
TITLE OF THE INVENTION YEAST STRAINS FOR PROTEIN
PRODUCTION BACKGROUND OF THE INVENTION ( 1) Field of
the Invention The present invention relates to the
field of molecular biology, in particular, the
invention is concerned with novel selection genes to
be used for improved protein production from
transformed expression systems. (2) Description of
Related Art In recent years the budding yeast
Pichiapastoris has become a popular organism for the
expression of heterologous proteins of academic and
commercial interest (Cereghino et al, Curr. Opin.
Biotechnol. 4 : 329-332 (2002); Cereghino and Cregg,
FEMS Microbiol. Rev. 24: 45-66 (2000). It was recently
shown that it is possible to genetically modify the
glycosylation machinery of P. pastoris and express
heterologous glycoproteins decorated with complex type
human glycans (Choi et al, Proc. Natl. Acad. Sci. 100:
5022-5027 (2003); Hamilton et al, Science 301:
1244-1246 (2003); Bobrowicz et /., Glycobiology 14:
757-766 (2004); Hamilton, Science, 313: 1441-1443
(2006). However, a need remains for methods and
materials to achieve higher cellular productivity in
transformed cell lines, such as transformed P.pastoris
cell lines. Over the years, numerous auxotrophic and
dominant selectable markers have been developed
(Higgins et al, Methods MoI. Biol. 103: 41-53 (1998);
Lin Cereghino et al, Gene 263: 159-169 (2001); Nett
and Gerngross, Yeast 20: 1279-1290 (2003); Nett et al.
, Yeast 22: 295-304 (2005) and used to construct
protein expression vectors for various applications.
Commonly, a gene of interest is integrated into the P.
pastoris genome using a plasmid that is either
linearized in the marker gene, another homologous
region on the plasmid or in the AOXl promoter fragment
and transformed into the appropriate auxotrophic
mutant. Homologous recombination of the free DNA
termini then results in single-crossover type
integration into these loci. Most P. pastoris
transformants will contain a single copy of the
expression vector, but to obtain transformants that
express a high level of the protein of interest it is
often desirable to screen for multi copy integrants.
Using expression vectors that contain drug resistance
genes as selection markers like KanR or ZeoR it is
possible to increase the number of transformants
harboring multiple copies of the expression vector by
increasing the level of drug used for selection. One
significant disadvantage of the single-crossover type
integration lies in the fact that the multiple
integrated copies can collapse back into a single copy
by homologous recombination. This can be especially
problematic during scale-up of the expression reaction
during fermentation if the protein of interest is
toxic to the cells or the eviction of several copies
of expression plasmid possesses other growth benefit
for the cells.U.S. Patent No. 5,584,039 relates to a
selectable marker gene ADE2 isolated from Pichia
methanolica. Piontek et al, Appl Microbiol.
Biotechnol. 50:331-338 (1998) relates to novel gene
expression systems in Schwanniomyces occidentalis and
Pichia stipitis, which systems utilize vectors
containing an ADE2 marker and a putative replication
sequence. However, no corresponding gene has
previously been isolated from Pichia pastor is, and
the effects of transformation with ADE2 in P. pastoris
have not previously been identified. Accordingly, a
need exists for improved methods of transformation,
selection and expression of heterogeneous genes using
the Pichia pastoris yeast as the host expression
system. BRIEF SUMMARY OF THE INVENTION The present
invention provides methods and materials for the use
of lower eukaryotic cells such as yeast or filamentous
fungi as an expression system for expressing
recombinant proteins. In one aspect, the method is
based on constructing slower growing ade2 auxotrophic
strains of the lower eukaryote cells and using
integration vectors that are capable of integrating
into the genome of the ade2 auxotrophic strain and
which comprises nucleic acids encoding an ADE2 marker
gene or open reading frame (ORF) operably linked to a
promoter and a recombinant protein, wherein the
integration vector integrates into the genome of the
ade2 auxotrophic strain, the ADE2 renders the
auxotrophic strain prototrophic for adenine, and the
recombinant protein is expressed. Thus, provided is an
expression system comprising (a) a Pichia pastoris
host cell in which the endogenous ADE2 gene encoding
Ade2p has been removed from the genome of the host
cell; and (b) an integration vector comprising (1) a
nucleic acid encoding the Ade2p; (2) a nucleic acid
having an insertion site for the insertion of one or
more expression cassettes comprising a nucleic acid
encoding one or more heterologous peptides, proteins,
and/or functional nucleic acids of interest, and (3) a
targeting nucleic acid that directs insertion of the
integration vector into a particular location of the
genome of the host cell by homologous recombination.
Also, provided is a method for producing a recombinant
Pichia pastoris host cell that expresses a
heterologous protein or peptide comprising (a)
providing the host cell in which the endogenous ADE2
gene encoding an Ade2p has been removed from the
genome of the host cell; and (a) transforming the host
cell with an integration vector comprising (1) a
nucleic acid encoding the Ade2p; (2) a nucleic acid
having one or more expression cassettes comprising a
nucleic acid encoding one or more heterologous
peptides, proteins, and/or functional nucleic acids of
interest, and (3) a targeting nucleic acid that
directs insertion of the integration vector into a
particular location of the genome of the host cell by
homologous recombination, wherein the transformed host
cell produces the recombinant protein.Further provided
is an isolated nucleic acid comprising the ADE2 gene
of Pichia pastoris. In particular aspects, the nucleic
acid comprises the open reading frame that encodes the
Ade2p protein or the nucleic acid has a nucleotide
sequence with 95% identity to the nucleic acid
sequence shown in SEQ ID NO:60 from nucleotide 127 to
nucleotide 1,815. Further provided is an isolated
polypeptide comprising an amino acid sequence with 95%
identity to the amino acid sequence shown in SEQ ID
NO:61. The applicants further discovered that operably
linking an auxotrophic marker gene or ORF to a minimal
promoter in the integration vector, that is a promoter
that has low 



transcriptional activity, enabled the production of
recombinant host cells that contain a sufficient
number of copies of the integration vector integrated
into the genome of the auxotrophic host cell to render
the cell prototrophic and which render the cells
capable of producing amounts of the recombinant
protein or functional nucleic acid of interest that
are greater than the amounts that would be produced in
a cell that contained only one copy of the integration
vector integrated into the genome. Therefore, provided
is a method in which an auxotrophic strain of a lower
eukaryote cell is obtained or constructed and an
integration vector is provided that is capable of
integrating into the genome of the auxotrophic strain
and which comprises nucleic acids encoding a marker
gene or ORF that compliments the auxotrophy and is
operably linked to a weak promoter, an attenuated
endogenous or heterologous promoter, a cryptic
promoter, or a truncated endogenous or heterologous
promoter and a recombinant protein. Host cells in
which a number of the integration vectors have been
integrated into the genome to compliment the
auxotrophy of the host cell are selected in medium
that lacks the metabolite that compliments the
auxotrophy and maintained by propagating the host
cells in medium that lacks the metabolite that
compliments the auxotrophy or in medium that contains
the metabolite because in that case, cells that evict
the plasmids including the marker will grow more
slowly. In a further embodiment, provided is an
expression system comprising (a) a host cell in which
the endogenous gene encoding an auxotrophic selectable
marker protein has been removed from the genome of the
host cell; and (b) an integration vector comprising
(1) a nucleic acid comprising an open reading frame
(ORF) encoding a function that is complementary to the
function of the endogenous gene encoding the
auxotrophic selectable marker protein and which is
operably linked to a weak promoter, an attenuated
endogenous or heterologous promoter, a cryptic
promoter, a truncated endogenous or heterologous
promoter, or no promoter; (2) a nucleic acid having an
insertion site for the insertion of one or more
expression cassettes comprising a nucleic acid
encoding one or more heterologous peptides, proteins,
and/or functional nucleic acids of interest, and (3) a
targeting nucleic acid that directs insertion of the
integration vector into a particular location of the
genome of the host cell by homologous recombination.In
a further still embodiment, provided is a method for
expression of a recombinant protein in a host cell
comprising (a) providing the host cell in which the
endogenous gene encoding an auxotrophic selectable
marker protein has been removed from the genome of the
host cell; and (a) transforming the host cell with an
integration vector comprising (1) a nucleic acid
comprising an open reading frame (ORF) encoding a
function that is complementary to the function of the
endogenous gene encoding the auxotrophic selectable
marker protein and which is operably linked to a weak
promoter, an attenuated endogenous or heterologous
promoter, a cryptic promoter, a truncated endogenous
or heterologous promoter, or no promoter; (2) a
nucleic acid having one or more expression cassettes
comprising a nucleic acid encoding one or more
heterologous peptides, proteins, and/or functional
nucleic acids of interest, and (3) a targeting nucleic
acid that directs insertion of the integration vector
into a particular location of the genome of the host
cell by homologous recombination, wherein the
transformed host cell produces the recombinant
protein. In further aspects of the above embodiments,
the auxotrophic selectable marker protein is encoded
by a gene selected from the group consisting of ADE,
URA, and LYS. In a further still aspect, the
auxotrophic selectable marker protein is encoded by
the ADEl gene or the ADE2 gene. In further still
aspects, the integration vector comprises multiple
insertion sites for the insertion of one or more
expression cassettes encoding the one or more
heterologous peptides, proteins and/or functional
nucleic acids of interest. In further still aspects,
the integration vector comprises more than one
expression cassette. In further still aspects, the
integration vector comprises little or no homologous
DNA sequence between the expression cassettes. In
further still aspects, the integration vector
comprises a first expression cassette encoding a light
chain of a monoclonal antibody and a second expression
cassette encoding a heavy chain of a monoclonal
antibody. In further still aspects, the host cell is a
lower eukaryote. In further still aspects, the host
cell is from a species selected from the group
consisting of Pichia pastoris, Pichia finlandica,
Pichia trehalophila, Pichia koclamae, Pichia
membranaefaciens, Pichia minuta {Ogataea minuta,
Pichia lindner), Pichia opuntiae, Pichia
thermotolerans, Pichia salictaria, Pichia guercuum,
Pichia pijperi, Pichia stiptis, Pichia methanolica,
Pichia sp., Saccharomyces cerevisiae, Saccharomyces
sp., Hansenula polymorpha, Kluyveromyces sp.,
Kluyveromyces lactis, Candida albicans, Aspergillus
nidulans, Aspergillus niger, Aspergillus oryzae,
Trichoderma reesei, Chrysosporium lucknowense,
Fusarium sp., Fusarium gramineum, Fusarium venenatum,
Physcomitrella patens, and Neurospora crassa. In
further still aspects, the expression system of claim
1, wherein the host cell is Pichia pastoris or a
Pichia pastoris cell that has been modified to be
capable of producing glycoproteins having hybrid or
complex Nglycans.DEFINITIONS Unless otherwise defined
herein, scientific and technical terms and phrases
used in connection with the present invention shall
have the meanings that are commonly understood by
those of ordinary skill in the art. Further, unless
otherwise required by context, singular terms shall
include the plural and plural terms shall include the
singular. Generally, nomenclatures used in connection
with, and techniques of biochemistry, enzymology,
molecular and cellular biology, microbiology, genetics
and protein and nucleic acid chemistry and
hybridization described herein are those well known
and commonly used in the art. The methods and
techniques of the present invention are generally
performed according to conventional methods well known
in the art and as described in various general and
more specific references that are cited and discussed
throughout the present specification unless otherwise
indicated. See, e.g., Sambrook et al. Molecular
Cloning: A Laboratory Manual, 2d ed., Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y.
