism used by antibody gene scgments [Smider & Chu, Semz. Ionun. 9:
189-97 {1997} Current technologies for molecular evelution do not provide a generally

applicable non-homologous means for gene swapping.
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[42]  Apylications of the current invention include preducing novel genetic
elements with improved or allered fanetion. These genctic clements can have significant
commoreial value, Fur instance, the genelic ¢lement muy enhunce production of 2 protein
pharmaceutical. The genetic element may encodo a prolein phurmaceutical such as a
monoclonal antibody, or an enzyme nsed to trear a diseass. Further, the genetic elsment may
encode an enzyme important in industrial processes such as chemical manufzcturing, or may
be used in = product such as laundry detergent (7.e. proteases, lipases, or esterases). Further,
the genetic elenent may have important uses in agriculture, such a5 to provide & means for
pathogen resistance, of to allow production of novel nuirients by 2 plant species.
Additjonally, the genetic element may be used in microorganisms to produec novel products
for bwman use, such as novel antibiotics, pigments or othey small melocules. As can be seen,
the modification of genctic elements in order o improve or alter their function has 2 myriad
of applications in scveral diverse industries.

[43]  For the purposes of describing this invention the following tormis will

he helpfal and will have the following meanings:

Definitions

[44]  The term “base” refers to a component of nueleic acid conyisling of
cither adenine, guanine, thymine, eytoaine, or uracil. Additionally, “purine” refers ta cither
adepine of guanine, and “pyrimidine” refers 1o either thymine, eylosine, or urasil.

145]  The term “nucleoside” refers to a melecule comprisiug the covalent
linkage of 2 pyrimidine or purine W a pentase Ting (such as ribosc or deoxyribase).

146]  The term “nucleotide” rafers to the phosphaie ester of a micieoside.

[47]1  Theterm “polynucleotide(s)” refers o a molzenle containing ai least
ons 5 hydroxyl of one nuclsotide covalontly linked to ong 37 hydroxyl of al least one other
nucleotide through u bond such as a phosphodiester bond. A polynucleotide is neeessarily
composed of “pusitions” containing “residues” as detined below.

[48]  The term “position” as it relates to a polynucletide sequence or
polypeptide sequence refers to the location of a given residue in the pelynucleatide ar
polypeptide chain. For example, “position™ in a polynucleotide sequence is defined as the
location of a nuclcotide in the polynuclectide chain in refirence to af least onc ether
nucleotide. For instance in the simple pelynucleotide TG, the T is in position 1 {in reference
(o ilself) and G is in position 2 (in referance to the T in positicn 1). Often it 1s convention to

Iehel the furthest 5° nucleotide as a reference and label it as position 1. [n a double stranded
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polymzeleotide encoding a pene, such as DNA, often the translation start site of 2 gencia
labeled as position 1. Thig is often the adenine in the ATG iranslation start sequence.
Positions localed 3° fom the ALG would be given a negative position (such as-11, -335, ¢lc.)
and posilions located 3° 1o the ATG would be given positive positions. Those skilled in the
art wili recognizz the nature of the term “position” as it relates to the nwubering scheme in
sequences of polynucleotides. A “sequence” refers to the steing resulting from the
composition of the residues oceupying cach position. For example the sequenes ATG means
that the base adenine oscupies a position which immediately precedes thymine, and thymine
oceupies a position which immediately precedes guanine. A “specific position” refers o a
pasition in a polynucleotide between at least two nucleotides whose sequence and
composition is knowmn,

[4%]  The term “residue”™ as if relafes to a polynucleotide or polypeptide
vefers to cither a purine er pyrimidine nucleotide for polynucleotides, or an winine acid for a
palypeptide.

I50] A “genetic element” means a sequence of polynucicotide encoding 4
functivn. For example, a “genetic clament” may encode a polypeplide sequence, muy encode
apromoter function, an enhancer functivi, o transcriplion start ar stop site, or BA splice
sitez and the liks. Genglic elements may he operatively linked to other genelic elements, for
example a promater may be eperatively linked to a genetic element encoding a profein to
allow expression of & protein in a given cell type. The term “gene”™ and “gene of interest™
tefer 1o a polynuclectide capuble of encoding a pulypeptide.

[81] The term “swap” or “gene swapping” in rcforence to a polynucleotide
means either: 1) fhe acourrence of a deletion of at least two residues occupying consgcutive
positions in a pelynucleatide, or 2) the oceurrence of an addition of at least two residues
oeoupying conseculive positions inte 2 polynueleotide, or 3) the replacement of at least two
residuss oceupying consecutive pasitions in a pelynucleotide with other residuss.

[S2]  The term “nucleotide deletions”™ as spplied to a poiynuclectide means
Ihat a polynucleotide has had one or more specific residues removed from one or more
positions in the polynucleotide chain when the resulting polynucieotids is compared to the
parental, wild-type, or other reforence sequenice,

[53]  The keom “nucleotide insertions™ or “nucleatide additions™ meags that
a polynucleotide has had specilic residues added to the polynucleotids chain, such that at
least one of the originel regiducs now acenpies @ new position in the polynucleotide when

gompared to the purental, wild-type, or other reference sequence.
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[54]  The lenm “library of polynucleotide sequences™ refers (o a mixiure of
polynuclentides, wherzin at lzast one of the sequences differs fom al least vne vther
sequence in the mixture by sequence composition or length, for example, whete af least one
position is occupied by a different nucleotide when the two sequences are compavad or of
least one nucleotide position is absent in one sequence when compared with the other
sequence. ‘

[55] Theterm “DNA" refers to deoxyribonucleic acid. It will be
understood by those of skill in the art that where manipulations are described heveia that
rzlate 1o DNA they will also apply to RNA.

[56] Theterm “DNA ends” or ends relers to the position in a DNA strand
whergln a phosphodiester bond is broken, In 2 single-atranded DNA end 2 nucleolids is only
covalently linked with one other nucleniide. A “double-stranded DNA or RNA emd” refers to
the position in a double-stranded DA or RNA molecule wherein the molegule is no longer
double-stranded. Generally DNA ends are recognizable to thase skilled in the ard. Double-
stranded TN A ends are characterized as blunt, having a 57 everhang, a 3’ overhang, or a
hairpin structure. A DINA end may oc may net contain a 3° phosphate group.

{571 The term “cleavaue” us used herein relers to the breakage of a hond
between two nucleotides, such as a phosphodiester bond.

[581 The term “circidar poiynucleatide” rofors to & polynneleotide wherein
ne double-strandad DMA ends ave present. A circnlar polynucleolide may be single-stranded
or double-stranded. A cireular polynucleotide may, however, contain single-stranded DNA
cnds. A circular polynucleotide will be present if single-stranded DNA ends exist but
hydrogen bonding kesps the two stravds of the double-strandad melscule hybridized 1o one
another such that a dowble-siranded DA end is not ereated by the presence of two single-
stranded ends in proximity to one another. Such a cireniar double-stranded polynucleatids is
often referred {o us “nicked”.

[591  The term “linear polynucleotide” is a polynucleotide which gontains at
least ong, but mast often two DNA cnds. A linear polynucleotids may be either single-
stranded or double-stranded.

[60]  The term “random™ or “random position” as applied to a
polynucleatide refers (o a process by which any of the specific residue posilions may be
selected. Random as used here does not mean that all points or point of cleavage or
muclectides or positions are selected or chosen with equal &equency. Rather random focuses

on iz unpredictable nature of the process, 1.¢. the worker cannot predict a prios where an
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evenl will oeeur or what posilion any base will have. Finally, not all positions ne=d be
available for clesvage for the process (o be ravdom a3 to the avaitable positions or basss. For
example, a polynucleotide with a length of N may have any or all of its pesitiens (i.c, 1,
2,...N) affected by a manipulation. In the addition (insertion) or deletion of residucs, a
polynuclcotide necessarily must have covalent bonds (such s phosphodiester bonds) cleaved,
thereafter which residues ure deleted or added (i.e. the (otal number of posilions is decreased
ar increased, respeelively). In describing “deletions at random positions™ in & polynucleotide
of length N, it is meant that any or all 6f the ™ {in a eirenlar polymcleotids) or N-1 (ina
linear polynueleotide) eovalent Hnkages beiween nucleotides (i.e. phosphodiester bonds) are
bruken, and al least one nucleofide a1 he end s removed prior to re-ligation.  Thes, ina
process causing “deletions at random pesitions” the final length of the palynucientide (N, or

«

the number of positions) necessarily decreases. Similarly, In describing “insertions ar
random posiliens™ in a pulynucleotide of length N, it is meant that any or all of the N {in &
circulur polynuclestide) or N-1 {In a livear polyncleatide) covalent linkages benwesn
nucleotides (i.e. phosphadiester bands) are broken, and at least one new nucleotide (i.e. a new
position) is added at the end prior to re-ligation.  Thus, in a process causing “insertions at
random positions™ the final length of the polynucleotide (N, or the number of positions)
necessanily increases, [t is recognized that a combination of processes involving “deletions at
random positions™ and “inscrtions at random positions” may allow the final lengih of the
polymuclcotide to remain mehanged (i.e. the additions cancel out the deletions and ke nal
number of positions remains the same, however (he nucleotides occupying the positions may
be different), In describing “random cleavage™ or a “single random break™ in a
polynueleotide of length . it is meant that any one of the N {in a circular pelynuclentide) or
N-1 {in a linear palynucleotide} covalent finkiges belween residus positions i a single
pelynucleotide molecule are cleaved. Accordingly, in onc vessel containing many copies of a
polynuclcoiide. a single random break can ceour at ditferent positions in different molecules.
[61]  As used herem, "substantially pure” means an object species is lhe
predominant species present (1.e., on & molar basis il is more abundant than any other
individual macromelecular species in the compasition), and preferably a substantially
purified fraction is u composition wherein the ohject species comprises at least about 50
poroent (on a molar basis) of all macromolecular spevics present. Generally, @ substantally
pure composilion will comprise more than abbul §0 to 90 percent of all macrowelseular
species present [n the composition. Most preferably, the object species is purifiad to essential

homageneity (contaminant species cannot he deteated in the composition by conventional
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delcotion methods) whercin the composition consists sssentially ol s single macromolecolar
spacics. Solvent spocics, small molecules (<500 Dallons), and siemental ion species are not
considered macromolecular specizs.