(1989); Ausubel et al., Current Protocols in Molecular
Biology, Greene Publishing Associates (1992, and
Supplements to 2002); Harlow and Lane, Antibodies: A
Laboratory Manual, Cold Spring Harbor Laboratory
Press, Cold Spring 



Harbor, N.Y. (1990); Taylor and Drickamer,
Introduction to Glycobiology, Oxford Univ. Press
(2003); Worthington Enzyme Manual, Worthington
Biochemical Corp., Freehold, NJ; Handbook of
Biochemistry: Section A Proteins, VoI I, CRC Press
(1976); Handbook of Biochemistry: Section A Proteins,
VoI II, CRC Press (1976); Essentials of Glycobiology,
Cold Spring Harbor Laboratory Press (1999). All
publications, patents and other references mentioned
herein are hereby incorporated by reference in their
entireties. The genetic nomenclature for naming
chromosomal genes of yeast is used herein. Each gene,
allele, or locus is designated by three italicized
letters. Dominant alleles are denoted by using
uppercase letters for all letters of the gene symbol,
for example, ADE2 for the adenine 2 gene, whereas
lowercase letters denote the recessive allele, for
example, the auxotrophic marker for adenine 2, ade2.
Wild-type genes are denoted by superscript "+" and
mutants by a "-" superscript. The symbol D can denote
partial or complete deletion. Insertion of genes
follow the bacterial nomenclature by using the symbol
"::", for example, trp2::ARG2 denotes the insertion of
the ARG2 gene at the TRP2 locus, in which ARG2 is
dominant (and functional) and trp2 is recessive (and
defective). Proteins encoded by a gene are referred to
by the relevant gene symbol, non-italicized, with an
initial uppercase letter and usually with the suffix
'p", for example, the adenine 2 protein encoded by
ADE2 is Ade2p. Phenotypes are designated by a
nonitalic, three letter abbreviation corresponding to
the gene symbol, initial letter in uppercase.
Wild-type strains are indicated by a "+" superscript
and mutants are designated by a "-" superscript. For
example, Ade2+ is a wild-type phenotype whereas Ade2-
is an auxotrophic phenotype (requires adenine).The
term "vector" as used herein is intended to refer to a
nucleic acid molecule capable of transporting another
nucleic acid to which it has been linked. One type of
vector is a "plasmid", which refers to a circular
double stranded DNA loop into which additional DNA
segments may be ligated. Other vectors include
cosmids, bacterial artificial chromosomes (BAC) and
yeast artificial chromosomes (YAC). Another type of
vector is a viral vector, wherein additional DNA
segments may be ligated into the viral genome
(discussed in more detail below). Certain vectors are
capable of autonomous replication in a host cell into
which they are introduced (e.g., vectors having an
origin of replication which functions in the host
cell). Other vectors can be integrated into the genome
of a host cell upon introduction into the host cell,
and are thereby replicated along with the host genome.
Moreover, certain preferred vectors are capable of
directing the expression of genes to which they are
operatively linked. Such vectors are referred to
herein as "recombinant expression vectors" (or simply,
"expression vectors"). The term "integration vector"
refers to a vector that can integrate into a host cell
and which carries a selection marker gene or open
reading frame (ORF), a targeting nucleic acid, one or
more genes or nucleic acids of interest, and a nucleic
acid sequence that functions as a microorganism
autonomous DNA replication start site, herein after
referred to as an origin of DNA replication, such as
ORI for bacteria. The integration vector can only be
replicated in the host cell if it has been integrated
into the host cell genome by a process of DNA
recombination such as homologous recombination that
integrates a linear piece of DNA into a specific locus
of the host cell genome. For example, the targeting
nucleic acid targets the integration vector to the
corresponding region in the genome where it then by
homologous recombination integrates into the genome.
The term "selectable marker gene", "selection marker
gene", "selectable marker sequence" or the like refers
to a gene or nucleic acid sequence carried on a vector
that confers to a transformed host a genetic advantage
with respect to a host that does not contain the
marker gene. For example, the P. pastoris URA5 gene is
a selectable marker gene because its presence can be
selected for by the ability of cells containing the
gene to grow in the absence of uracil. Its presence
can also be selected against by the inability of cells
containing the gene to grow in the presence of 5-FOA.
Selectable marker genes or sequences do not
necessarily need to display both positive and negative
selectability. Non-limiting examples of marker
sequences or genes from P.pastoris include ADEl, ADE2
ARG4, HIS4, LYS2, URA5, and URA3. In general, a
selectable marker gene as used the expression systems
disclosed herein encodes a gene product that
complements an auxotrophic mutation in the host. An
auxotrophic mutation or auxotrophy is the inability of
an organism to synthesize a particular organic
compound or metabolite required for its growth (as
defined by IUPAC). An auxotroph is an organism that
displays this characteristic; auxotrophic is the
corresponding adjective. Auxotrophy is the opposite of
prototrophy.The term "a targeting nucleic acid" refers
to a nucleic acid carried on the vector plasmid that
directs the insertion by homologous recombination of
the vector integration plasmid into a specific
homologous locus in the host called the "target
locus". The term "sequence of interest" or "gene of
interest" or "nucleic acid of Interest" refers to a
nucleic acid sequence, typically encoding a protein or
a functional RNA, that is not normally produced in the
host cell. The methods disclosed herein allow
efficient expression of one or more sequences of
interest or genes of interest stably integrated into a
host cell genome. Nonlimiting examples of sequences of
interest include sequences encoding one or more
polypeptides having an enzymatic activity, e.g., an
enzyme which affects N-glycan synthesis in a host such
as mannosyltransferases,
N-acetylglucosaminyltransferases,
UDP-N-acetylglucosamine transporters,
galactosyltransferases,
UDP-N-acetylgalactosyltransferase, sialyltransferases,
fucosyltransferases, erythropoietin, cytokines such as
interferon-a, interferon-b, interferon-g ,
interferon-w, and granulocyte-CSF, coagulation factors
such as factor VIII, factor IX, and human protein C,
soluble IgE receptor a-chain, IgG, IgM, urokinase,
chymase, urea trypsin inhibitor, IGF-binding protein,
epidermal growth factor, growth hormone-releasing
factor, annexin V fusion protein, angiostatin,
vascular endothelial growth factor-2, myeloid
progenitor inhibitory factor- 1, and osteoprotegerin.
The term "operatively linked" refers to a linkage in
which a expression control sequence is contiguous with
the gene or sequence of interest or selectable marker
gene or sequence to control expression of the gene or
sequence, as well as expression control sequences that
act in trans or at a distance to control the gene of
interest. 



The term "expression control sequence" as used herein
refers to polynucleotide sequences which are necessary
to affect the expression of coding sequences to which
they are operatively linked. Expression control
sequences are sequences which control the
transcription, post-transcriptional events, and
translation of nucleic acid sequences. Expression
control sequences include appropriate transcription
initiation, termination, promoter, and enhancer
sequences; efficient RNA processing signals such as
splicing and polyadenylation signals; sequences that
stabilize cytoplasmic mRNA; sequences that enhance
translation efficiency (e.g., ribosome binding sites);
sequences that enhance protein stability; and when
desired, sequences that enhance protein secretion. The
nature of such control sequences differs depending
upon the host organism; in prokaryotes, such control
sequences generally include promoter, ribosomal
binding site, and transcription termination sequence.
The term "control sequences" is intended to include,
at a minimum, all components whose presence is
essential for expression, and can also include
additional components whose presence is advantageous,
for example, leader sequences and fusion partner
sequences. The term "recombinant host cell"
("expression host cell," "expression host system,"
"expression system" or simply "host cell"), as used
herein, is intended to refer to a cell intowhich a
recombinant vector has been introduced. It should be
understood that such terms are intended to refer not
only to the particular subject cell but to the progeny
of such a cell. Because certain modifications may
occur in succeeding generations due to either mutation
or environmental influences, such progeny may not, in
fact, be identical to the parent cell, but are still
included within the scope of the term "host cell" as
used herein. A recombinant host cell may be an
isolated cell or cell line grown in culture or may be
a cell which resides in a living tissue or organism.
The term "eukaryotic" refers to a nucleated cell or
organism, and includes insect cells, plant cells,
mammalian cells, animal cells, and lower eukaryotic
cells. The term "lower eukaryotic cells" includes
yeast, unicellular and multicellular or filamentous
fungi. Yeast and fungi include, but are not limited to
Pichiapastoris, Pichia fmlandica, Pichia trehalophila,
Pichia koclamae, Pichia membranaefaciens, Pichia
minuta (Ogataea minuta, Pichia lindner), Pichia
opuntiae, Pichia thermotolerans, Pichia salictaria,
Pichia guercuum, Pichia pijperi, Pichia stiptis,
Pichia methanolica, Pichia sp., Saccharomyces
cerevisiae, Saccharomyces sp., Hansenula polymorpha,
Kluyveromyces sp., Kluyveromyces lactis, Candida
albicans, Aspergillus nidulans, Aspergillus niger,
Aspergillus oryzae, Trichoderma reesei, Chrysosporium
lucknowense, Fusarium sp., Fusarium gramineum,
Fusarium venenatum, Physcomitrella patens, and
Neurospora crassa. The term "peptide" as used herein
refers to a short polypeptide, e.g., one that is
typically less than about 50 amino acids long and more
typically less than about 30 amino acids long. The
term as used herein encompasses analogs, derivatives,
and mimetics that mimic structural and thus,
biological function of polypeptides and proteins. The
term "polypeptide" encompasses both
naturally-occurring and non-naturallyoccurring
proteins, and fragments, mutants, derivatives and
analogs thereof. A polypeptide may be monomelic or
polymeric. Further, a polypeptide may comprise a
number of different domains each of which has one or
more distinct activities. The term "fusion protein"
refers to a polypeptide comprising a polypeptide or
fragment coupled to heterologous amino acid sequences.
Fusion proteins are useful because they can be
constructed to contain two or more desired functional
elements from two or more different proteins. A fusion
protein comprises at least 10 contiguous amino acids
from a polypeptide of interest, more preferably at
least 20 or 30 amino acids, even more preferably at
least 40, 50 or 60 amino acids, yet more preferably at
least 75, 100 or 125 amino acids. Fusions that include
the entirety of the proteins of the present invention
have particular utility. The heterologous polypeptide
included within the fusion protein of the present
invention is at least 6 amino acids in length, often
at least 8 amino acids in length, and usefully at
least 15, 20, and 25 amino acids in length. Fusions
also include larger polypeptides, or even entire
proteins, such as the green fluorescent protein (GFP)
chromophore-containing proteins having particular
utility. Fusionproteins can be produced recombinantly
by constructing a nucleic acid sequence which encodes
the polypeptide or a fragment thereof in frame with a
nucleic acid sequence encoding a different protein or
peptide and then expressing the fusion protein.
Alternatively, a fusion protein can be produced
chemically by crosslinking the polypeptide or a
fragment thereof to another protein. The term
"functional nucleic acid" refers to a nucleic acid
molecule that, upon introduction into a host cell or
expression in a host cell, specifically interferes
with expression of a protein. In general, functional
nucleic acid molecules have the capacity to reduce
expression of a protein by directly interacting with a
transcript that encodes the protein. Ribozymes,
antisense nucleic acids, and siRNA molecules,
including shRNA molecules, short RNAs (typically less
than 400 bases in length), and micro-RNAs (miRNAs)
constitute exemplary functional nucleic acids. Unless
otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly
understood by one of ordinary skill in the art to
which this invention pertains. Exemplary methods and
materials are described below, although methods and
materials similar or equivalent to those described
herein can also be used in the practice of the present
invention and will be apparent to those of skill in
the art. All publications and other references
mentioned herein are incorporated by reference in
their entirety. In case of conflict, the present
specification, including definitions, will control.