[62]  The term "homologaus” or "homeologous” means that one single-
stranded nucleic acid sequence may hybridize to a complementary single-strimded nucleic
acid scquencs. The degree of hybridization mey depend on 1 number of feclors including the
amount of identity betwesn the sequences and the hybridization conditiong such as
ternperature and salt concentration as discussed later. Preferably the region of identity is
greatcr than about 5 bp, ntore preferably the region of identity is grealer than 10 bp. Thus,
“homologs™ arc nucleic acid molecules (hal are not identical but are capable of hybridizing to
one ancther under physiological conditiuns. Double-stranded homelags are capable of
hybridizing to one arother (bllowing denarration.

[63]  The term “hetcrologous” means that one single-stracded nucleic acid
sequence 18 unable to hybridize to another single-siranded nuuleic acid sequence or its
complement. ‘Lhus ureus of helerolagy means that nuelelc acid fragments or polynuclestides
have areus or regions in the sequence which are unable te hybridize to another nucleie acid ar
polynuclentide. Such regions or areas are, for exumple, areas of mutations.

164]  The temn "identical” or "idemity” means that two nucleic acid
sequences have the same sequence or a complementary soquence. Thus, “arens ol klentity™
means thal regions or areas of a nucleie acid fragment or polynucleotide are identical or
complementary to another polynuclentide or nueleic acid fragment.

165]  The term "amplification™ means that the number of copics of a nucleaic
acid fragment is increased.

[66]  The term "wild-type" means thai the nucleic avid fiugmenl does nat
comprise any mutations. A “wild-type" prolein means that the protein will be act've at a
comparahle level of activity found in nature and typically will comprise the amino acid
sequence found in nature. In an aspect of the invention, the tenm "wild type” or "parental
sequence” can indicate a starting or reference sequence prior to a manipulation of the
sequence.

[671  The tenn "related polynucleotides” means that regions or areas of the
polynueleotides are identical and wegions or areas of the polynucleotides are heteralogous.

[68]  The term "chimerie polynucleotide” meuns that (he polynueleotide

comyprises nucleatide regions which are wild-type and regions which are rnutated. It may also
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muean that the polymeleotids comptises wild-lype regions fron one polyimeleotide and vwild-
type regions from auother related polynueleotide.

[69]  The term "populalion” as used herein means 2 sollection of
sompenents such as polynucleotides, nucleic acid fragments or proteins. A "mixed
population” means a collcction of components which belong to the same famly of ncleic
acids ar proteins (i.e. arc related) bul which differ in their sequence (i.e. are not identical) eod
henos in their biolagical sctivity. A “library” necessarily implics 2 populatior. wherein at
Jeast twa of the components i differont in some aspect (chemical composition, length, cte.}

[70]  The term “specific nucleic acid fragment" means 2 nucleic acid
fragmen! having certain end points and having a certain nucleic acid sequence. Two nucleis
acid fragments wherein one nucleic acid fragment has the identical scquence as a portion of
the sccond nueleic acid Fragment hut different ends comprise two different specific nucleic
acid frauments. Two nucleic acid fragments with identical sequences but different 57 or 37
ends comprise two different specific nucleic acid fragments.

[71]  The term "mutalions” means changes m the sequenee of a wild-type
pucleic acid sequence or changes in the sequence of a poptide. Such mutations may be point
\utations sugh as transitions o7 transversions, The mutations may be deletions, insertions or
duplications.

[721  Inthe polypeptide notalion used herein, the left-hand dirgetion is the
amine terminal direction and the right-hand Jirection is the carboxy-terminal direction, in
accerdance with standard usage and convention. Similarly, unless specified otherwise, the
lefl-hand end of singlc-stranded polynucleotide sequences is the 5' end, the lefi-hand
direction of double-stranded polynuclectide sequences is reforred 1o as the 57 direstion. The
direerion of 3 to ¥ addition of pascent RINA transcripts is reforred o as the tanseription
divection; sequence regions un (he DNA strand having the game sequenee a8 the RNA and
which ave 3'to the 5 end of the RX A transeript ure referred 1o 8s "upsiream sequences”;
sequence regions on the DNA strand having the same sequence &s the RINA and which are 3

to the ¥ end of the coding RNA transeripl e1¢ referred to as "downsiteam sequences”.

[73]  The term "naturally-oceurring” as used herein as applied to an objest
refers to the fact thal un object can be formd in nature. For cxample, a polypeptide or
polynucleotide sequence that is prasent in an organism (inclading viruses) ihat can be isolaled
from a source in natwe and which lias not boen intentionally modificd by man in the

laborztory is naturally-veourring. Generally, the term naturally-uecuring refers 10 «u ohjgct
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a3 present in a nan-pathelogical (undiseased) individual, such as would be typical {or the
specica.

[74]  As used hersia the term "physiolagical conditions” refers to
temperature, pH, ioniv strength, viscosity, and like biochemical parameters which are
compatible wilh a viable orpanism, andfor which typically exist intracellwlarly in a viable
cultured yeast cell or mammalian cell. For example, the intracellular eonditions in a yeast cell
grown under typical laboratory culture conditions are physiological conditions. Suilubls in
vitre reaction conditions for in vitre trauseription cocktails are generally physiological
condilions. In general, ix vifro physiological conditions comprise 50-200 niM NaCl or kLl
PH 6.5-4.5, 20-45°C. and 0.001-10 mM divalent cation (e.g., Mg, Ca™'); preferably about
150 mM NaCl or KC1, pH 7.2-7.6, 5 mM divulent sation, and often include 0.01-1.0 percent
nonspeeifie protein (e.g,, BSA). A non donic detergent (Tween, NP-40, Triton X-100) can
oflen be present, usually at about 0.007 to 2%, typically 0.05-0.2% (vv), Particular aqueous
conditions may be sclected by the practitioner according lo sonventional methods, For
goncral guidanee, the following buffered aqueous cunditions may bs applicable: 10-250 mi
NaCl, 5-50 mM Tris HCI, pH 5-8, with optional addition of divalent cation(s) and/er metal
chelators and/or nonienic detergents and/or membrane fractions and/or antifoam agents
and/or suinillants.

[78]  Asused herein, "linke™ or “spacer refers to a molecule or group of
molcculcs that cormects wo mulgcules, such as a DNA binding protein und a rundorn
peplide, and setves ko place the two melecules in a prelerred confignration, ¢.g., sa that the
random peptide can bind to a receplor with minimal steric hindrance from the DINA binding
protedn.

[76]  As used herein, the term "operubly nked” refers to a linkage of
polynucleotide elemients in a funclional relaionship. A nocleic acid is “operably linked”
when it is placed iuto a functional relationship with another nueleic avid sequence. For
instance, a promoter or enhanccr is operably linked o a coding sequence iFil affecls the
transcription of the coding sequence. Operably linked means that the DNA sequences being
linked are typically contignous and, where necessary lo juin twe protein coding regions,

contiguous and in reading frame.

I'roducing Librarics of Evolving Random Molecules
[77]  The present invention provides a method to creale libraries of

polynuclectides containing either miclevtide deletions, insertions or corbinativns of
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deletions and Lonserfions al rundom posifions, [n effect this luven‘ion provides a means to
“swap™ genetic elements withoul the need for homology or amplification techniques. The
swapping of genetic ¢lements is known to be a driving foree o evolution of macromolocules,
cells, and organisins [Osicrmeier & Benkovie, Adv Protein Chem 55: 29-77 (2000)]. Current
techmiques, such as PCR based gene shuflling, do noi allow significant swapping of genetic

clements independent of bonwlugy.

Beleiions

[78]  Inoone embodiment, the invention provides a method to create o
population of pelynuclentides, with members of the population differing from one another hy
the presence of deletions at a single random position. One method of the invention, for
example, comprises the steps of:

(a) cleavage of a compasition of multiple copics of polynucleotides at

randain positions to create twe ends;

(&) subjecling said polynucleotides trom slep (4) 1o & provess which
removes At least oue tieleotide from one end of fhe ends of said
polynucleotides, and

(c) optionally subjecling said polynucleotides trom step (b) to a process
which covalently joins said ends to one another, producing a library of
polynucleotides which contains at least one polynucleotide that differs
from the athers by a delction at anc position.

[79  Turther, the invention provides a population of pelynucleotides, with
members of the population differing from one another by the presence of deletions ar a single
random position. It {3 contemplated that deletions will allow removal of detrimental or
vowanied functions of a genetic element. These functions might include protease sites, ion
binding domaing, DNA, binding sequences for inhibitory transcripion fictors, immunegenic
domains of proteins and the like,

[80]  In a further embodiment, the invention prevides a method. for
cxample, te generale pelynucleotides whercin the polynucleotides cyntain deletions at more
than ene pesition. One methad corprises the steps oft

{a) cleavage of a composition of multiple copies of polynucleotides ul

random posilions to create two ends;
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fh)  subjecting said polynucleatides from step (a) to a provess which
rcmoves at least one miclcotide from one end of said euds of said
polynuclectides, and

{c} oplivnally, subjecting said polynucleotides from siep (b) to a process

which covalently joins said ends to one another, producing a library of
palynucleotides which ontains at lcast one polynucleotide that differs
from the o*hers by a delction at one position.
A function of interest muy Lhen be sclected for il desired (step(d)). Further, if desired, steps
(@) te (c) or steps (a) to (d) may he repauted from 1 {o 50 times or more.

[81]  Further, ths invention provides a populaiion of polyrucleotides
wherein the polynucleotides contain deletions at more than vue position. It is contemplated
that delctions at muttiple positions will allow removal of mullipls detrimental or unwanted
functions of a genetic clement. These functions mighl include any combination of prolease
slles, jon binding domains, DNA binding sequences for mhibitory transcription factors,
immunagenic domains of proteins or other fwctions of interest as will be well appraciated by

those of skill in the art.

Insertions

[82] In one cmbodiment, ihe invention provides a method to creale a
population of polynucleotides, with members of the population differing from nne another by
the presence of insertions at a single random position, {One method camprises the steps oft

(a) cleavage of a composition of multiple copies of polynucleotides at
random posilivis to create two ends;

{) subjecting said polynucleotides from step (a) 10 2 process which inserts
at least one nneleotide ro at least onc end of s2id poiyoucleotides;

(c} optionally subjecting said polynueleotides from step (b) to a process
which covalenily joins seid cnds to one unother, producing a library of
polynucleotides which contuins at teast onc polynucleotide that differs
from the otlers by zn inscrtion at ene pesition.

831  Further, the invention provides a population of polynuclectides, with

members of the population diflering from one another by the pressnce o inserions al u
single randem position. This embodiment of the invention will allow nevel fasing of genetic
clements to oecur. For example, a toxin conld br fused to a targeting molecule (like an

antthody), enzyme modules in imporant metabolic pahwiys (such as poiyketice syntheluses)
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could be fused in new ways, or new funciions like binding domnains (i.e. nucleic acid binding
domeains, small melecule or ion binding domains, proteass sites, or other post-translational
wredification modules) could be Incorporated imo existing genetic elemeants.

[84]  Likewise in another embodiment, the invention provides a methad to
gencrate polynuclootides wherein the polynuclestides contain insettions at more thau one
position. One method comprises the steps of:

{a) cleavape uf w compusition ol multiple copios of polynucleotides at

randon1 posttions;

(b}  subjecting said polynucleotides from step (a} to u process which inserts
ul leust Unc.rtuu]eotide to at least one end of sald DNA ends of said
polynucleotidss; and

() opricnally, subjecting said polynucleotides from siep {b) to a procss
which covalently juins said DNA ends to one ancther, produeing a
Kbravy of polynucleotides which contains at least one polvaucleotide
that differs from the others Ty an insertion at one position; and

(@) optionally sclecting for a function of mterest, Steps (a)-(b), (a)-{c} or
(a)-(d) may be repeated from 1 10 50 times or more,

[85]  Further, the invention provides a population of polynucleotides
wherein the polynucleotides contain inscrtfons at more (han one position. 1t is contemplated
that this embodiment of the inventian will allow multiple nove! fusions of genctic clements to
aceur. For example, the following could be fused o a gene of intercst in a combinatorial
fashion: a toxin could be fissed to a targeting molecule (like an antibody), cnzyme modules
in important metabolic pathways (such as polyketide synthetases) could be fused in new
ways, or new funclions like multiple binding domains (.. nucleic acid binding domains, ion
bindiug domains, pretease sites, or other post-translatiemal moditication modules) conld be

incorporated into existing genetic clements.

Combigations of insertions and dcletions

[86]  In onc embodiment, the inventivn provides a method tu create a
popufation af pulynucleotides, wiih members of the population differing frem one another by
the presence of delefions and insertions at a single random position. This method comprises
the sleps of:

(a) cleavage of a compesition of multiple eopics of polynucleotides al

rarulom positions 1o create two ends;
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{t) subjecting said polynucleotides from step (a) to a process which
remaves at least one nucleatide from one end of said ends of said
polynucleotides;

(c} subjecting said eelynuclectides from step (b) to a process whick. inserts
af least one nucleotide to at least one end of said DNA ends of said
polynucleotides from step (b}

(d) optionally subjecting said polynucleotides trom step {c) to a process
which covalently joins said DNA ends to one anolhey, producing a
library of palynucicotides which contains at least one polynucleotide
thar differs from the otherz by a deletion and inscetion at one position,

[87]  Funher, the invention provides 2 population of polynuclcotides, with

menbers differing from onc another by a combination of deletions and insertions at a single
random position. It is contemplated thal this emboediment widl allow for new beterologeus
domains to replace domains in the gene of interest. Tn this regard, vew finctions, such as
ligand binding or enzymaric catalysis could be: conforied upor a genctic clement. Also,
native function could be enhanced utilizing this embodiment

[88] In another embodiment, the invention provides a methed to generate

polynuclectides wherein the pelymucleotides contain insertions and delstions at more than
one position. In this regard deletions may occur &t different positions than insertions, or
deletions and misertions can oceur al the same position. Further, deletions and/or insertions
can oceur at multiple positions. This method somprises the steps of

(a) cleavage of'a composition of multiple copies of pelynucleotides at
randont positions Lo ereate two ¢nds;

()] subjecting said polyaucleotides fom step (1) Lo a process which
removes at least ong nueleotide from one end of s2id ends of sald
pohynuecleotides;

(c) optionally subjecting said polynucleotides from step () to a prosess
which inserts at least onc nucleotide to at least onz end of sald ends of
said polynue:cotides;

(d) optionally subjecting said polvnucleotides from step (¢) 1o a process
which covalently joins said ends to one another, producing a library of
polynucleatides which contains at least ene polynucleatide that differs

from the others by a deletion and insertion at one position;
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{c)  optionally selecting for a function of interest; and optionally repcating

any of steps (2 to (d} from 1 to 50 times or more.

[89]  Further, the invention provides a population of polyauclzotides
wherein e polynucleotides contain ingertions and deletions at mors than one position. 1t is
conlemplated that this embadiment of the invention will allow for classical directed
svolution, wherein multiple rounds of insertions at random positions, deletions at random
positions, and combinations of insertions and deletions, are produced with the genetie
element being optionally subjected 1% selection hotwoen each round. This embodiment

allows for the improvement or alteration of the function of a genetic element.

Starting material i

190] The present invention can be applied io avy polynuclectide of interest
lo the researcher. The pulynucieotide can be nucleie acid, 1.e. RINA or DNA. Often the
polynuclectide will he TINA consisting of genetic cloments or one or more genss of inlerest.
The slarting material may be obtained through nataral saurces, or may be palyrueleotides
which have been synthesized in a [aboratory {e.g. gene synthesis), or may be polynucleotides
derived from natural sources which have begn manipulated in a laboratory. Several sources
of polynuclestides arc availablc through publicly held databanks such as Genbank
(httoy/wwwr.nebinlm.nih. gov:80/Genbank/index. himl) or available commercially (Celera,
Rockville, M13; Incyte, Palo Alio, CA; Clentech, Palo Alto, CA; Invitrogen, Carlsbad, CA).

[#1]  The nueleic acid may be obtained from any source, tor example, from
plasmids such & pBR322, from cloned DWA or RNA oi ftom natural DNA or RNA [ton any
source including bacteria, yoast, virusce and higher organisms suell as plarts or animals.
DNA or BNA may be extracled [rom blood or tissue material. The templats polynucleotide
may be obtained by amplification using the polynucleotide chain reaction (PCR) [Mullis,
LS. Patent # 4,683,202 (1987); Mullis et al,, U5, Patent f 4,683,195 (1987)), Alternalively,
the polynucleotide may be present in a vector present in 2 cell and sufficient nugleic acid may
be obtained by culturing the cell aud extracting the nucleic acid from the cell by methods
known in the art.

[92] The cheice of vector depends on the size of the polynucleotide
sequence und the host vell to be employed in the methods of this invention. The templares
may be plasmids, phages, cosmids, phagemids, viruses (%4, relrovituses, parainflienzavirus,
herpesviruses, reoviruses, paramyxoviruses, and the hke), or selected portions thereo! (e.g..

coat protein, spike glycoprotein, capzid proten). For example, cosmids, phagemids, YACs,
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and BACs are preferred where he specific nueleic acid sequence to be mutated is larger
hesause these vectors are uble Lo stably propagate large mucloic acid fragments.

93|  If the specific nucleic avid sequence is cloned inlo 4 vector it can be
clonally amplified by inserting each vector inte 2 host cell and allowing the host cell to
amplity lhe vector. This is referred to as clonal amplification because while the absolute
number of nuclcic acid sequences increases, the number of mutants does nof increase.

[94]  Starting material should be in substantially purc form, The
pefynucleotide muy be double-stranded or single-stranded, but more preferably is double-
giranded. Further, the polynuclsctide may be lincar or citeular, but 1n a profermed
embouiment the polynucleotide is circular. Polynuclestides in cireular form may be preparcd
by preparation of plasmid DNA frori organisms such as bacteria, yeasy, nlants, or mammalian
celis by techniques well known 1o those skilled in the art [Maniatis et al., (1389)]. The
number of different specific nucleic acid fragments in the reaciion vessel will be al least
abont 100, preferalily at least about 500, and more prafevably at least about 1000,

[95]  The starting material {i.e. the polyoucleotide), while in substantinity
pure form, can also be present without homologs or related sequences. In other words, the
polynucleotides in the initial vessel may all be identical, although thoy may also be related,
unrelated or heterologous, In fact, perfarmance of the present invention will be anaffzcted by
the scquence of the starting material. Furthermore, the scquence of the slarting matcrial may
be known or waknown. For dircetod evolulion purposes, all that is required is 2 method to

detect the furetion of the pelynucleotide (such as a screenng assay).

Cleaving the polynucleotide at a randam pasition

1#6]  In general, a nucleic acid fragment may be cleaved by a nuinber of
different methods. The nuelcie acid fragment may be digesled wilh a nuclease such as
DNase I, §1 nuclense, P1 or inung bean nuclsase, or RMAse, wluch arc readily available.
Other enzymes, suck: as RAGL and RAG?, tapnisomerases, and integrases ane cupuble of
cleaving polynueleotides. The nucleic acid may be randermnty sheared by the method of
sonication or by passage through a tube having a small orifice. The use of ra.di'aliou, such as
gumima radiation or ulraviolet radiation is also capable of cleaving polynucleatides,
Chemical agents, such as bleomycin or methyl methanesulfonate (MMS) cau alsy cleave
polyicleotides.

[97]  Of substantial importance to the generation of functionally mutated

genes containing insertions or deletions is to cleave the polynucleotide a small number of
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times, usually between 1 and 10, preferably between | and 3, and most preferably once. The
present inventian provides a menns to cleave a polynucleotide such that cleavage occurs only
at one position per polymucleatids in ihe reaction vessel. Of importance is that the present
Invention provides a means for a nzar random cleavags af 4 polymicleotide (Le. cleavage at
several different positions in different molecules). Cleavape can be double-stranded or
single-stranded (i.c. produce single-stranded ends or deuble-stranded ends). Examples of
cnzymes which can cleuve polynucleotides include DNase I, 51 nuclease, T nuclease, 15
well as tapoisomerases, transposons, and integrases. Cleavage can ocour transicntly with
enzymes such as lopoisomerascs, transposons, and integrases, These enzymes may cleave
the polynuclestide onee, of more than vnce. S1 nuclease can be used w cleave double or
singls-stranded polynuclectides in a generally random fashion. In & preferred embodiment,
with circular double-stranded TXTA, 81 nuclease will cleave the polynucleotide ouly once,
producing twe DNA ends (FIG 4).