The materials, methods, and examples are illustrative
only and not intended to be limiting. BRIEF
DESCRIPTION OF THE DRAWINGS Figure 1 shows an
alignment of the P. pastoris Ade2p amino acid sequence
(SEQ ID NO:61) to the S. cerevisiae Ade2p amino acid
sequence (SEQ ID NO:62). Figure 2A shows a map of
plasmid pGLY1065. Figure 2B shows a map of plasmid
pGLY2057. Figure 2C shows a map of plasmid pGLY225.
Figure 2D shows a map of plasmid pGLY1083. 



Figure 2E shows a map of plasmid pGLY2092. Figure 2F
shows a map of plasmid pGLY2094. Figure 3 shows
western blots and Coomassie gels of the protein
produced in adel auxotrophic yeast strains transformed
with integration vectors expressing
glucocerebrosidase, a single-chain anti-HER2 antibody,
or human CD40 ectodomain. Panel A shows the
single-chain anti-HER2 antibody produced in seven
clones of YGLY563 adel- cells transformed with pJ903
encoding a single-chain anti-HER2 antibody operably
linked to the GAPDH promoter and ADEl ORF operably
linked to its native promoter and the single chain
anti-HER2 antibody produced in seven clones of YGLY563
adel- cells transformed with pJ904 encoding
single-chain anti-HER2 antibody operably linked to the
GAPDH promoter and ADEl ORF not operably linked to
apromoter. Panel B shows the glucocerebrosidase (GBA)
produced in produced in seven clones of YGLY564 adel-
cells transformed with pGlylO84 encoding GBA operably
linked to the GAPDH promoter and ADEl ORF operably
linked to its native promoter and the GBA produced in
seven clones of YGLY564 adel- cells transformed with
pGLY1085 encoding GBA operably linked to the GAPDH
promoter and ADEl ORF not operably linked to a
promoter. Panel C shows Coomassie gels of the human
CD40 ectodomain produced in six clones of YGLY563
adel- cells transformed with pGLY1073 encoding human
CD40 ectodomain operably linked to the AOXl promoter
and ADEl ORF operably linked to its native promoter
and the human CD40 ectodomain produced in six clones
of YGLY563 adel- cells transformed with pGLY1074
encoding human CD40 ectodomain operably linked to the
GAPDH promoter and ADEl ORF not operably linked to a
promoter. Panel D shows the human CD40 ectodomain
produced in six clones of YGLY564 ade-1 cells
transformed with pGLY1073 encoding human CD40
ectodomain operably linked to the AOXl promoter and
ADEl ORF operably linked to its native promoter and
the human CD40 ectodomain produced in six clones of
YGLY564 ade- cells transformed with pGLY1074 encoding
human CD40 ectodomain operably linked to the AOXl
promoter and ADEl ORF not operably linked to a
promoter. Figure 4 shows western blots of the protein
produced in ade2 auxotrophic yeast strains transformed
with integration vectors encoding erythropoietin
(EPO). Panel A shows the EPO produced in six clones of
YGLY1215 ade2- cells transformed with pGly2663
encoding EPO operably linked to the AOXl promoter and
ADEl ORF operably linked to its native promoter and
the EPO produced in six clones of YGLYl 2 15 ade2-
cells transformed with pGly2664 encoding EPO operably
linked to the AOXl promoter and ADE2 ORF not operably
linked to a promoter. Panel B shows the EPO produced
in six clones of YGLYl 2 16 ade2~ cells transformed
with pGly2663 encoding EPO operably linked to the AOXl
promoter and ADEl ORF operably linked to its native
promoter and the EPO produced in six clones of
YGLY1216 ade2- cells transformed with pGly2664
encoding EPO operably linked to the AOXl promoter and
ADE2 ORF not operably linked to a promoter. DETAILED
DESCRIPTION OF THE INVENTION The present invention
provides methods and materials for the use of lower
eukaryotic cells such as yeast or filamentous fungi as
an expression system for expressing recombinant
peptides, proteins, or functional nucleic acids. In
one aspect, the method provides a method for
expressing a recombinant protein comprising obtaining
or constructing slower growing ade2 auxotrophic
strains of the lower eukaryote cells and introducing
into the cells integration vectors that are capable of
integrating into the genome of the ade2 auxotrophic
strain and which comprises a nucleic acid encoding an
ADE2 marker gene or open reading frame (ORF) operably
linked to a promoter and a nucleic acid expressing a
recombinant protein or functional nucleicacid of
interest, wherein the integration vector integrates
into the genome of the ade2 auxotrophic strain, the
ADE2 renders the auxotrophic strain prototrophic for
adenine and the recombinant peptide, protein, or
functional nucleic acid is expressed. The recombinant
host cells are selected for in medium that lacks the
metabolite adenine but can be maintained in medium
that lacks the metabolite adenine or in medium that
includes the metabolite adenine. In general, those
recombinant host cells that might lose the ADE2 marker
(revertants) will grow more slowly and will be lost
over time as the recombinant cells are grown. The loss
of revertants over time will occur whether the
recombinant host cells are grown in medium that
includes the metabolite adenine or in medium that
either lacks the metabolite adenine. In developing the
above invention, the applicants discovered that when
the integration vector for introducing a recombinant
protein into a lower eukaryote host cell that is
auxotrophic for a particular marker gene includes in
the integration vector a nucleic acid encoding the
complimentary marker gene or ORF but wherein the
marker gene or ORF is operably linked to a weak,
attenuated, cryptic, truncated promoter that reduces
the native activity of the promoter to level less than
the native promoter, or no promoter, the auxotrophy of
the host cell can be complimented provided that more
than one copy of the integration vector is integrated
into the genome of the host cell. Because the
recombinant host cell contains more than one copy of
the integration vector and each copy of the
integration vector is transcriptionally active, the
recombinant host cell is capable of producing a
sufficient quantity of the marker gene or ORF to
render the host cell prototrophic for the auxotrophic
marker and thus capable of growing in medium that
lacks the metabolite that can compliment the
auxotrophy. The weaker the promoter linked to the
complimentary marker gene or ORF, the more copies of
the integration vector integrated into the genome of
the host cell that are needed to render the host cell
prototrophic for the auxotrophic marker. Host cells
that lose copies of the integration vector integrated
into the host genome during cell growth or passage in
medium that lack the metabolite that can compliment
the auxotrophy are rendered auxotrophic again for the
marker gene. These newly auxotrophic host cells are at
a selective disadvantage in the culture medium and in
general, are lost as the remaining prototrophic host
cells continue to grow and replicate. Importantly,
because the integration vector contains an expression
cassette that expresses one or more recombinant
proteins or functional nucleic acids of interest, host
cells containing one or more copies of the integration
vector will produce more of the recombinant protein
than would be produced in host cells that contained
only one copy of the integration vector. Therefore,
methods, materials, and systems that are particularly
useful for producing 



recombinant host cells that are capable of producing
large quantities of recombinant proteins (including
peptides), or functional nucleic acids are provided.
Thus, the present invention provides a method in which
an auxotrophic strain of a lower eukaryote cell is
obtained or constructed and an integration vector is
provided that is capable of integrating into the
genome ofthe auxotrophic strain and which comprises
nucleic acids encoding a marker gene or ORF that
compliments the auxotrophy and is either operably
linked to a weak, cryptic, attenuated, or truncated
promoter or no promoter and a recombinant protein.
Host cells in which a number of the integration
vectors have been integrated into the genome to
compliment the auxotrophy of the host cell are
selected in medium that lacks the metabolite that
compliments the auxotrophy and maintained by
propagating the host cells in medium that either lacks
the metabolite that compliments the auxotrophy or
includes the metabolite that compliments the
auxotrophy. In general, those recombinant host cells
that might lose the auxotrophic marker (revertants)
will grow more slowly and will be lost over time as
the recombinant cells are grown. The loss of
revertants over time will occur whether the
recombinant host cells are grown in medium that
includes the metabolite or in medium that either lacks
the metabolite. This phenomenon has been observed at
least for the auxotrophic markers ADE, URA, or LYS and
is currently believed to be due at least in part to
poor transport of the metabolite from the medium into
the recombinant host cell. In a general aspect,
recombinant host cells are rendered auxotrophic for a
particular organic compound by removing or deleting
the gene or locus encoding the gene product necessary
for producing the organic compound or an intermediate
for producing the organic compound or metabolite. The
auxotrophic host cells are then transformed with an
integration vector that comprises (1) a nucleic acid
comprising an open reading frame (ORF) encoding a
selectable marker gene or other nucleic acid that
complements the auxotrophy; (2) a nucleic acid
encoding one or more ORFs encoding a heterologous or
recombinant protein or peptide or expressing a
functional nucleic acid of interest; and (3) nucleic
acid comprising a targeting sequence that directs
insertion of the integration vector into a particular
target location or locus of the genome of the host
cell by homologous recombination. The targeting
sequence in the plasmid can comprise any sequence
within the host cell genome such as a host cell gene,
a host cell promoter or terminator sequence, or a
sequence of unknown function. For integrating into a
host cell promoter or termination sequence, the
promoter and/or the terminator sequence in the
expression cassette used for regulating expression of
the one or more ORFs encoding a heterologous or
recombinant protein or peptide or expressing a
functional nucleic acid of interest can also function
as the targeting sequence for targeting the
integration vector to the target location. For
example, the nucleic acid of (1) or (2) above can be
operably linked to a host cell promoter for a host
cell gene adjacent to the promoter to which the
integration vector is targeted. Integration of the
vector into the promoter via roll-in single crossover
homologous recombination results in a duplication of
the promoter sequences. Thus, after integration, the
expression cassette is still operably linked to the
promoter comprising the targeting sequence and the
host cell gene adjacent to the promoter that was the
targeting sequence is still operable. Thus, in the
recombinant host cell, expression of a
heterologousprotein, peptide, or functional nucleic is
effected without disrupting expression of the host
cell gene adjacent to the targeting site. To integrate
the integration vector into the genome of a host cell
by roll-in single crossover homologous recombination,
the vector is linearized by cleaving the integration
vector at a site within the targeting sequence so as
to produce a linear nucleic acid molecule in which the
targeting sequences are at the ends of the molecule.