198]  Itis also contemnplaled that the nucleic zcid may alse be partially
dipested with one or more restriction wnzymes which cleave DNA al @ high frequency (i.c. at
several positions witlin a polynuclentice), such that certain polynucleotides ave cleaved only
omee, and that the resulting population contains polynuclootides cleaved one time, but with
different polynucleotides cleaved at different positions. 'Lhe clewvage with 2 restrietion
onzyme may nol be entircly random, but if the genetic element of interest has enough speeific
resiriction sites al different positions, tha cleavage pallem may be uscful enough 1 generate
subslantial diversity.

[99]  Ttis conteroplated that single cleavage of 1 pulynutlentide can he
accomplished through other alternative mechanisms which normally eleave pelynucleotides
several times. A polynuclectide can be nindomly sheared by the metiod of sonication of by
passage through a tube having a small arifice. The use of radiation, such as gamma radiation
or ultraviolet radiation is alsa capahle of eleaving polynuclestides. If any of these madalitics
ia carefilly titrated and a moans of purification is utilized, the singly cleaved molecules can
Dbe obtained in substantially pure form {i.e. singly cleaved molecules can be purified away
from uneleaved or multiply cleaved mulecules).

|100] Furthermore, enzymes which act to cleave and rejoin DNA, such as
topoisamerases, wansposons, and intaprases can ho uiilized 1o effectively cleave a
polynucleotide [Singh et al., Proc Maddl Acad Sri 94: 1304-9 (1997)]. Inthese cases the
cloavage and rejoining steps may be caupled. Preferably the DNA ends are linked, or arc in

physical proximity to one another, following cleavage. This is i order Lo prevent the re-
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ligatiun of the wrong ends to one another following deletional or insertional evenls. Une
micehanisim o keep the ends linked is drough the use of a circular polynucleotids as o
starting material. In this case, the ends are linked by the intervening polynocleotide chain.
Thus, the re-ligation will be an inlramuolerular ovent as apposed to intermolecular, and will
procead with greater efficiency. Other mechanisms to keep the ends in proximity is through a
protein bridge, such as throngh chromatin (i.e. histones, or other DNA binding proteins), or
thwough enzyines which couple cleavage with.rejoining, such as lrapsposous, Infegrases, or
topoisomerases. Alternatively, ends could coneeivably be left in proamity 1o one annther
through (he linkage of oppasite ends (e non-cleaved ends) 1o solid supports.

[101] Cleavage of a circular polynucleotide consistimg of supercoited
plasmid TYNA can be accomplished by incubating from 0.1 to 100 pg, preferably from [ to 10
pg with 2 nuclease such as 51 nuclease, The nuelcase can be present in amennts from 0.1 to
1000 units, bt preforably from 1 to 100 nnits in a reaction of 19 ul. The terperature of the
reaction can ocour from between 0 and 100°C, hut preferably belween 4 and 50 °C. The
reaciion time ogn vary from 30 seconds to 1 hour, but prefurably is betwsen abool 1 and 30
mirutes. The degree of linearizalion can be measured by analyzing the plasmid DA on an
agarose gel as in FIG. 4. The linear DNA should preferably be purified from the uncut DNA
by any of a numher of methads well knowa to those skilled in the art. Such mothods meluds
utilization of agarose gel purificalion kits (Qiagen, Valencia, CA). HPLC, column

chromatography and (he like.

Deletion of nucleotides

[102] Nucicotide deletions can be generated at a DNA cnd by a variely of
means. For instance, an exonuclease, such as exonuclease T11, can be used to remove
nucleotides in a 3" to 3° direction from a DNA end. The resulting DNA end then containg a
5 gverhang which can be removed by digestion of the DNA wath a single-stranded
endunuclease such as P1 nuelease, $1 nuclezse, or mung bean nuelaase, Bal 31 nuciease is
an enzyime which possesses 5° 1o 37 as well a3 37 to 57 nuelevlylic activity and van be used to
delete nucleotides from u DNA end. Furthermore, several polymerases, like DNA
pohmerase [ from E. eoli, Klenow fragment, and ''aq polymerase contain exonuclease
activily and could canccivably be used to make delations from 2 DNA end. Cell extracls
from a1l organisms contain DNA repair enzymes which cun act to delete nigleotides, thuy
unpure cell extract eould conceivably be used as a source for exeonuclease aclivity. Other

nucleases, which may not have exopuclease activity under certain conditions may he capable
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of producing deletions 2t a DA end under other conditions. For example, §1 muclease can
produce short deletians when nsed at high emzyme concentrations. Furthermore, it 13
contemplated that mild denanwation of 1 NNA moleeule, such that the DMA ends bscome
“frayed”, will allow deletions to occur upon application of » single-siranded endonucleasc,
such as S1, P1, or mung-bean nuelease.

[103] Inaprefomed embodiment the conditions of the delction reaction are
set quch that the numbcr of individual deletions occurring at sach TNA end may be wall
vontrolled, For example, altering the salt concentration, altering the pH, altering the
temperaturs, or altering any of the other biochemical parameters of the reaction can change
the activity of the nuclease cnzyme such that marc e less deletions will cocur depending on
Ihe intent of the investigator (for instance decreesing, lempsrature or increasing swllmay
lower the processiviry of the exonugleasc and cause fewer deletions). Figure 3 shows altering
conditions allowing differing numbers of deletions to eceur on a DINA end. In same cases
large deletions might be warranted {i.e. to complotely remove » lurge domain in a genetic
element), in other cases small deletions might he preferable (L.e. to remove a single aminy
acid, or a few amino acids such as those that comprise a proteasc site). Generally deletions
zould be oblzined numbcring from 1w 1000, more preforably they would be from | to 100,
In. certiin insiances, as described, the deletions may number from 1 1o 10.

[104] Due to clcavage at a random positico in the polynucleotide, the
locatian of the deletions in the ramiling polynucleatide will alsa be localed &t a random
position. Also, sines residues are deleted from either end of the molecule, the total number of

deletions wilt equal the sum of the deletions accurring on the 5° end and the 37 end.

Adding nncleatides

[105] In order to make additions ta a polynncleotide in random positjons, the
polynuclectide is necessarily cleaved at a random position, &8 described above. Prior io
inserlion, nucleotides may be delcted from the DXA onds prodused during the cleavage
event. Alternatively, the DNA ends formed by the cleavage reaction can be used as
substrates to which new nucleotides or polynuclzotides ar added.

[106] Several different mechanisms exist to add nuclcotides to the ends of «
palynucleatide. For example, nucleotides can be added by chemical coupling, A
polymerase, such as terminal deoxynucleotidyl irmsferase can be utilized to add nucleotides
in & semirundom fushion to a DNA end [Gauss & Ticher, 3ol Cell Biol 1996 16:258-69
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(1996)]. Aliernatively, the cleavage step may be coupled to the insertion cven, as eau be the
case when employing transposons of integrases to the insertion event.

[107] A ligase such us £ coli ligase or phags T4 ligase can be utilized to
covaiently couple a new polynuclevlide to the parent polynucleotide. In a preferred
embodiment the polynuclentide is a genatic element or a fragment of a genctic element. A
genetic element predisposes the resulting polynucleotide to have function since genetic
elements are functional in some way by definition. The genetic element may be a gene, the
regulatory slement of a gene, or a genctic clement encoding u useful domam. The genotic
element may be a library of genctic clciments such as a cDNA library or genomic DNA
library. Fragments of a genetic element can be produced by digesting the polynucleotide
with a nuclease, such as DNAse [, $1 nuclease, P1 or mung bean nuclease, or RNAse. Gther
enzymes, such as resiriction enzymes and topoisomerases, can also cleave polynucleotides
into fragments. The polynucleotides may be randomly sheared by (he method of sonication
or by passays (hrough a the having a small orifice. The use of radiation, such us gumima
radiation or witraviolet radiation is also capable of cleaving pelynuclcotides o fragments.
Chemical agents, such as blsomycin or MMS can alse cleave polynucleolides inte fragments.

[108] Tiis contemplated tlat the mixtuee ol a parsnt polynucleotide claaved
at 4 random position, with a population of genelic elements or fragments of genetic clements,
and a ligase such as 14 DNA lipase, under the appropriate salf, buffer, and temperature
conditions, will allow covalent eoupling of the genetic elements with the patent
polyauclzotide al the position of the original cleavage event. Thus, a mixmue of )
polynuelcetides is produced comprising an insertion at 2 random positiun within the parent
polynuclectide. The content (L.e. the sequence) of each insertion may be idewical if the
genelic elements ot fragments of genetic elements are identical, or different if the fragments

of genetic elements were non- identical.

Rejoining the DNA ends

[109] DNA ends may be rejoined covalently by icubating the DNA ends
with an enzyme like u DNA ligase which wil! form phosphodizsier bonds berwsen
nucleolices al the INA end. Examples of ligascs nclude F. oali DNA ligase, phage T4 DNA
liggase, or human DNA ligases. These cnzymes can be used under conditions welk known Lo
those skilled in the art W ligate DNA. Other eneymes are also capable of creating covaleot
linkagea (like phosphodiester bonds) belween nucleofides at TINA ends. Such enzymes arc

topoisomerases, transposons, integrases, and other recombination eneymes. Other
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mechanisms <an be used to join DNA ends such as the utilizalion of an oligonueleotide
whose sequence can hybridize to sequsnces on either end (i.e. both the 5' and 3° onds) to
“pridge” the ends with hydrogen bonds. The iutervening sequence on the appostle sleand
could be filled in with 4 pulymerase, such as £. ¢ofi polymerase, Klenow framment, phage T4
polymerase, or Taq polymerase. Nicks could then be repairad by a DNA lipase as described
above, Cellular extracts also contain ligase activities and cell or nuclear extracts could be
used 1o rejoin DNA ends, Alternatively, DNA molecules could be introdneed into intact cclls

and the cell’s mavhinery could rejoin DNA ends by hamologous or non-homalogous means.

Library compositions

[110] The present invention provides for novel librariss of which the
folluwing compositicns are sxamplas:
Peletions

[111] The invention provides a population of polynucleolides, with members
of the population di(fering from one another by the presence of delelions at a single random
position. Such single deletion Librarics can contain at least 2 mulecules, but preferably 100
molecules, and most preferably at lcast about 1000 molecules. Delction libraries should
contain at least ene moleeule that dilfers from at least one other melecule by the deletion of
2t least one nucleotide at one randorn position. The number of deletons at cach position
could be froma 1 to 1000, bul shoxld be at least one. It is contemplated that deletions will
allow removal of detrimental o unwanted funclives of a genatic element, These funciions
might inelude protease sites, ion binding domaing, DA binding seguences for inhibitory
transcription factors, immunogenic domains of proteins and the like.

[112] Further, the invention provides & population of polynucleotides
wherein the polynueleotides contain deletions at more thun one position. Such a ibrary
should contain at least 2 moleculss, but preferahly 100 molecules, and most preterably at
Least about 1000 molecules. These mulliple defetion lbraries should contain at least one
molecule that differs from at Jcast one other molecule by the deletion of at least une
muclenlide at more than one randem position. It is centemplated that delelions al multiple
pusitions will allow removal of multiplc detrimenta] or unwanted funstions of a genetic
element. These finctions might include any combination of multiple protease sites, ivn
binding demains, DNA binding sequences for inhibitery transcription faclors, immunogenic

domaing of proteins and the like.
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Insertioins

[113] The invention provides a population of polynucleotides, with members
of the population differing from one another by the presence of msertions at a singls random
position. Tnsertion libraries can contain at least 2 molcenles, bui preferably 100 molecules,
and most preferably at least about 1000 molecules, Dnserlion librarizs should contain at least
one molecule that differs from at least ong other molecule by the insertion of at least one
nucleotide at onc random position, The number of insertions at each position could be from 1
to 10,000, but preferably will be at least one, For example, a toxin could be fused to a
targeting molscule (like au autibody}, enzyme modules in important mctabolic pathways
(such as polyketide synthetases) could be fused in new ways, or a uew function like binding
domains (i.e. nucleic acid binding domains, inn binding demains, protease sites, or other
post-translational modification modules) coutd be incorporated into existing gonctic
elements.

[114] Further, the inveunlion provides a population of polynucieotides
wherein the pelynucleotides contain inscriions at more than one pesition. Such a library
should contain at feast 2 molécules, but preferably 100 molecules, and most preferably at
least about 1000 molecules. These niultiple insertion libraries should contuin at least ane
molecule (hai differs from at least une other moleculs by the insertion of af least one
nueleatide at more than une random position. 1t is contemplated that this embodiwent of the
invention will allow nevel fasion of genstic elements lo occur. Tt is conteniplated that this
embodiment of the invention will zllew multiple novel fusions of genelic elements w occur.
Fur example the following could be fased to a gone of interest in a vombinatarial fashion: a
toxin could be fused to a targeting moleeule (like un untibody), enzyme modules in important
metabolic pathways (such as polyketide synibelases) could be fused in new ways, or 16w
tunction like binding domains (i.¢. nucleie acid binding domaing, ion binding domains,
protease sites, o other post-translationzl medification modules) could be ineorporated inla

existing genetic elemoents.

Combinations of insertione and deletions

[1£5] Lhe invention provides 4 population of pelynuclectides, with members
differing from one suother by a combinativn of deletions and insertions at a single random.
pusition. Such a library should contain at loast 2 nolecules, but preferably 100 weolacules,
and most preferably at least about 1000 malecules. These combination libraries should

contain at least one molecule that difters fior at least onc other molecnle by the inscrtion of
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sne nucleotide and the deletion of at lzast one nueleotide at one random position. Tt is
contemplated that this embudiment will gllow for heterologons domseing o replace domains
in the gems ol interest. Tn this repard, new (unctions, such as ligand binding or enzymalic
culalysis could be conferred upon a genetic elemert. Alse, nulive function could be enhanced
utilizing this embodiment.

[116] Further, the inventivn provides a population of polynuelcotides
wherein the polynuelectides contain insertions and deletions at more than ene position. Such
2 library should contain at least 2 molecules, hut preferably 100 molecules, and most
preferably at least about 1000 moleculss. These combination librarics shonld contain at least
one molecule thati differs from af least one other molecule by the insertion of at least one
nucleotide at one random position and the deletinn of at least one puclectide at onc randem
position. This crnbodiment of the invention will allow for classical directed cvolution,
wherein muitiple rounds of insertions at random positions, deletions ar random positions, and
comhinations of insertions and deletions, are produced with the gene of interest being
optionally subjected to sclection between each round. This embodiment allows for the

improvement or alteration of funciion of 3 genetic clement.

Analyzing the composition

[117] Thecompesition of such libraries can be determined by mechanisms
wall known to hose in the art. Tn order bo detetming whether a library containg insertions or
deletions, the Jibrary can be analyzed by agarose or acrylamide gel electurophorcsis snd size
can be compared to the parental sequence. Other methods, like HPLEC, mass speciromstey,
column chromatography can he nsed to identify size differences between palynueleatides.
Because the present invention relaies o rapdom positions of insertions and deletions, the
most definitve method to determining the composition ol a library s to subject
representative polynucleotides within the composition to sequeneing, a method well known o
those skilled in the art. Comparison of sequences of representative clones would allow one to
determine if deletions or insertions cccwrred at random positions in diflereni molecules in the
library.

[1£8] The resulting library could be ligated into an expression vector for use
ag a vehicls to express the resulting variants contained within the library, The nature of the

expression vector is described below i the “sereening” ssetion.

Sereening for a function of interest
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[L19] Tn testing a library of polynucleotides for a function of interest, the
library should ho inseried in an appropriate expression vector. Aliematively, the library can
be eonstructed in an cxpression vector (i.c. the Hbrary comprisss an sxpression vecter), The
vootor used for cloning is not critical provided that it will accept a DNA fragiment of the
desired size. If expression of the DNA fiagmen fs desired, the cloning vehicle should further
comprise transcription and translation signalg next to the site of insertion of the DNA
fragment to allow expression of the DNA fragment in the host eell. For sereening in bacterial
eells, preferred vectors inelude the pUC series and the pRR series of plasmids.

1120] 'Lhe resulting bacterial papulation will include a number of
recombinunl DNA [ragments having random mutations. This mixed population may be lested
to identity the desired recombinant nucleic acid fragment, The method of seleciion will
depend on the DA fragiment desired,

[121] The choice of veetor depends on the size of the polynuclestide
sequence and the hogt ecll to be employed in the methods of this inveation. The templates
may be plasmids, phages, cosmids, phagemids, viruses (e.g., retroviruses, parainfluenzavirus,
herpesviruses, reoviruses, paramyxoviruses, and the like), or sclceted portions thereof (2.2.,
coat protein, spike glycoprolein, capsid protein). For cxample, casmids, phagemids, YAUs,
and BACs are preferred where the specific nucleic acid sequence is larger because these
vectors are able to stably propagate large nuelels acid [ragments,

[122) Ifa DNA Fagment which encodes for 2 protein with inereased binding
efficiency to a ligand is desired, the proteins exprossed by cach of the DNA frapmemts in the
population or library may be tested for their ability to bind 1o the ligand by methads known in
the it (Le. puming, affinity chrumatography). If a DNA fragiment which encodes for a
prolein with increased drug resistance is desired, the proteins expresscd by each of the DNA
Tragments in the population or Hbrary may be tested for their ability to confer drug resistince
10 the host organism. One skilled i the art, given knowledge ol the desired protein, conld
readily Lest the population Lo identily [MNA fragments which confer the desired properties
omto the protein.

[123] Tn the context of the present invention the ierm "pesitive polypeptide
variants” means resulting polypeptide variants possessing fimetional properties which has
been improvad in somparison to the polypeptides producible trom the correspouding inpus
DNA sequences. Examples, of such improved properties can be as different as, for example,
enhanced or lowered biological activity, increased wash perfoﬁnancq. thermoatability,

oxidation stability, subsirate specificity, antibiotic resistunce or others that muy be of intercst.
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[124] Comsequently, the screening methad to be used for identifying positive
variants depend on which properly ol the polvpoptide in question it is desired to change, and
in whal direction the change is desired.

[125] A numbcr of suitable scresning or selection systems to screen or select
for 2 desired biclogical activity are described iu the art. For example, Strausberg et al.
| Strausberg st al., Rlorechrofogy (N ) 13: 669-73 (1995)] describes a acreening system for
subtilisin variunls having ealeinm-independent stability. Bryan et al. [Bryan et al., Profeins
1: 326-34 {1986)] descrihes a sercening assay for proteases having an enhanced thermal
stability.

[126] Tt is conlemplated that one skilled in the ar could use a phage display
system in which (ragments of the prefein are expressed ag fision proteins on the phage
surface (Phurmacia, Milwaukec Wis.). The recombinam DNA molecules arc cloned into the
phage DNA at a sitc which resuits in the transcription of a fusion protein, a portion of which
is encaded by the recombinant DMA molecule. The phage containing the recombinant nocleice
acid molecule undergoes replication and transeription in the cell. The leader sequenee of the
fusicn protein directs the transpoit of the fusion protein to the tip of the phage paiticle. Thus
the fusion protein which is partially encoded by the recombinant DNA moleculs is displayed
on the phags particle for detection and selection by the methouls described above.

Meihods of Effecting Targeted Shovt Deletions in Nucleic Acids

[£27] Thg ability 10 make short deletions in a polynucleotide s generally
hampared by the high activiry and processivity of exonucleases that act at a DNA end.
Scveral methods exist to malke large (1.e. more than 100 basc) deletions at DNA ends
[Santbrook et al., (1989)]. However, methods to create shorl deletions, such as fom | o 100
‘bases or very short deletions like from 1 to 10 bases in a controlled tashion have not been
possible. The ability Lo make such deletions at specific sites is important in the field of
protein engineering [Altamirano el al., Natrre 403: 617-22 (20003 and is highlighted in the
end-joining mechanism of V(D) recombination, the method whieh produces the substaniial

diversity in antibody genes [Smider & Chu, Sem. Ferma, 9: 183-97 (1997)].

Starting material
1128] The deletion generating mechanism can be applied o uny
polynnslectide of interest to the researcher The polynuclestide can be nueleic acid, L. RNA

or DNA. Ofien the palynucleatide will be DIN A consisting of genetic elements or ane or
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mare genes of inferest. The starting material may be ebtained through natural sources, or
may be polynuclectides which have boen synthesized in & laboratory (e.g, pene synthesis), or
may be polynuclectides derived from natural sources which ave becn manipitlated in a
laboratory. Soveral sources of polynucleofides are available through publicly held databanks
such as Genbank (hiip://www neblndmnib.gov:80/Genbank/index.umi} or available
commercially (Celera, Rackyville, MD; Tncyte, Palo Alto, CA; Clontech, Pale Alto, CA;
Invitrogen, Carlsbad, CA).