Single cross-over events lead to a duplication of the
genomic locus and generates direct repeats. While
these direct repeats display a high recombination rate
and can result in the loss of the marker and
expression cassette during propagation of the
recombinant host cell, the method disclosed herein
where the marker is operably linked to a weak,
cryptic, attenuated, or truncated promoter or no
promoter ensures that only host cells that maintain
the copy number of integration vectors sufficient to
render the host cell prototrophic for the marker
during propagation. In a preferred aspect, the
integration vector is linearized at a restriction
enzyme site that occurs only once in the targeting
sequence. The vector then integrates into the target
site by roll-in single crossover homologous
recombination. Roll-in single crossover homologous
recombination enables integration of the integration
vector into the genome without disrupting expression
of the gene at the target site. Roll-in single
crossover homologous recombination has been described
in Nett et al, Yeast 22: 295-304 (2005). An important
feature of the integration vector is that the ORF
encoding the selectable marker gene or other nucleic
acid is not operably linked to its endogenous
full-strength promoter or to a heterologous
full-strength promoter but to a weak promoter, an
attenuated endogenous or heterologous promoter, a
cryptic promoter, or a truncated endogenous or
heterologous promoter in which the truncation renders
the promoter with a transcription activity that is
less than the native promoter. In particular
embodiments, the attenuated or truncated promoter has
a transcription activity that is no more than 50% of
the activity of the full-strength promoter. In further
embodiments, the attenuated or truncated promoter has
a transcription activity that is no more than 10% of
the activity of the full-strength promoter. In further
embodiments, the attenuated or truncated promoter has
a transcription activity that is no more than 1% of
the activity of the full-strength promoter. While not
wishing to be bound by any theory, it is believed that
in general, the nucleic acid sequence adjacent to the
ORF encoding the selectable marker gene will contain a
so-called cryptic promoter that enables a low level of
expression of the selectable marker gene. A cryptic
promoter will allow a sufficient amount of spurious
transcription initiation adjacent to the ORF
sufficient to produce a low amount of the selectable
marker. Since expression of the selectable marker gene
is below the level needed to fully complement the
auxotrophy, multiple integrations of the integration
vector into the target sequence in the host cell is
necessary for full complementation of the auxotrophy.
Because multiple copies of the integration vector must
be integrated into the genome of the host cell
tocomplement the auxotrophy, there are multiple copies
of the ORF encoding the protein or peptide or
functional nucleic acid of interest, all of which are
expressed. Thus, the host cell is 



capable of encoding more of the protein or peptide or
functional nucleic acid of interest than a host cell
that includes only one copy of the integration vector
integrated into its genome. In practicing the method,
it is preferable that there not be any of the
selectable marker gene sequence in the auxotrophic
host cell that could compete with the targeting
sequence for integration. Thus, in further
embodiments, either the entire gene encoding the
marker (including upstream and downstream regions) is
deleted or removed from the genome or at least the
open reading frame encoding the marker gene is deleted
or removed from the genome. Stable recombinant host
cells in which the integration vector is integrated
into the target locus are selected by cultivating the
transformed host cells in a culture medium that lacks
the particular organic compound (metabolite). Because
the selectable marker gene or ORF is not operably
linked to an endogenous or heterologous full-strength
promoter but is operably linked to a weak, attenuated,
cryptic promoter, or truncated promoter (or in
particular aspects, no promoter), the recombinant,
transformed host cells containing only one copy of the
integration vector inserted into the target locus are
not rendered prototrophic for the organic compound or
metabolite. For the transformed host cells to be
rendered prototrophic for the organic compound or
metabolite, multiple copies of the integration vector
must be integrated into the target locus for the host
cell hi addition, because multiple copies of the
integration vector must be integrated into the target
locus, significant quantities of the protein or
peptide encoded by the gene or sequence of interest
are also produced. Lower eukaryotes such as yeast are
preferred for expression of proteins because they can
be economically cultured, give high yields, and when
appropriately modified are capable of suitable
glycosylation. Yeast particularly offers established
genetics allowing for rapid transformations, tested
protein localization strategies and facile gene
knock-out techniques. Suitable vectors have expression
control sequences, such as promoters, including 3-
phosphoglycerate kinase or other glycolytic enzymes,
and an origin of replication, termination sequences
and the like as desired. Various yeasts, such as K.
lactis, Pichia pastoris, Pichia methanolica, and
Hansenula polymorpha are generally preferred for cell
culture because they are able to grow to high cell
densities and secrete large quantities of recombinant
protein. Likewise, filamentous fungi, such as
Aspergillus niger, Fusarium sp, Neurospora crassa and
others can be used to produce glycoproteins of the
invention at an industrial scale. Other cells useful
as host cells in the present invention include
prokaryotic cells, such as E. coli, and eukaryotic
host cells in cell culture, including lower eukaryotic
cells, plant cells, and mammalian cells, such as
Chinese Hamster Ovary (CHO).Lower eukaryotes,
particularly yeast, can be genetically modified so
that they express glycoproteins in which the
glycosylation pattern is human-like or humanized. Such
can be achieved by eliminating selected endogenous
glycosylation enzymes and/or supplying exogenous
enzymes as described by Gerngross et al., US
2004/0018590, the disclosure of which is hereby
incorporated herein by reference. For example, a host
cell can be selected or engineered to be depleted in
1,6-mannosyl transferase activities, which would
otherwise add mannose residues onto the N-glycan on a
glycoprotein. U.S. Published application No.
20070072262 discloses ARGl, ARG2, ARG3, HISl, HIS2,
HIS5, and HIS6 genes and methods of using the genes
for stable genetic integration into yeast and U.S.
published application No. 20040229306 discloses the
Pichia pastoris URA5 gene and its use for genetic
stable integration in yeast. Selectable marker genes
that are particularly useful in practicing the methods
and systems herein include, but are not limited to,
URA3, URA5, HIS3, LEU2, TRPl, LYS2, ADEl, and ADE2
loci. Useful are auxotrophic host cells and selectable
marker genes in which the particular auxotrophy
renders the cell less able to compete with or grow
more slowly than the corresponding prototroph. Thus,
particularly useful selectable marker genes are the
selectable marker genes ADEl, ADE2. LYS2, URA3, and
URA5. h ADEl gene has been cloned from various species
of yeast and fungi, including Saccharomyces cerevisiae
(Myasnikov et al., Gene,109:143-147 (1991);
Kluyveromyces lactis (Zonneveld and van der Zanden, et
al., Yeast, 11:823-827 (1995), Pichia pastoris
(Cereghino et al., Gene 263: 159-169 (2001)). ADEl
gene encodes N-succinyl-5-aminoimidazole-4-
carboxamide ribotide (SAICAR) synthetase, which is
required for de novo purine nucleotide biosynthesis.
Red pigment accumulates in mutant cells deprived of
adenine. The ADE2 gene has been cloned from various
species of yeast and fungi, including Saccharomyces
cerevisiae (Jones and Fink, "Regulation of amino acid
and nucleotide biosynthesis in yeast" pp. 181 -299 in
The Molecular Biology of the Yeast Saccharomyces:
Metabolism and Gene Expression, Strathern et al.
(Eds.) Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory Press); Candida albicans (Kurtz et al, MoI.
Cell. Biol., 6:142-149 (1986)); Aspergillus oryzae,
(Jin et al., Biosci Biotechnol Biochem.
68:656-62(2004), and Pichia pastoris (herein). The
ADE2 gene encodes phosphoribosyl-aminoimidazole
carboxylase, which catalyzes a step in the de novo
purine nucleotide biosynthetic pathway. Red pigment
accumulates in mutant cells deprived of adenine. In
further embodiments, a cell line can be transformed
with a vector that will displace or knock out the
function of one or more auxotrophic genes, for
example, knocking out or displacing the ADEl or ADE2
genes to render the cells auxotrophic for adenine, for
example, cells with an Adel- or Ade2- phenotype. Thus,
the present invention includes methods for genetically
engineering cell lines such that they contain
auxotrophic mutations which impede the growth of the
cells. These cell lines containing auxotrophic
mutations can then serve as the hostcells for
selection as taught herein, in which the host cells
are transformed with integration vectors encoding one
or more desired glycoproteins and genes which
complement the auxotrophic mutations such that the
cells expressing the desired protein(s) will also
carry the gene(s) which complement the auxotrophic
mutations and provide a phenotype which is readily
identifiable and selectable. The method disclosed
herein using the ADEl otADE2 markers and adel or ade2
auxotrophic host cells is particularly useful for
making recombinant Pichiapastoris host cells because
it addresses the scarcity of suitable markers for
Pichia pastoris that can be used for 



multicopy selection. To date, primarily dominant
markers, like Zeocin, are used for this purpose.
However, dominant markers possess significant
disadvantages. For example, during fermentation, it is
frequently not feasible to add the antibiotic, in
order to make sure all integrated copies of the
heterologous gene stay integrated. However, if the
constructs disclosed herein are evicted, the cells
will become unable to produce adenine and will exhibit
the selectable phenotype of slower growth and pinkish
color. Therefore, heterologous constructs which are
evicted during fermentation are easily selected
against by virtue of this slower growth. The
advantages of the disclosed system are the ability to
select transformants with multiple copies of the
marker and desired gene for expression in the host
cell integrated in the genome by color, and the stable
retention of the transformants with one or more copies
integrated into the genome because of the slow growth
of adel or ade2 cells. In one aspect, the system
utilizes the differential phenotypes of pink/white
color selection o ade/ADE strains coupled with the
slow growth of strains having an Adel- or Ade2-
phenotype and the integration of a plasmid comprising
a copy of the ADEl or ADE2 open reading frame (ORF)
operably linked to a promoter and a desired gene for
expression in the host cell in order to in order to
provide a system that is an improvement over the
current system for making recombinant host cells that
relies upon dominant Zeocin selection. In another
aspect, the system utilizes the differential
phenotypes of pink/white color selection of ade/ADE
strains coupled with the slow growth of strains having
an Adel- or Ade2- phenotype and the forced multiple
integration of a plasmid comprising a copy of the ADEl
or ADE2 ORF operably linked to a weak, attenuated, or
cryptic promoter and a desired gene for expression in
the host cell in order to provide a system that is an
improvement over the current system for making
recombinant host cells that relies upon dominant
Zeocin selection. Thus, the methods and materials are
useful for stable high level expression of
heterologous proteins. Thus, in particular
embodiments, the method and system comprises
recombinant host cells, non-human eukaryotic host
cells, in particular lower eukaryotic host cells such
as yeast and filamentous fungal host cells, with
improved productivity for the production of
recombinant proteins, including glycoproteins when
using host cells capable of making glycoproteins
having hybrid or complex -glycans. The recombinant
host cells are modified by the reduction orelimination
of the function of at least one endogenous gene
encoding an auxotrophic marker gene, such as ADEl or
ADE2. Cells with a mutation leading to adenine
deficiency grow quite slowly, and accumulate a reddish
pigment, which results in production of pink colonies
(that is, cells with an Adel- or Ade2- phenotype).
When these cells with an Adel- or Ade2- phenotype are
transformed with a plasmid comprising an ADEl or ADE2
ORF, respectively, operably linked to a promoter for
expressing the ADEl or ADE2 ORF, the Adel or Ade2
mutation is complemented and the cell is rendered
prototrophic for adenine, that is, the cells are
rendered to have an Adel + or Ade2+ phenotype. These
complemented recombinant cells exhibit a white color
and large colony size, which facilitates
identification and selection of the recombinant cells.
Alternatively, when these cells with an Adel- or Ade2-
phenotype are transformed with a plasmid comprising
the ADEl or ADE2 ORF, respectively, not operably
linked to a promoter for expressing the ADEl or ADE2
ORF, the Adel or Ade2 mutation is complemented only in
recombinant cells that contain more than one copy of
the ADEl or ADE2 gene integrated into the genome. In
other embodiments, the integration vectors are
provided for the selectable expression of heterologous
genes in an expression system employing host cells,
which exhibit an Adel- or Ade2- phenotype, such as the
host cells described above. The integration vectors
comprise a nucleic acid comprising a promoter sequence
and a transcription termination sequence separated by
and operably linked to a cloning site. A nucleic acid
sequence encoding one or more desired heterologous
proteins or peptides or functional nucleic acid of
interest is inserted into the cloning site using
standard ligation techniques in the proper orientation
to be expressed via the promoter. The integration
vector preferably comprises at least one promoter,
which is functional in the host cell, followed by at
least one restriction site, preferably a multiple
cloning site, followed by a transcription terminator
sequence which is functional in the host cell. Using
appropriate known techniques, a nucleotide fragment
encoding the desired protein or polypeptide can be
ligated into the restriction sites of cloning site of
the integration vector. The integration vectors also
comprises at least one copy of a selectable marker ORF
selected from the group consisting of ADEl and ADE2,
which may be under the control of appropriate
transcription termination terminator sequences, which
are functional in the host cell. In some embodiments,
the ORF is operably linked to a full-strength
homologous or heterologous promoter and in other
embodiments, the ORF is operably linked to a cryptic
promoter, weak promoter, attenuated promoter, or a
truncated homologous or heterologous promoter with
reduced transcriptional activity compared to the
full-strength promoter. In a further embodiment,
provided are methods, materials, and systems for the
construction of recombinant host cells for expressing
heterologous or recombinant proteins and peptides
wherein the ADEl gene has been removed or deleted to
render the host cells auxotrophic for adenine, for
example, render the cells adel . The adel host cells
are thentransformed with an integration vector
comprising (1) a nucleic acid encoding the Adelp or
Adelp activity operably linked to a weak promoter, an
attenuated endogenous or heterologous promoter, a
cryptic promoter, a truncated endogenous or
heterologous promoter, or no promoter; (2) one or more
nucleic acids encoding a gene or functional nucleic
acid of interest to produce a heterologous or
recombinant protein or peptide or functional nucleic
acid ectopically; and (3) a targeting nucleic acid
sequence that directs insertion of the integration
vector into a particular target location or locus of
the genome of the host cell by homologous
recombination. Stable recombinant host cells in which
the integration vector is integrated into the target
locus are selected by cultivating the transformed host
cells in a culture medium that lacks adenine. Because
the nucleic acid encoding the Adelp activity is
operably linked to a weak, attenuated, cryptic
promoter, or truncated promoter, the recombinant,
transformed host cells containing only one copy of the
integration vector inserted into the target locus are
not rendered prototrophic for adenine. For the
transformed host cells to be rendered prototrophic,
multiple copies of the 



integration vector must be integrated into the target
locus for the host cell. In addition, because multiple
copies of the integration vector must be integrated
into the target locus, significant quantities of the
protein or peptide encoded by the gene or sequence of
interest are produced. In another embodiment, provided
are methods, materials, and systems for the
construction of recombinant host cells for expressing
heterologous or recombinant proteins and peptides
wherein the ADE2 gene has been removed or deleted to
render the host cells auxotrophic for adenine. The
ade2 host cells are then transformed with an
integration vector comprising (1) a nucleic acid
encoding the Ade2p or Ade2p activity operably linked
to a weak promoter, an attenuated endogenous or
heterologous promoter, a cryptic promoter, a truncated
endogenous or heterologous promoter, or no promoter;
(2) one or more nucleic acids encoding a gene or
functional nucleic acid of interest to produce a
heterologous or recombinant protein or peptide or
functional nucleic acid ectopically; and (3) a
targeting nucleic acid sequence that directs insertion
of the integration vector into a particular target
location or locus of the genome of the host cell by
homologous recombination. Stable recombinant host
cells in which the integration vector is integrated
into the target locus are selected by cultivating the
transformed host cells in a culture medium that lacks
adenine. Because the nucleic acid encoding the Ade2p
activity is operably linked to a weak, attenuated, or
cryptic promoter, the recombinant, transformed host
cells containing only one copy of the integration
vector inserted into the target locus are not rendered
prototrophic for adenine. For the transformed host
cells to be rendered prototrophic for adenine, more
than one copy of the integration vector must be
integrated into the target locus for the host cell. In
addition, because multiple copies of the integration
vector must be integrated into the target locus,
significant quantities of the protein or peptide
encoded by the gene or sequence of interest are
produced.In both of the above embodiments, adel or
ade2 auxotrophs grow more slowly than prototrophs
(e.g., ADEl or ADE2, respectively) or cells rendered
prototrophic by integration of multiple copies of the
integration vector into the genome. In culture,
revertants and transformed cells that lose multiple
copies of the integration vector inserted into the
target locus will grow more slowly and be out-competed
by those cells that maintain the multiple copies of
the integration vector integrated into the target
locus. In addition, in particular organisms such as
yeast, adel or ade2 auxotrophs are red or pink in
color whereas prototrophs or cells rendered
prototrophic by integration of more than one copy of
the integration vector into the genome are white.
Thus, selection of recombinant cells containing
multiple copies of the integration vector inserted
into the target sequence can be based upon selecting
white colonies. The methods and systems herein can be
practiced in any organism in which auxotrophic
mutations can be made such as the adel or ade2 and
complementation thereof results in the selectable
phenotype described herein. The methods involve
transforming host cells which exhibit adel or ade2
minus phenotype with integration vectors which include
nucleotide sequences encoding the complementary Adelp
or Ade2p proteins, such that when the host cells are
transformed with the integration vector encoding a
desired secreted glycoprotein, the complementation of
the Adel- and/or Ade2- phenotype leads to stable
integration of the genes encoding the desired
glycoprotein, and contributes to improved quality of
the transformed recombinant host cells, particularly,
increased yield of the desired recombinant
glycoprotein. hi further embodiments, the host cells
of the present invention carry other genetic
manipulations in their genome, such that the host
cells, and/or the proteins or peptides produced
therefrom, exhibit desired properties. For example,
the host cell may be manipulated in accordance with
the methods described in for example, U.S. Patent No.
7,029,872, U.S. Published Application No.
2004/0018590, and Hamilton etal, Science, 313:
1441-1443 (2006); such that the host cells are capable
of producing recombinant glycoproteins with highly
homogeneous levels of one or more desired glycoforms.
In other embodiments, the host cells may be modified
by deleting one or more endogenous genes encoding
molecular chaperone proteins and/or transforming the
host cell with one or more heterologous genes encoding
molecular chaperone genes originating from the species
of the heterologous protein or polypeptide to be
produced. For example, a host cell of the species
Pichia may be modified by elimination of the
endogenous protein PDI and/or BiP, and transformed
with one or ore plasmids encoding mammalian PDI, BiP
and/or GRP94 genes. See, Choi et al. supra, the
disclosure of which is hereby incorporated herein by
reference. In further still embodiments, methods are
provided for increasing the productivity of
recombinant human or mammalian glycoproteins in a
non-human eukaryotic host cell, lower eukaryotic host
cell, or a yeast or filamentous fungal host cell. The
methods comprise the step of transforming a host cell,
which is adel or ade2 and capable of producing
glycoproteins havinghybrid or complex N-glycans, with
a vector comprising a nucleic acid encoding ADEl or
ADE2 ORF and a nucleic acid encoding a glycoprotein of
interest. The following examples are intended to
promote a further understanding of the present
invention. EXAMPLE 1 Cloning of P'ichia pastoris ADEl
and ADE2 genes was performed as follows. The cloning
of the P.pastoris ADEl gene has been published before
(Cereghino et al., supra). Additional 5'- and 3'-
sequence was obtained using a partial P. pastoris
genomic sequence obtained from Integrated Genomics,
Chicago, IL. The nucleotide sequence of the P.
pastoris ADEl open reading frame (ORF), including
promoter and transcription termination sequences, is
shown in SEQ ID NO: 56. The amino acid sequence of the
P. pastoris ADEl is shown in SEQ ID NO:57. Querying
the same genomic sequence with the S. cerevisiae ADE2
ORF, the P. pastoris ADE2 homologue (563 amino acids
with 69% identity) was identified using the program
BLAST (Altschul et al, J. MoI. Biol. 215: 403-410
(1990)). The nucleotide sequence encoding the P.
pastoris ADE2 ORF, including promoter and
transcription termination sequences, is shown in SEQ
ID NO:60. The ADE2 ORF is encoded by nucleotides 127
to 1,815 of the nucleotide sequence shown in SEQ ID
NO:60 and has the amino acid sequence shown in SEQ ID
N0:61 . Alignment of the P. pastoris ADE2 amino acid
sequence (SEQ ID N0:61) to the S. cerevisiae ADE2
amino acid sequence (SEQ ID NO:62) is shown in Figure
1. 



EXAMPLE 2 Construction of ADEl and ADE2 Knock-out
vectors and strains was as follows. In the first step
of plasmid construction, we created a universal
knock-out plasmid containing DNA regions of: (a) the
ARG3 gene of P. pastoris (Nett et al. 2005, supra) as
space holders for the 5' and 3' regions of the gene to
be knocked out; (b) the P. pastoris
C/iL4J-blaster(Nett and Gerngross, Yeast 20: 1279-1290
(2003) as auxotrophic marker; and (c) an expression
cassette with a multiple cloning site for insertion of
a foreign gene. To create a WL45-blaster cassette
compatible with the architecture of the universal
knock-out plasmid the Sacl-Pvll fragment of lacZ was
cloned into the Sacl-Smal sites of pUC19. The
resulting plasmid was digested with Hindi and the Sac
-Pvull fragment of lacZ that had been blunt-ended
using T4DNA polymerase was inserted into this plasmid
in a head to tail orientation to yield pGLY8. A 1.0 kb
DNA fragment of the P. pastoris URA5 gene was
amplified using primers Ura5comp5 (SEQ ID NO: 1) and
Ura5comp3 (SEQ ID NO: 2) and yeast strain NRRL Y-1
1430 genomic DNA as template and cloned into the
Bamlil-Xba  sites of pGLY8 to generate pGLYlO. In
order to remove the internal Sad and Xhol sites three
overlapping fragments of URA5 were amplified using
pGLYlO as template and primer pairsURA5MUT1 (SEQ ID
NO:3) and URA5MUT2 (SEQ ID NO:4), URA5MUT3 (SEQ ID
NO:5,) and URA5MUT4 (SEQ ID NO:6), and URA5MUT5 (SEQ
ID NO:7) and URA5MUT6 (SEQ ID NO: 8) respectively. The
resulting PCR products were gel purified, mixed and
served as template in a fusion PCR using URA5MUT1 (SEQ
ID NO:3) and URA5MUT6 (SEQ ID NO:8) as primers. The
resulting PCR product was then cloned into vector
pCR2. 1 TOPO(r), removed again using Clal and 5- HII
and cloned into pGLYlO that also had been digested
with Clal and BssHll to yield pGLY12. To remove the
Sad and BamHl sites, pGLY12 was first cut with Sad,
bluntended using T4DNA polymerase and religated
creating pGLY13a and then cut with BamHl, blunt-ended
and religated to yield pGLY13b. In both cases, the
lacZ-URA5 cassette can be released by digestion with
EcoKL and Sphl. A 1.1 kb DNA fragment of the ARG3-5
1region was amplified by PCR using primers ARG355DIS
(SEQ ID NO:9) and ARG353-2 (SEQ ID NO: 10) with P.