[12Y] The nueleic acid may be obtained from any source, for exuniple, from
plasmids such a pBR322, from cloned INA or RNA or from natural DNA or RNA from any
source including hacteria, yeast, viruses el higher organisms such as plams or animals.
TRYA or RNA may be extracted from blood or tissue material. The template polynucleotide
may be obtained by wmnplification using the polynuclectide chain reaction (PCR} { Mullis,
10,8, Patent # 4,683,202 {1987); Mullis et al., 15, Patent # 4,083,195 (1987)]. Alternatively,
the polynueleotide may be present in a vector preseat in  cell and sufficient nucleic acid may
be olMained by culiuring the cell and extracting the nucleic acid from the cell by mothods

known in the art.

Deletion of nucleotides

[130] Mucleotide deletions cun be generated at a DNA end by a vaniety of
means. For mstance, an exonuclease, such as cxonuclease I can be uged to remove
nucleoiides inz 3’ to 3 direction: from @ DNA cnd, Cften the resulting PNA end contains a
5 pverhang which can be removed by digestion of the DNA with a singls-stranded
endonuclease such as P1 nucleasc, S1 nuclease, or mung bean nuelease. Other exanucleases
could also be used in the present invention. Bal 31 puclease is an enzyme which possesses 5’
10 3% us well as 3" to 57 nucleolytic activity and can be nsed to delete nuclsctides from a DNA
end. Exonuclease T canremave nucleotides in a 37 to 37 directivn, Fxouuclease 7 can
remove nucleotides in 8 5° 1o 3° direction, and can act ot single-stranded ends such as nicks or
gaps. Exonuclease | valalyzes the removal of nucleotides from single-strandzd DA in the 3
to 5" direction. Lambda exonuclease is a highly processive enzyme that acts futhe 5" to §°
direction, catalyzing the removal of 5 mononucleoiides from dugplex DNA. Recl is a single-
siranded DNA specific exonuclease thal calalyzcs the removal of deoxynucleotide
monophosphates from DNA in the 57 to 37 direction. Furthermore, scveral polymerases, like
DNA polymerase 1 from o, coli, Klenow fragment, and 'I'aq polyimerase contain exonucleass

activity and cauld conesivably be used to make deletions from a DNA end. Cell extracts
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from all organisms contain DNA repair enzymes which can act to delcte nucleolides, thus
unpure ccll extract could conceivably be used as a source for exonuclease activity. Other
puclcases, which may nol have exonuclease activity under certain conditions muy be capable
ol producing deletions ul a DNA end under other conditions. For example, S1 nucleass can
pruduce short deletions when used at hiph enzyme concenirations. Furthermore, it is
contemplated that mild denaturation of 2 DNA molecule, such that the DNA ends become
“frayed”, will allow deletions to scour upon soplication of a single-stranded endonuclease,
such &s 81, P1, or mung-bean nuclease.

[131] 1n a profetred cmbodiment, the conditions of the doletion reaction are
set such that the number of individual deletions occurring at cach DNA cnd may be well
contrelled, For example, altering the sali conccntration and the temperature, allering the pH,
or alteting any of the other biochemical paramoters of the reaction can chunge he activity of
the nucleass enzyme such that more or less deletions will ocour depeniling on the intent af the
investigator. Most particularly and swprisingly we have found that decreasing temperatare
and/or increasing salt lowers the processtvity of the exonuclease and rcsults in more
controlled small delctions. Salts used in the reaction may be any salt. Examples of sults
include sodium chloride, sedium acelate, polassium, ¢hloride, or potzssiom acerate.
Proferably the salt is either sodiwm chloride ur potassinm chloride. Salt concentrations can
range from 10 mM o 1.0 M, bul preferably is between 50 mM and 500 mM. Temperature of
the reaction ean also vary in the present invention. The temperature can range from 0°C te
30°C, but preferably is between 0°C and 24°C. Figure § shows altering conditions allowing
differing numbers of deletions W oveur on 1 DNA end. [k some cases large deletions might
be warrsnled (i.e. W completely remove a large domain in a genetic element), in other cases
small deletinns might be preferable (i.e. to remove a single aniina acid, or a few amino acids
such as thoze that comprise a proteasc site). The resulling pepulation of palynucleotides
contain variablc amounts of deletions at the ends of (he slarting sequence. Generally
deletions could he obluined numbering from 1 to 100, mere preferably they would be from 1

to 100, Ina preferred embodiment, the deletions may number from 1 to 30 or even 1 to 10,

Rejoining the DNA ends

[132] In some cases it might be useful to join the DNA ends of a molecale
containing a deletion with a second DX A end, such Lhat the deletion now ocours at an internal
pusition. Olten the two ends 1o be ligated will be present on the same DNA maleculs, such

that the resulting ligation prodnet is n circular polynnclestide. DNA ends may be rejoined by
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incubating the DNA ends with an enzyme like a DNA ligase which will form phosphodiaster
hands between nueleatides at the DNA end. Examples of ligases include £. coli DNA ligase,
phage T4 DNA ligase, or human DNA ligases. Thess snzymes can be used under conditions
well known to these skiiled in the art to ligate DNA. Other enzymes are alse capable of
creating covalent linkages (like phosphodiesier bonds) befween nucleatides at DNA cnds.
Such enzymies arc topeisomeruses, transposons, inte2rases, and oiher rccombination
enzymes. Cther mechunisms can be used to join DNA ends such as the utilization efwe
oligonucleotide whoss sequence can hybridize to sequences on either end (i.e. both the 57 and
1* ends} to “bridge’ the ends with hydrogen bonds. The intervening sequence on the opposite
strand could be filled in with a polymerase, such as e.cofi polymerase, Klenow frazment,
phage T4 polymerasc, or Taq polymerasz. Nicks could then be repaired by u DNA ligase as
described above, Cellular extracis also contain ligase activitics and cell or nnelear extracts
could be used to rejoin TNA ends, Alternatively, DNA molecules conld he infroduced into
inlact cells and the eell’s machinery could rejoin DMA ends by hamologous or nun-

homologous means.

Deletion composilivns

[133] Tn one embodiment the current invention provides [or a composition of
polynucleotides, whercin members of the population differ (rom one another by the presence
of deletions at one or bolh ends of the polynuclentide. The nuraber of deletions may range
from 1 to 100 at each end, hut more preferable is rom 1 to 30.

[134] Additionally, the current invention provides for  composition of
polynucleotides differing from one another by short defalions at a speeific internal position
(i.e. not at an end). This composition is obtained by juining the composition of
polynucleotides with delotions at the ends to other IYNA ends, such that the deletion now
accurs internally. Often the two ends o be Jigated will be present on the same DNA
molecule. such that the resulting ligation product is a circular pelymicleotide. The number of ‘
Jeletions may range from 1 to 100 at cach end, bui more preferable is from 1 to 30.

[135] All references and patent publications referrcd te hercin are hereby
incorporated hy reference herein.

[136] As can be appreciated from the disclosure provided above, the present
invention has awide variery of applications. Accordingly, the following exumplos are
offered for illustration purposcs and are not intended fo be construed as a limitation on the

invention in any way.
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EXAMPLES
Example 1: Random cleavage of 2 plasmid

[137] Molecular cvelution techniques utilizing inserlions or deletions require
a gene 1o be cleaved, at least transiently, a small number of times, Optimally, ¢ach molecule
within a mix is cleaved once, at different randor pesitiens. There i3 significant difficulty in
preparing singly cleaved DNA, wherein cleavage oceurs at random positions. Biendi, etal.
desoribed a cumbersome methed nsing DNage [ and DNA polvmerase to induce nicks,
lollowed by further cleavage of these nicks to produce a donble stranded break {Biondi et al.,
Nucleic Acids Res 26: 4946-52 (1998)]. This proecss required tedious and time consunzing
cesium chloride gradicnt purification and linker ligation steps, and is not generally applicable
to high throughput moleculur bioloyy techniques like molesular evolution,

1138] ‘Ihe sirulegy of ulilizing & single-stranded sndonelease to induce
double-sirapded breaks al ruclom posilions in DINA. has heretofore not been utilized. Ttwas
reasoned that 2 single-stranded nuelease, liks S1, D1, or nung hean nuclease, wonld
specifically cleave single-stranded regions in tightly supercoifed DNA, thus producing a nick.
A nick is the natural subsirate for these engymes, so cleavage 1 produce a double-stranded
break may then occur jn the same reaction. Following cleavage, the single-stranded regions
are no longer present since the plasmid is no longer supercoiled, so the DINA is no lohger &
substrate for the enzyme. Thus, cleavage would occur ence and only once. Thie example
Hlusirates the utility ol this hypothesis.

[139] The plasmid pLacZi (Clontech, Palo Allo, CA) was used 10 illustraie
the mechanism by which a polynucleotide can e ¢leaved at random positions, The plasmid
was propagated in DHLOB E. coli cells (Tnvitrogen, Carisbad, CA) and plasmid was prepared
by Qiagen maxiprep columns (Qiagen, Valencia, CA). Plasmid DNA at 200 ng/ul was
incubated with (0.4, 2.0, 10, or 30 units of 51 nuclease (Promega, Madison, WI) in 1X S1
buffer (50 mM zadium scetate pH 4.5, 280 mM NaCl, 4.5 mM ZnS04) for 10 minutes at
roam temperature. The reaction was stopped by the addition of EDTA {0 0.025 M and
heated to 70°C for 10 minutes. Protein was removed by twice extracting with an equal
volume of phenol:chloreform:isosmyl ateohol (25:24:1), once with an equal volume of ether,
precipitated with sodium acetate and resuspended in water.

[140] Cleaved pLacZi was analyzed by 1.5% agarose gel elsctrophoresis
(Figare 4, pancl A). S| nuclease cleaved plasmid was sgen [0 co-migrate with pl.acZi

cleaved with Cla I, which cuts pLacZi once. Thus, 51 nuclease can lincarize a circular DNA.
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molecule, Alihough 81 nuclease is not known to cot DNA in a sequence specific manner, it
was important to determine that the cleavage of plasmid by §1 was not site spocific. To this
end, linear plasmid produced by 81 cleavage was gel purified (Figure 4, pancl B, lane 3), or
purified and further cleaved with Cla T (Jane 6). Controls included supergailed plasmid (lans
2), plasmid linearized with Cia T {lane 3), or plasmid linearized with 81 nuclease and un-
purified (lane 4). The $1/Cla 1 cleaved plasmid is seen us » smenr, showing that 51 is
cleaving in soveral differsnt positions in the plasmid. 157 cleaved at only one position, then
the §1/Cla T clcaved plasmid would migrate as iwo bands; if 81 cleaved at two positions, then
the S1/02ta | plasmid would migrate as three bands, and so on. The importance of this
example is that 1 polynucleotide is abls to be cleaved once (i.e. lincarization of g circle), and

only once, at different positions.