pastoris genomic DNA as a template and cloned into the
Sad-SaR sites of pUC19. The resulting plasmid was cut
with BamHl and Sail and a 0.7 kb DNA fragment of the
ARG3-3' region that had been amplified using primers
ARG335-2 (SEQ ID NO:1 1) and ARG333 (SEQ ID NO:12) was
cloned into the open sites creating pGLY21 . The
plasmid was cut with BamRI blunt-ended with T4DNA
polymerase and the EcoRl and Sphl cut and blunted
/acZ-URA5 cassette from pGLY 13a or pGLY13b were
inserted resulting in plasmids pGLY22b and pGLY23
respectively. Plasmid pGLY22b constitutes the
universal knock-out plasmid without additional
expression cassette, whereas pGLY23 was further
modified to also contain a cassette for the additional
expression of a heterologous gene. To create an
expression cassette with Notl and Pad as cloning
sites, a 0.5 kb DNA fragment containing the GAPDH
promoter of P. pastoris was amplified using primers
GAP5CLEAN (SEQ ID NO: 13) and GAP3CLEAN (SEQ ID NO:
14) and P. pastoris genomic DNA as template and cloned
into the BamHl - Sphl sites of pUC 19. The resulting
plasmid was cut with Spel and Sphl and a 0.3 kb
fragment containing the S. cerevisiae CYCl
transcriptional terminator region that had been
amplified using primers CYC5CLEAN (SEQ ID NO: 15) and
CYC3CLEAN (SEQ ID NO: 16) and S. cerevisiae genomic
DNA as template and had been cut with Nhel and Sphl
was cloned into the open sites creating pGLY17. The
expression cassette was released by BamHl digestion
and cloned into pGLY23 to yield pGLY24. The ADEl
knock-out plasmid was constructed from pGLY22b in the
following way. A 1.8 kb fragment of the ADEl -5'
region that had been amplified using primers ADEl 55L
(SEQ ID NO: 17) and ADEl 53L (SEQ ID NO: 18) was cut
with Sad and Pmel and cloned into pGLY22b to yield
pGLY1064. Then a 1.5 kb fragment of the ADEl-V region
that had been amplified using primers ADE1KO35 (SEQ ID
NO:19) and ADE133L (SEQ ID NO:20) was cut with Swal
and Sphl and cloned into pGLY1064 creating the ADEl
knock-out plasmid pGLY1065. (Figure IA)The ADE2
knock-out plasmid was constructed from pGLY24 in the
following way. The P. pastoris ALG3 transcriptional
terminator was PCR amplified using primers RCD534 (SEQ
ID NO:21) and RCD535 (SEQ ID NO:22) and P. pastoris
genomic DNA as template, cut with EcoRW and Ab ll and
cloned into the Pmel-Aflll sites of pGLY24 to create
pGLY566. This modification is irrelevant for the
following ADE2 knock out plasmid, but served to
construct a plasmid used for a different project. A
1.7 kb fragment of the ADE2-3' region that had been
amplified using primers ADE235 (SEQ ID NO:25) and
ADE233 (SEQ ID NO:26) was cut with Swa and Sail and
cloned into pGLY566 to yield pGLY1079. Then a 1.0 kb
fragment of the ADE2-5' region that had been amplified
using primers ADE255KO (SEQ ID NO:23) and ADE253KO
(SEQ ID NO:24) was cut with Sad and Fsel and cloned
into pGLYl 079 to yield the ADE2 knock-out plasmid
pGLY2057. (Figure IB) ADEl and ADE2 knock-out strains
were constructed the following way. The strain
YGLY24-3 ochl A:\lacZ, bmt2A::lacZ/KMNN2-2,
mnn4LlA::lacZ/MmSLC35A3,pnolAmnn4A::lacZ, that had
been constructed using methods described earlier (Nett
and Gerngross, Yeast 20: 1279-1290 (2003); Choi et
al., Proc. Natl. Acad. Sci. 100: 5022-5027 (2003);
Hamilton et al., Science 301 : 1244-1246 (2003) was
transformed with pGLY1065 and two pink transformants
were designated YGLY563 and YGLY564. Their Adel
phenotype was confirmed by their inability to grow on
media lacking Adenine. These strains are capable of
producing glycoproteins having predominantly
Man5GlcNAc2 N-glycans. Strains YGLY227 and YGLY228
(direct descendants of YGLY24-3 that had been
transformed with a URA5 marked Trichoderma reesei 1,2
mannosidase expressing plasmid and counterselected on
5-FOA in an unrelated experiment) were transformed
with pGLY2057 and for each strain one pink
transformant was isolated generating strains YGLYl 2
15 and YGLYl 216 respectively. Their ade2 phenotype
was also confirmed by their inability to grow on media
lacking Adenine (results not shown). As expected
(Cereghino et al., supra), both the adel and ade2
strains exhibited a slow growth phenotype even on
media supplemented with Adenine. 



These strains are capable of producing glycoproteins
having predominantly Man5GlcNAc2 Nglycans. EXAMPLE 3
Construction of ADEl and ADE2 Marked Integration
Vectors was as follows. A vector with a more suitable
multiple cloning site containing sites for BgHl,
EcoRl, Kpnl, Swal, BamHl, Notl, Pad, Asd and Sb l was
constructed by cutting pUC19 with EcoRI and Hindlll
and inserting annealed oligos EXMCSl (SEQ ID NO:27)
and EXMCS2 (SEQ ID NO:28), creating pGLY192. A 0.3 kb
DNA fragment containing the S. cerevisiae CYCl
transcriptional terminator region that had been
amplified using primers CYCTT5 (SEQ IDNO:29) and
CYCTT3 (SEQ ID NO:30) and S. cerevisiae genomic DNA as
template was cut with BamHl and Swa and cloned into
pGLY192 yielding pGLY213. Then the P. pastor is AOXl
promoter was amplified from genomic DNA using oligos
AOX1P-5 (SEQ ID NO:31) and AOX1P-3 (SEQ ID NO:32), cut
with Bgil and EcoRl and ligated into pGLY213 to create
pGLY214. Since both ade knock-out plasmids had been
designed to remove the complete ORF, a region for
integration of the plasmid as an alternative to the
promoter region was added. To this end a 1.8 kb
fragment containing the P. pastoris TRP2 gene was
amplified from genomic DNA using oligos TRP2-5 (SEQ ID
NO:33) and TRP2-3revised (SEQ ID NO:34), cut with Sf L
and cloned into pGLY214 to yield pGLY215. This plasmid
contains an EcoRl, Kpnl, Swal site for addition of the
gene of interest and a BarriAl, No/I, Pad, Ascl, site
for addition of the truncated ADE markers. ADEl marker
cassettes containing the ADEl ORF operably linked to
its native promoter or to various truncations of the
native promoter were constructed as follows. The ADEl
markers with full-length or truncated promoters were
PCR amplified using oligo ADEl -3 (SEQ ID NO:35) as
3'-oligo and ADE1-5C-BAM (SEQ ID NO:36), ADE1-5-100
(SEQ ID NO:37), ADE1-5-186 (SEQ ID NO:38), ADE1-5-295
(SEQ ID NO:39), ADE1-5-325 (SEQ ID NO:40), and
ADE1-50RF (SEQ ID NO:41) as 5'-oligos, yielding
fragments with 370, 276, 191, 82, 50, and 0
nucleotides of promoter region respectively. The first
five fragments were cut with Ntl and Ascl and the last
fragment was cut with Pad and Asd and all fragments
were cloned into pGLY215 to generate the ADEl marked
integration plasmids pGLY220 to pGLY225 respectively
(See Figure 1C for a plasmid map of pGLY225). To
create plasmids for constitutive protein expression,
the AOXl promoter in pGLY220 and pGLY225 was removed
and replaced by a GAPDH promoter that had been
amplified using primers GAPDHP-5 (SEQ ID NO:42) and
GAPDHP-3 (SEQ ID NO:43), yielding plasmids pGLYl 082
and pGLY1083 respectively (See Figure ID for a plasmid
map of pGLY1083). ADE2 marker cassettes containing the
ADE2 ORF operably linked to its native promoter or to
various truncations of the native promoter were
constructed as follows. An unmarked integration
plasmid equivalent to pGLY215 for the ADE2 marker
cassettes was constructed essentially the same way as
above. The main difference between this plasmid,
called pGFI4, and pGLY215 was that it contained the
GAPDH promoter that had been amplified as above and
the multiple cloning site for addition of the gene of
interest had been expanded using oligos 5oligoERSSKFS
(SEQ ID NO:44) and 3oligoSFSSRF (SEQ ID NO:45) to
contain the restriction sites EcoRl, Rsrll, Sphl,
Stul, Kpr, Fsel and Swal. The truncated ADE2 markers
were amplified using oligo ADE23 (SEQ ID NO:46) as
3'-oligo and oligos ADE25NotI-l (SEQ ID NO:47),
ADE25NotI-2 (SEQ ID NO:48), ADE25NotI-3 (SEQ ID
NO:49), ADE25NotI-4 (SEQ ID NO:50), and ADE25'PacInew
(SEQ ID NO:51) as 5'-oligos, yielding fragments with
126, 82, 51, 13, and 0 nucleotides of promoter region
respectively. The first four DNA fragments were
cutwith Notl and Ascl and the last DNA fragment was
cut with Pad and Ascl and all fragments were cloned
into pGFI4 to generate the ADE2 marked integration
plasmids pGLY2077 to pGLY2081 respectively. In
addition to the cRI site in the multiple cloning site
these plasmids also contain an EcoRl site in the ADE2
ORF. In pGLY2077 and pGLY2081 the EcoKl site in the
ORF was therefore removed by site directed mutagenesis
creating pGLY2091 and pGLY2092 respectively. (See
Figure IE for a plasmid map of pGLY2092). To create
plasmids for inducible protein expression, the GAPDH
promoter in these two last constructs was removed and
replaced by an AOXl promoter that had been amplified
using primers AOX1P-5 (SEQ ID NO:52) and AOX1P-3 (SEQ
ID NO:53) as above, yielding plasmids pGLY2093 and
pGLY2094 respectively (See Figure IF for a plasmid map
of pGLY2094). In order to test the effect of the
truncated markers on protein expression, several
vectors expressing various proteins of interest were
constructed. Human glucocerebrosidase (GBA) was fused
to the human serum albumin (HSA) signal sequence and
cloned into the coRI / Kpnl sites of pGLYl 082 and
pGLYl 083 to create GAPDH driven and ADEl marked
integration vectors pGLY1084 and pGLY1085
respectively. A singlechain version of the anti-HER2
monoclonal antibody Herceptin(r) (U.S. Patent
Application No. 20060252096) fused to the S.
cerevisiae alpha mating factor pre-sequence and cloned
into the EcoRUSwal sites of pGLY1082 and pGLY1083 to
yield GAPDH driven and ADEl marked integration vectors
pJN904 and pJN905 respectively. The human CD40
ectodomain (amino acids 20 to 192, a gift of R.J.
Noelle; Lu, L. et ai, J . Biol. Chem. 278: 45414-45418
(2003) was fused to the S . cerevisiae alpha mating
factor prepro-sequence and cloned into the EcoKl/Kpnl
sites of pGLY 220 and pGLY225 to create AOXl driven
and ADEl marked integration vectors pGLY1073 and
pGLY1074 respectively. Human EPO was fused to the .
cerevisiae alpha mating factor pre-sequence and cloned
into the EcoRUKpnl sites of pGLY2093 and pGLY2094 to
yield AOXl driven and ADE2 marked integration vectors
pGLY2663 and pGLY2664 respectively. EXAMPLE 4 Effect
ofADE marker promoter length on copy number and
protein expression was determined. To test the effect
of the various ADE marker promoter truncations on copy
number and protein expression, we considered the
following assumptions: 1) Since all integration
plasmids are integrated into the same genomic locus
(TRP2), it is not expected that a reduction of marker
promoter strength will lead to an increased copy
number of plasmid integrants per se; 2) If the 



marker promoter strength drops below a certain
threshold it is expected that clones integrating only
a single copy of the plasmid will grow at a slower
rate than clones integrating multiplecopies of the
plasmid due to the slow growth phenotype of the ade
minus phenotype. This should also be concomitant with
the appearance of pink color in the low copy clones;
3) A gradual drop in marker promoter strength should
therefore lead to decreasing numbers of fast growing
white clones and on a relative basis increasing
numbers of slow growing pink clones; and, 4) In order
to eliminate any effect that the expression of a
heterologous protein might exert on the growth of
transformants, the empty expression plasmids should be
tested initially. Auxotrophic adel strains YGLY563 and
YGLY564 were therefore transformed with equal amounts
(0.2 mg) of integration plasmids pGLY220 to pGLY225
that had been linearized in the TRP2 integration
region using BspEl and spread on minimal media plates.
After five days of incubation at 23C the
transformation plates were assessed for colony number.
Surprisingly, integration plasmids pGLY220 to pGLY224
all yielded approximately the same number of colonies.
Both yeast strains that had been transformed with
pGLY225 however yielded less than 10% of the number of
white transformants with a significant number of
barely visible, pink transformants in the background
(See Table 1). It had been anticipated that the
plasmids with the promoter truncations would give rise
to smaller number of colonies as the length of the
promoter decreased, with the shortest one, only
containing the ORF, yielding none. The results however
suggest that the CYCl terminator region and the
multiple cloning site in front of the marker contain a
cryptic promoter activity that allows for a background
level of transcription, thereby resulting in levels of
ADEl gene product that in some cases are enough to
complement the adel auxotrophic phenotype. When ade2
auxotrophic strains YGLY1215 and YGLYl 216 were
transformed with integration plasmids pGLY2077 to
pGLY2081, a somewhat similar picture was obtained. In
the case of the truncated ADE2 markers however, a
gradual reduction in colony number concomitant with a
shorter promoter was observed. As was the case for
ADEl, the vector only containing the ADE2 ORF with no
native promoter sequence at all yielded less than 10%
of the number of white transformants than the
construct with the full promoter sequence (See Table
1).In order to test how this anticipated multicopy
integration affected protein expression levels,
plasmids expressing GBA, single-chain anti-HER2
antibody, human CD40 ectodomain or human EPO were
transformed into adel or ade2 auxotrophic yeast
strains (See Table 2). Transformants were grown in 96
well deep well plates, expression was induced using
the appropriate carbon source and protein levels were
assessed by Western Blot or Coomassie gel (See Figures
3 and 4). For most transformations using the
promoterless ADE2 ORF as marker, as expected, a very
low number of white transformants (5 to 20) were
observed. However the expression level of those clones
was generally significantly higher than clones
obtained from transformations using the complete ADE2
gene as marker, which usually gave rise to hundreds of
transformants (See Figures 3 and 4). Especially
striking is the amount of protein produced from the
clone shown in the lane marked in Figure 3D with an
asterisk.Materials and Methods Escherichia coli strain
DH5a was used for recombinant DNA work. Wild type P.
pastoris strain NRRL-Y 11430 was used for construction
of yeast strains (ATCC #76273). PCR reactions were
performed according to supplier recommendations using
EXTAQ (TaKaRa), Taq Poly (Promega) or Pfu Turbo(r)
(Stratagene, La Jolla, CA). Restriction and
modification enzymes were from New England Biolabs
(Beverly, MA). Yeast strains were grown in YPD (1%
yeast extract, 2% peptone, 2% dextrose and 1.5% agar)
or synthetic defined medium ( 1.4% yeast nitrogen
base, 2% dextrose, 4xlO 5% biotin and 1.5% agar)
supplemented as appropriate. Yeast transformations
were performed by electroporation as described in
(Nett et al., 2005). Coomassie gels and Western Blots
were performed using 4-20% precast TRIS-SDS gels and
the Mini PROTEAN 3 cell from Biorad according to the
manufacturer's instructions. Primary antibodies for
detection were: Goat Anti-Human IgG (Fc) #31413 from
Pierce at 1:10000 dilution for Herceptin; Anti human
EPO #sc7956 from Santa Cruz Biotechnology at 1:500
dilution; Anti-GBA rabbit polyclonal (custom made)
from Rockland Immunochemicals, Inc. at 1:500 dilution.
While the present invention is described herein with
reference to illustrated embodiments, it should be
understood that the invention is not limited hereto.
Those having ordinary skill in the art and access to
the teachings herein will recognize additional
modifications and embodiments within the scope
thereof. Therefore, the present invention is limited
only by the claims attached herein.BRJEF DESCRIPTION
OF THE SEQUENCESPrediction and Compensation of Erosion
in a Magnetron Sputtering Target FIELD OF THE
INVENTION The invention relates generally to
sputtering of materials. In particular, the invention
relates the vertical movement of a magnetron in back
of a sputtering target. BACKGROUND ART Sputtering,
alternatively called physical vapor deposition (PVD),
is the most prevalent method of depositing layers of
metals and related materials in the fabrication of
integrated circuits. Sputtering was developed to
deposit planar metal layers used for interconnects and
commercial sputtering typically utilizes a plasma of a
sputter working gas, usually argon, to bombard the
negatively biased target with argon ions to sputter
atoms of the target material, which thereafter coat
the wafer with a layer of the target material. In
reactive sputtering of metal nitrides, nitrogen gas is
additionally admitted into the sputtering chamber.
More recently, sputtering has been adapted to deposit
thin layers of metal and metal nitride onto the walls
of high-aspect ratio holes such as vias and trenches.
Sputtering is widely used to deposit barrier layers of
a refractory metal such as tantalum and the refractory
nitride on via walls to prevent the diffusion of
copper from the via into the surrounding dielectric
layer of silicon oxide or low-k dielectric material.
It is also used to deposit a thin copper seed layer
onto the via walls to act as a plating electrode and a
nucleating layer for copper filled into the via hole
by electrochemical plating (ECP). In plasma sputtering
as typically practiced commercially, a target of the
material to be 



sputter deposited is sealed to a vacuum chamber
containing the wafer to be coated. Argon is admitted
to the chamber. When a negative DC bias of several
hundred volts is applied to target while the chamber
walls or shields remain grounded, the argon is excited
into a plasma. The positively charged argon ions are
attracted to the negatively biased target at high
energy and sputter target atoms from it. An exemplary
target 10, illustrated in theschematic cross-sectional
view of FIG. 1, is arranged around a central axis 12
of the vacuum chamber. The target 10 often includes a
backing plate 14, which may be composed of brass, to
which is bonded a target layer 16, for example of
copper or tantalum. However, unitary copper targets
are possible. A magnetron 18 positioned in back of the
target 10 includes two opposed magnetic poles 20, 22
magnetically coupled at their back through a magnetic
yoke 24 to project a magnetic field B in front of the
target layer 16. The magnetic field traps electrons of
the plasma and hence increases the density of the
plasma to thereby increase the sputtering rate. The
magnetron 18 is typically offset from the central axis
12 of the target 10 but is rotated about it to
increase the azimuthal deposition uniformity.
Commercial magnetrons have a more complicated shape
than that illustrated in FIG. 1. The adaptation of
sputtering to coating the walls of high aspect-ratio
holes has rested in part on decreasing the size of the
magnetron so that the target power is concentrated in
a smaller area and thus produces a higher target power
density, thereby increasing the density of the plasma
to a level such that a sizable fraction of the
sputtered atoms are ionized. If the wafer is
electrically negatively biased, the sputtered ions can
be drawn deep within narrow holes in the wafer. It has
been found that sputtering into high aspect-ratio
holes with a high ionization fraction of sputtered
atoms is promoted by primarily scanning the small
magnetron 18 near the periphery of the target 10. The
sputtered ions nonetheless diffuse towards the center.
Although in the past, magnetrons were designed for
uniform target erosion, ionized sputtering with a
small magnetron may preclude uniform erosion. Further,
if only the outer portion of the target is sputtered,
some of the sputtered atoms redeposit near the target
center and build up an increasing thickness of
redeposited material, which does not adhere well to
the target and is likely to flake off and produce an
unacceptable number of particles which fall on the
wafer and introduce defects in the final devices. To
counter this problem, Hong et al. disclose in U.S.
patent 7,018,515 a magnetron that pivots between a
radially outer position used for most of the sputter
deposition and a radially inner position in which the
magnetron cleans the target. Care must be taken to
account for erosion of the target. The peripheral
scanning of the small magnetron 18 erodes the target
layer 16 to produce an annular groove 26 while the
central portion of the target layer 16 is eroded less
below its original surface 28. Excessivesputtering of
the target 10 will punch through the target layer 16
to sputter the exposed underlying backing plate 14 and
contaminate the chamber especially if a tantalum
barrier layer is being sputter deposited. In the case
of a unitary target, excessive sputtering may
mechanically weaken the target to the point where it
cannot stand off the vacuum. In response to these
problems, erosion may be accounted for by measuring
the erosion in a test as a function of lifetime target
energy, for example, the number of kilowatt-hours
(kW-hr) applied to the target during operational
sputtering. The lifetime target energy is
experimentally established for a combination of target
and magnetron as the target energy at the end-point of
target sputtering, for example, just before the target
layer is sputtered through to expose the backing
plate. For a fixed combination of magnetron and target
configuration, the measured endpoint target energy
dictates when the target should be replaced. Erosion
causes a further problem in plasma sputtering. As the
target 10 is eroded, the sputtering surface within the
target layer 16 recedes and comes closer to the
magnetron 18 so that the magnetic field at the
sputtering surface changes over the lifetime of the
target 10. The sputtering rate depends on the
magnitude of the magnetic field B adjacent the
sputtering surface, which increases with the depth of
erosion. Also, the plasma may become unstable under
changes of magnetic field, possibly extinguishing or
sparking, the latter of which can create damaging
particulates. Hong et al. in US patent application
publication 2005/0133365 disclose the advantage of
periodically adjusting the spacing between the target
and the magnetron to compensate for long-term erosion
of the target over many wafer cycles and to thereby
regularize the sputtering plasma. Miller et al.
describe in U.S. patent 6,852,202 a planetary gear
mechanism which achieves somewhat similar results to
the two-position magnetron of U.S. patent 7,018,515 by
scanning a small magnetron in a multi-lobed pattern
across back of the target. Miller et al. describe a
more general epicyclic scan mechanism, referred to as
a universal magnetron motion (UMM) mechanism, in U.S.
patent application 11/924,573, filed October 25, 2007
and incorporated herein by reference for the details
of the scanning mechanism. While the scan pattern for
the planetary gear mechanism is fixed by the gears and
arms forming the mechanism, the UMM mechanism can
produce a nearly arbitrary scan pattern by the
independent rotations of two coaxial shafts.SUMMARY OF
THE INVENTION One aspect of the invention calculates a
predicted erosion profile for a target being scanned
by a magnetron in a complex and selected path. The
calculated erosion profile may be used to determine
the end of life of the target, for example, when the
target layer is nearly eroded through by the
sputtering at possibly only one area. One method of
calculating the erosion profile involves
experimentally measuring a calibrated erosion rate
profile, for example, an erosion depth per energy
applied to the target as the magnetron is rotated at a
known radius from the target center. The erosion rate
measured at one radius can be converted to an erosion
rate at another radius by an inverse linear or nearly
linear proportionality. During operational scanning
with the same type of magnetron used in the
calibration, the erosion rate profile is determined by
summing over many scans the product of the erosion
rate at known radii of the magnetron, the time spent
at those radii, and the power being applied to the
target. Computationally, calculation bins at 



different radii on the target are updated during
scanning. Another aspect of the invention includes
moving a magnetron in a path having radial components
and dynamically adjusting a spacing between the
magnetron and the target during the radial scanning to
compensate for a radial erosion profile. The vertical
adjustment may be made according to erosion profiles
which are periodically calculated. Alternatively, the
vertical adjustment may be made by monitoring
electrical signals used in powering the target. For
example, when the target power supply provides nearly
constant power or current to the target, the target
voltage may be monitored and used in a feedback loop
to control the vertical actuator to return the target
voltage to a desired voltage generally corresponding
to a desired spacing between the magnetron and the
portion of the sputtering surface of the eroded target
underlying the magnetron. BRIEF DESCRIPTION OF THE
DRAWINGS FIG. l is a schematic cross-sectional view of
a sputtering target and associated magnetron. FIG. 2
is schematic cross-sectional view of a sputter chamber
including a general epicyclic scan mechanism for its
magnetron.FIG. 3 is an orthographic view of one
embodiment of a magnetron and its scanning mechanism.