Example 2: Deletions ak a site in LacZ

[141}] Nucleotide deletions have been made for structural analysis of zenes,
and for nucleatide sequence analysis. Generally thase deletions are large, in the range ol well
over 100 nuclectides. Under normal conditions, tor example, exenoclease 1 removes over
100 bases per minute [Sambrook et al., (198%)]. The ability ta creats small delotions,
however, would be useful to alter small domains in proteins or remove deletarious functions.
n order to make small deletions al the end of a polynuclectide, exomiclzase T was wtilized
under various conditions of salt {Figure 5) and lemperature, A flnorescently labeled 232 base
pair PCR product from pLac?i was exposed to 100 mM, 130 i, «nd 200 mbd NaClin the
presence of 18 U exanuclense 111 (New England Biolabs, Beverly, MA) in 10 1l of 66 mM
Tris-Ct (pH 7.4), 0.66 mM MeClz at 13°C in a § minute reaction. The repction was stopped
by the addition of EDTA to 0.025 M, and extracted once with an cqual volume ol
phenol:chloratormisoumyl alechel (25:24:1), once with an equal volume of other, and
precipitated with sodium acetate. DNA was resuspended in 20 ul deionized formamide, and
0.5 pf was run on & 6% polyacrylamide denaturing gel in ARL 373 sequencer {Perkin-Clmer,
Foster City, CA) set to the genescan seiting according to the manufacturers recomumendaion.

[142] Mearly 25 nuclentides can be romoved under condiiions of 100 i
MaCl (Pigure 5, second pancl), up to 15 nucleatides with 150 mM NalCl, and a few
nucleolides with 200 mM NaCl {bottom panel).

[143] The Cla I site in pLac?] exisls in the coding region of the Lacs genc.
This site was utilized to ke short deletions within the gene itsclf, which could then be

znalyzed further by PCR to determine the extent to which deletions were inade. Additionally,
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plasmids containing deletions were selected on LB agar plates cornaining 40 pg/ml H-Galto
detcrmina the fimetionality of the T.acZ gene. ‘Lhe pLac7i plasmid (10 pg) was linearized
with Cla I in 200 pl, then incubated with 20 U uf 51 nuclease in 400 pl to rentove the 2 bp 5°
overhengs, Further, the linearized plasmid was concentrated and filtered through an ultralres
MC membrane (30 KD cutoff, Millipore, Bedford, MA), then brought to a volumie of 400 1.1
in 1X calf intestinal phosphatase buffer containing 104 U of calf inteslinal phosphatase (New
England Biolabs, Beverly, MA) and incubated for 45 minutes af room temperature. Plasmid
was extracled with an equal volume of phenol:chloroform:iseamnyl alcohal (25:24:1), once
with an equal volume ol ether, precupitated with sndium acetate, and rasuspended in water.
The plasmid was Lhen incubated with exenuclease 11 as deseribed n example 1, m the
presence of cither 100 i, 150 mM or 200 mM NaCl for 5 minutcs at 13°C inw 10 pt
reaction, [n a control arm, plasmid was not inenbated with exenuclsase L, te test for the
frequency of religation of the dephosphorylated plasmid i the absence of deletions. Alter 5
finutes of exonuclesse I roaction, a niix containing $1 nuclease 50 U in 1X 31 butter was
added. This mix was fimther incubated at room temperature for 15 minutes. The reaction
was stopped by (he addition of EDTA t0 0.025 M and heated to 70°C for 10 minutes. The
DNA was Lhen extrasted once with an equal volume of phenol:chlorofornizisoamyl alcohal
(25:24:1), once with an equal volume of ether, precipitated with sodium acetate and
resuspendad in 10 plof 1X ligase buffar containing 1.0 U of T4 DNA ligase {Invilresen,
Carlsbad, CA). Ligation reaclions werc incubated al 15°C for 12 hours. Glectroporation of
£, coli sitain DH10B ¢uvirogen, Carlgbad, CA) was accomplished with 1.0 i of ligation
mix. Cells were plated on LB agar plates contuining 40 pg/ml X-Gal and 100 ug/ml
ampicillin and incobaled overnight at 30°C, Table 1 illustrares e results of the plating

experiment.

Table 1. Colony characteristics after site direc(ed deletions.

Biuc Colonies Whitc Columies  Blue/White

No Exo Il 0 0 - o
Exu LI, 177 ) 0.37

100 mM NaCl

Lxo 11, 340 140 341

150 mM NalCl

Exo 11, 77 34 0.44

200 mM NaCl _ _
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[144] Notably, no background is realized when dephasphorylated plusmid is
nol exposed to exomclease LU (first ow, Table 1). Several blue and white colonies are
evident with exonuclease L) treatnient under differsal salt concentrations. Interestingly, the
theoretical maximum of the blue/white ratio is 0.33, since at least 2/3 of religations should be
out of frame, However, the blueswhite ratio in this experiment is slightly more than 0.33, and
appears to increasc as salt conceniration increases. This bias may be duc 1o the fact thul 4 one
basepaiz deletion from one end would allow in-frame religation to oceur, and fewer deletions
are favored as salt s increasad, The stardstical signilicance of this resuit has not been
analyzed, so the true Gaquency may aclually he nearer to 0.33,

[145]  Six of the colunies were analyzed by PCR with primers flaniung the
Clal site. FIG 6 shows these results. Tn the upper pael the wild-type 312 basepeir fragment
from pLacZi is shown. Clone 1 contains an in frame deletion of 201 bases (PCR product of
2081 hascs) and relains a bluc phenotype. Clone 2 contains a 4 basepair out of frame deletion
{PCR product of 308 bases) and bas a while plenotype. Clone 3 contains & 9 bascpair in
frame delation (PCR product of 303 bases) and has a while phenotype. Clone 4 contains a 6
bascpair in frame deletion {PCR product of 306 hases) and bas a while phenatype. Clone 3
contains 7 basepair out of frame delstion (PCR preduct of 305 bases) and has a white
phenoiype. Clone 6 has 2 3 basepair deletion (PCR product of 309 bases) and has a blue
phenoiype. Although il may be thouglht that shorter deletions wonld lead lo less severe
phenotype, this experiment illustrates that this is not necessarily the case. Clone | contains a
deletion encompassing 7 armino acids but retains finetion whereas clones 3 and 4 contaie in
frame shorter deletions but do not retain function. Furlhermare, this cxample illustrates the

ability of deletional technology to scarch functivial sequence space.

Fxample 3: lnsertions in Lack

|146] insertions of randam DNA in the LacZ gene was accomplished by
emplesying D¥ase [ to fragment cDNA derived from CHO cells, follnved by ligation of these
fragments into lineurized pLacZi. Since cDXNA is by defnuition functional, it is conternplated
that the use of aT7% A will optimize the likelihood of obtaining funstional proteins. CHO cell
cDNA (5 ug ) was fragmented with 0.00% units of DNase I in a buffer contuining 40 mM
Tris-Cl pH 7.4 and 10.0 mM Mgl for 5 minutes at rovrn temperabire. The reaction was
stoppad by the addition of EDTA to 0.025 M and heated to 70°C in the presence of 10 ug of

protaase K. DWA was extractod with an cqual volume of phenol:chloro fomyisoamyl aleohol
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(25:24:1), once with an equal volume of ether, and precipitated with sodiuan acelate, Plasmid
lincarized wilh Cla1or S1 nuelease were dephosphorylated as described abave, then again
extracicd with an cqual volwme of phenol:chloroform:isoantyl alcohol (25:24:1), once with an
equal volume of ether, und previpitated with sodium acetate. To insert random ¢DNA
fragments inlo plasmid VA, 0.2 mng of linearized, dephosphorylated plasmid was incubated
with 1 ng of cNNA fragments in the presence of T4 DNA ligase (1.0 U) in a reaction volume
of 10ml a1 15%C for 12 hours. As controls, lincarized plasniid was incubated with ligase in
ths abscnee of cINA frugments, and cDNA fragments were incubated with ligase in the
absence of linearized vector. DHLOB L. coli were then eleetroporated with 1.0 nl uf each
ligation mix.

[147] Several e. cofi colonies were identified i the vortor plus insert wrms of
the cxperiment which exhibited either white, Inteimediate, or blue phenotype on X-Gial
plates, PCR across the Cla T sitc in the colonies which arvse [rom vector lineanzed with Cla 1
ligated to cDNA fragments rovealed several clones coutaining inscrts of sizes from 100-300
hasepairs. Thres of these are illusirated in FIG 7. Thus, the inscrtion of fragments of cDNA

into a genetic element can be accomplished with the prescat invention.

Example 4: Fuuctionak changes at random positions

[148] The lac operon is a modal sysiem by which genetic clements are easily
studied. The enzyme §-galaciosidase is encoded by the Luc gene, bul is normally enly
produced when lactose is present in the environment. Control of enzyme levels s
accomplished al the level of transcription. The tae repressor profein hinds to the operator
sequence upstesarm rom the ATG start sitc of Lacs, and inhibits transcription by BINA
pulymerase. Tn the presence of lactose, however, the repressor is removed fom the eperator
and transcription can proceed, The mechanism of promotor activation is threugh the binding
of lactose, the inducer, 10 the luc repressor and causing an allosteric change that canscs its
affinity for the operator to decrgase dramatically, In the laboratory seuing, LacZ
transcription can he assessed hy plating E. coli on the colorimetric substrate X-Gal, which
causes colomies 1o tuta blue when hydeolyzed by P-galactosidase. The operator can be de-
repressed by utilizing the lactose anzlog IPTG, which is non-hydrolizable, and strongly
indutes TacZ iranseription by binding the lac repressor.

[149]  Tnarder to test the ability of zandom deletions to affect gens function,
the pBluescript T KS+ plasmid was linearized with 51 nuclease, yel purified,

dephospharylated, and subjected to exonuclease III digestion as described in examples 1 and
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2. Lingarized plasmid at 20 ng/ul was incubated with 10 U exonuclease Ll in 66 mM Tris-Cl
pH 7.4, 0,66 mM MgCl; bulfer at 15°C for 5 minutes, followsd by addition of 1X.51 solution
containing 50 mM sadium acetate pH 4.5, 280 mM NaCl, 4.5 mM ZnSOgand 10 U 81
nuclease, and incubation for 15 minutes at room tomperature, The reaction was stopped by
adding EDTA to 0.025 M, and extraction with an equal volume of
phenol:chloroforniisoanyl aleohol (25:24:1), onte with an equal volume of sther, and
precipitated with sodiun acetate. DNA wag resuspended in 1X T4 DNA ligase buffer
gontaining 1.0 U T4 DNA ligasc and Incubated at 15°C for 12 howrs. The ligation reaction (1
uly was then used to electroporate E. coif strain TOP 10 F°, which produces the lac repressor
protein (Tnvittogen, Carlsbad, CA). The E. coli were incubated on T.H plates cither with or
without [P 15 as inducer, and in the presenee of X-Gal to measure b-palactosidase activity.
Additionatly, pBluescripl plasmid was plaled in the presence or abscnce of IPTG an X-Gal

conluining plates. Table 2 illustrates the results of the experiment.

Table 2. Functional changes in transceription of fi-galactosidase

+IPTG -IPTG
Blue White Blue Whiie
pBlucseript 100% 0 [ 100%
pBlusscript/deletions  G6% 34% 2% 98%

soveral colonies gained the ability 1o wunscribe Lac? in the absence of the induger PTG in
the arm «f the experiment where deletions were made at randem positions. Additionally,
several colonies lost their ability to produce functional p-galactosidase in (he presencc of
PTG, One white colony in the prescnce of IPTG from the pBluescripy/deletions arm was
sequenced and found to have an eight basepair deletion at the trunslation stan site. This
sequence is ilhstrated below, with the translation start site (ATG) cﬁcodmg mothioning

codon underlined.

CACARCAGGARA------—- ACCATGATTACGCCARGCECGCARTTARC CCTCACTARRGGGARCAR
CACA.CP—GGMACAGCTHG_ACC&’\TGAT:ACGCCMGCGCGCMTTAACCCTCACTMGG‘GAACM
(SEQ ID NO: 1 and 8K [D NO:2, respectively)

Thus, randam cleavage of a plasmid, followed by short deletiuns made by exonuclease [ can
cause functional changes in regulatory and protein coding regions of genelic elements. These

changes can then be detected with a functional assay.
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SEQUENCE LISTING
SEQ D NO:1
Mutation in 57 end of gene encoding - galactosidase
CRCATCAGGARAACCATEATTACCCCAAGCGCACAAT TAACCCTCACTAAAGGERACAA

5
SEQ ID NO:zZ
5° end of wild type gene cnceding - galactosidase
CACACACOAAACACTTATGACCATCATTACCCCAAGUGCCCAATTARCICTCAL TAARGEGA
LCAR
10
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WHAT IS CLAMMED IS:

1 A method for generating a library of polynucleotide sequences having
nucleotids delstions at differing positions in a sequence ol & genetic clement comprising the
steps oft

) suljecting muliiple copics of cirewlar polynuclentides comprising ths
genetic slement to random cleavags to obtain multiple linear polynusleotides cach
polynucicotide having at least one 3* and 3° end; and

(b subjecting said polynucleotides [tom step (a) to a process which remeves
at loast one nucleotide from one of said ends of said polynuslectides producing a likrary off
deletion polynucleotids sequences, said Hbrary comprisiug multiple deletion polynuslectide

sequences with deletions at different random positions.

2. The method of claim 1, further wherein said polynucleotides from step

(1) are subjested Lo & prucess that covalently joins said 3° and 37 cnds to one another.

3. The method of olaim 1, wherein said library of polynucleolides 1s

further subjected lo a process that selects for a function of mtcrest.

4, The method of ¢laim 1, wherein the cleavage ceowrs with an
endonucleasc.

5. The method of claim 4, wherein the endonucleasc is S1.

6. The method of elaim 1, wherein the library of deletion polynucleotides

comprises at least 5 individoal polynucleotides sach having a vandom delation at o different

posilion [rom the others.

7. The method of clanm 1, wherein the library of deletion polynucleotides
comprises at least 10 individual polynucleatides cach having a randem deletion at a different

position from the others.

8. The methed of claim L, wherein the library of deletion polynuclectides
comprises at lsast 30 individual polynucleotides sach kaving a random delotion at a dilferent

position froin the others.
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9. The method of claim 1, whersin the composition of multipls copies of

cireular polynuclectides is [ree of naturally-ocomring homologs to Ihe genctic element.
10.  The method of claim 1, wherein steps (a) and (b} arc repeated,

1i.  The methud of claim 1, whersin step () further inclades a process for

inscrting nucleotides at the position of deletion.
12, The method of elaim 1, wherein 1-3 nucleotides are deleted in step (b).

13, 13. The methed of cluim 1, wherein $0-100 nucleotides arc deleted In

step (b).

i4. A substantially purs composition comprising a library of multiple
linear polynucleotides cach having adifferent 3 and a 5 end, but cach linsar polynucleotide

being identicul to the olhers i circularized.

15, The composition £ elaim 14, wherein suid library comprises &l least 5

potynucleotides having a differont 3’ and 2 5° end.

16, A substantially purc composiiion comprising & library of at Jeast 2
deletion polynucleotides sach differing from the other enly by having a different randum

deletion.

17, The substantizlly purc composition of clair 16, wherein said deletion

polynucleotides further comprise at least one nucleotide inserted at the position of deletion.

[8.  The composition of claim 16, wherein the library has at lcast 5

polytucleotides cach differing from the other ondy by having & ditferent randam deletion.

19. A method for generating a library of polynucleotide sequences having
nucleotide additions at random positions in a genetic element comprising the steps of

(a) subjecting a composition of multiple copies of circular
polynuclentides with the genetic element (o random cleavags 10 obtain nuliple Linsar
pulymuclootidss each polynucleotide having af least onc 37 and 5° end; and

(b} subjecting said polynuclcotides from step (a) to a process wlich adds

at |east one nucleotide to ong of said ends ol said polysucleotides produing a Library of
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addition polynucleotide sequences, said lbrary comprising multiple addition sequences with

additions at different random positions.

20,  The method of claim 19, further wherein said addition pulynucleotides
from slep (b) are subjected to a process that covalently joins said 37 and 5 ends (0 one

anaiher.

21, The method of claim 19, frther subjecting said library of

polynueleatides 1o a process that selects for a funetion of inferest,

22, ‘The methud of elaim 19, wherein the clewvage ocors with an

endonuclsase.
23, The method of claim 22, whergin the endonucloasc is 81,

24, The method of elaim 19, whergin the library of addition
polynucleotides comprises at Jeast 5 individual polynucleotides each having u random

addition of nucleotides at a different pusition from the others.

25, The method of ¢laim 19, wherein the Iibrary of addition
polynucleotides comprises at least 10 individual polynucleotides cach having a random

adilition at a differont position from the others.

26, The method of claim 19, wherein the library of addition
polyaucleotides comprises al least 30 individual polynueleotides sach having a random

addition at 2 Jifferent position from the others.

27 Themethod of claim 19, wherein the composition of multiple cupies ol

circular pulynucleotides is free of natwrally-occurring homologs 1 fhe genetic slemeni.
28, ‘The method of cluim 19, whereln steps (a) and (b) are repeated.

29, The method of claim 19, wherein step (b) includes a process for

Jeleting nucleatides at the poinl of additian.
30.  The methed of claim 19, wherein 1-3 nucleotides are added in step (b).

31. 31, The method of claim 19, wherein 3-50 nuclsotides are added in

siep (b)
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12 The method of claim 19, whersin 50-100 nucleotides are ardded in step
().

33, A substamtizlly pure composition comprising a library of at 1sast 2
addition polynuclectides cach differing from the other only by having a different random
addition.

34, Asubstantially purc composition comprising a library of al least 3
addition palyaucleotides sach differing from the ofher only by having a dilferent random
addition.

15 A method for producing short deletions fiom the end of 2
polynucleotide by incubating a population of polynuclsolides with an exonuclease at a
iemperature from 0°C to 24°C in the presence of 10 1o 500 mM salt. thereby producing a
population of polynucleotides cantaining delelions of [-100 residues from at least ane end of

the polynucleotide.

38, The method of ¢laim 35, whercin the polynucleotide is double-

stranded.
37 The method of slaip 35, wherein (he exconucloage 15 exonuclease I,

38, The method of claim 36, wherein the donble-stranded nucleic ucid is

incubated with a single-stranded endonuclease t produce a blunt end.

39. “The method of claim 35, further whercin the resulting population of
polynuelectides conlwining deletions at the ends are covalently joined 1o at least  second end,

producing a population of pulynucleolides containing a deletion at an intemal posilion.

40. The methed of claim 38, wherein the single-stranded endonuclesase is

51 nuelease.

41, The method ol claim 39, wherein the pelynucleotides resulling from

cavalenl jeining ave circular polymucleotides,

42, The method of claim 35 wherein the population of polynucleetides

somains deletions of 1-50 residuss fromm a1 Teast one end of the pulynucleotide.
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43, The method of claim 35, wherein the population of polynucleotides

contains deletions of 1-30 residucs fiom at leust one end of the polynucleotide.

44, A substantially pure compusition of at least two polynucleotides each
having two ends and each differing from one another only by having differsnt deletions of 1

to 100 residues at one or both ends.

435, The composiiion of claim 44, wherein the composition of

polymuclectides differs from one another by deletions of | to 30 residues at one or both ends.

46, The composition of claim 44, wherein the composition of

palynucleotides differs from ene another by deletions of 1 to 30 residues at one or both ends.

47 The composition of claim 44, wherein the composition of

polynucleotides differs from one another by deletions of | o 10 residues al one or both ends.

4R. A substantiafly pure composition of at lsast two polynuciectides cach
differing from one another only by deletions of 1 to 100 residues al 4 specific internal

position within the polymicleotides.

4%, The suhstantially pure composition of claim 48, wherain tae
polymucleotides diffr from one another by deletions of 1 to 50 residucs at the spevilic

internal position.

50, The substantially purc composition of cluim 48, wherein the
petynuclectides differ from one anather by deletions of 1 to 30 residues at the specific

intemal pesition.

51, The substantially pure composition of claim 48, wherein the
polymucleotides differ from one another by deletions of 1 lu 10 residues al the specific

iniernsl positior.
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