FIG. 4 is an illustration of a complex magnetron scan
pattern with which the invention may be used. FIG. 5
is a graph of an erosion rate profile for a circularly
symmetric scan. FIG. 6 is a graph of erosion rate
profiles derived from that of FIG. 5 and normalized to
other radii of rotation FIG. 7 is a flow diagram of
one embodiment of a method of practicing the invention
including static vertical compensation of target
erosion. FIG. 8 is a flow diagram of another
embodiment of a method of practicing the invention
including dynamic vertical compensation of target
erosion. DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS The invention has been applied to a
sputtering system described in the aforecited U.S.
patent application 11/924,573 to Miller et al.,
hereafter Miller. A sputter chamber 30 schematically
illustrated in the cross-sectional view of FIG. 2
includes a conventional main chamber 32 generally
symmetric around a central axis 34 and supporting a
target 38 through an adapter 40 and an isolator 42.
The target 38 may be formed from the material to be
sputtered or may include a target layer facing the
interior of the chamber body 32 and bonded to a
backing plate extending laterally over the isolator
42. The sputter chamber 30 also includes a universal
magnetron motion (UMM) actuator 46 located in the back
of the target 38 and including an inner rotary shaft
48 and a tubular outer rotary shaft 50, which are
coaxial and are arranged about and extend along the
central axis 34 and can rotate about it. A first motor
52 is coupled to the inner rotary shaft 48 by a drive
gear 34 or other mechanical means such as a belt
wrapped around two pulleys to rotate it. A second
motor 56 is similarly coupled to the outer rotary
shaft 50 through another drive gear 58 or mechanical
means to rotate it independently of the rotation of
the inner rotary shaft 48. The rotary shafts 48, 50
and their motors 52, 56 are supported on a vertically
movable slider 60. A third motor 62 drives a vertical
mechanism 64 such as a worm screw mechanism vertically
moving the slider 60 and its supported rotary shafts
28, 30. The rotary shafts 48, 50 are coupled to an
epicyclic mechanism 70, which supports amagnetron 72
through a mount 74 and scans it over the back of the
target 38 in a nearly arbitrary pattern determined by
the rotations of the rotary shafts 48, 50. The
epicylic mechanism 70 and its supported magnetron 74
also move vertically with the slider plate 60. The
principal embodiment of the Miller epicyclic mechanism
70 is a planetary gear system which differs from the
planetary gear mechanism of U.S. patent 6,852,202 by a
sun gear which is rotated by the inner rotary shaft 48
rather than being fixed, as is described in more
detail by Miller and will be described in lesser
detail below. The magnetron 72 typically includes a
magnetic yoke 76 supporting and magnetically coupling
an inner pole 78 of one magnetic polarity along the
central axis 34 and an outer pole 80 of the opposed
magnetic polarity and surrounding the inner pole 78.
The magnetron 72 is typically small and circular. The
magnetron 72 and large portions of the epicyclic
mechanism 70 are disposed in an unillustrated cooling
reservoir of recirculating chilled sealed to the back
of the target or its backing plate in order to
maintain the target 38 at a reasonably low
temperature. Returning to the main chamber 32, a
vacuum pump 90 pumps the interior of the main chamber
32 through a pumping port 92. A gas source 94 supplies
a sputter working gas, such as argon, into the chamber
32 through a mass flow controller 96. If reactive
sputtering is desired, for example, of a metal
nitride, a reactive gas, such as nitrogen in the
example, is also supplied. A wafer 100 or other
substrate is supported on a pedestal 102 configured as
an electrode in opposition to the target 38. A clamp
ring 104 may be used to hold the wafer 100 to the
pedestal 102 or to protect the pedestal periphery.
However, many modern reactors use electrostatic chucks
to hold the wafer 100 against the pedestal 102. An
electrically grounded shield 106 supported on the
adapter 40 protects the chamber walls and sides of the
pedestal 102 from sputter deposition and also acts as
an anode in the plasma discharge. The working gas
enters the main processing area through a gap 108
between the clamp ring 104 or pedestal 102 and the
shield 106. Other shield configurations may include an
electrically floating secondary shield inside the
primary shield 106 and perforations through portions
of the primary shield 106 protected by the secondary
shield to promote gas flow into the processing area. A
DC power supply 110 negatively biases the target 38
with respect to the grounded shield 106 and causes the
argon working gas to be excited and discharge into a
plasma. Themagnetron 72 concentrates the plasma and
creates a high density plasma (HDP) region 112
underneath the magnetron 72 inside the main chamber
32. The positively charged argon ions are attracted to
the target 38 with sufficient energy to sputter the
metal from the target layer 



of the target 38. The sputtered metal deposits on and
coats the surface of the wafer 100. Preferably for
sputter depositing into deep and narrow holes, an RF
power supply 114 is connected to the pedestal
electrode 102 through a capacitive coupling circuit
116, which acts as a high-pass filter, to create a
negative DC self bias on the wafer 110 with respect to
the plasma. The self bias is effective at accelerating
positive metal ions or possibly argon ions toward the
wafer 100 in perpendicular trajectories that more
easily enter high-aspect holes. The self bias also
imparts a high energy to the ions, which may be
controlled to differentiate sputter deposition on the
wafer 100 and sputter etching of the wafer 100. A
computer-based controller 118 controls the vacuum pump
90, the argon mass flow controller 96, the power
supplies 110, 114 and the magnetron actuator motors
52, 56, 62 according to the desired sputtering
conditions and scan patterns input to the system 118
through a recordable medium such as a CDROM inserted
into it or equivalent communication lines. A memory
120 associated with the controller 118 is used in the
execution of the control algorithms to be described
later. For purposes to be described later, a wattmeter
122 and a voltmeter 124 are disposed between the DC
power supply 110 and the target 38 to allow the
controller 118 to monitor the power and voltage being
applied to the target 38. Typically, the DC power
supply 110 operates in a constant-power mode so that
the power level may be preset and relatively constant
and may be available to the controller 118 as a
digital control signal. However, a constant-current
supply may also be used. Chang et al. describe a more
complex and quicker control circuit for the rotary
shaft motors 52, 56 in U.S. patent application
11/948,1 18, filed November 30, 2007. A more realistic
version of the epicyclic scan actuator 46 and attached
magnetron 72 is incorporated into a magnetron actuator
illustrated in the orthographic view of FIG. 3 in what
is referred to as a universal magnetron motion (UMM)
mechanism 130. The UMM mechanism 130 is supported on a
flange 132, which is supported on and sealed to a top
wall of the cooling reservoir. A derrick 134 supported
on the flange 132 outside of the reservoir supports
the motor 62 of the vertical actuator, which can
vertically move the slider 60 which rotatably supports
the rotary shafts 48, 50 and the shaft motors 52, 56
coupled to themthrough ribbed belts 136, 138. The
outer rotary shaft 50 passes through a rotary and
axial seal into the cooling reservoir and is fixedly
attached at its lower end to a gearbox 140 and its
counterweight 142. The interior of the gearbox 140 is
sealed against the cooling fluid and is at ambient
atmosphere. A sun gear is fixed to the lower end of
the inner rotary shaft 48 inside of the gearbox 140. A
planetary gear system supported inside the gearbox 140
includes the sun gear and a follower gear rotatably
coupled through an idler gear. The shaft of the
follower passes through a rotary seal to support a
magnet arm 144. The magnetron 72 is supported at one
end of the magnet arm 144 and a counterweight 146 is
supported at the other end. Further details of the UMM
mechanism are described by Miller. If the inner rotary
shaft 48 is rotated so that the sun gear is
stationary, rotation of the outer rotary shaft 50
causes the gear box 146 to rotate about the central
axis 34 of the chamber and the magnetron 72 executes
normal planetary motion of a multi-lobed path about
the central axis 34 determined by the length of the
arms and the gear ratio. If the two rotary shafts 48,
50 are rotated in synchronism, the magnetron 72
follows a circular path about the central axis 34 at a
radius determined by the phase between the two
rotations. However, the two rotary shafts 48, 50 can
be rotated independently so that the magnetron 72 can
be scanned in a nearly arbitrary path independent of
arm lengths and gear ratio as determined by
instructions from the controller 118. For example, a
complex scan pattern 60 illustrated in the plot of
FIG. 4 includes a generally circular portion symmetric
about the center 34 of the target and two smaller
generally circular portions with two different centers
offset from the target center 34. The vertical
actuator allows the magnetron to be raised to
compensate for target erosion. For example, the
magnetron 72 may be kept a constant distance from the
surface of the gradually eroding groove in the target
layer to thereby maintain constant plasma conditions
over the life of the target. Several aspects of the
invention involve the control of the vertical movement
of the magnetron 72. The generalized scan pattern
achievable with the epicyclic scan mechanism allows
the same scan mechanism to be used for different
processes resulting in different erosion profiles.
Even the same target can be used for different
processes. Accordingly, the simple endpoint target
energy determined in the past does not dependably
predict target failure. Similarly, vertical adjustment
of the target-magnetron spacing cannot be easily
forecast. At the sametime, the smaller sizes of the
magnetron have produced steeper erosion profiles. One
aspect of the invention allows the erosion profile to
be calculated for an arbitrary scan pattern. An
erosion rate profile is established for a target type
and magnetron as well as the chamber and any process
kits incorporated into the chamber, such as shields.
The profile can be established by rotating the
magnetron at a fixed radius R0 from the target center.
The radius R0 is conventionally referenced to the
center of a circular magnetron. During the calibration
phase, vertical compensation should be performed since
it will be performed during operation. The calibration
sputtering should result in a circularly symmetric
pattern. After extended sputtering, the depth of
erosion is measured across a target radius and
normalized to the energy applied to the target during
the calibration test to establish an erosion rate
profile e(r, R0) as a function of the radius r from
the target center. The energy is the integral of the
target power and time during the calibration
sputtering, for example, in units of kW-hr. An erosion
rate profile 160 is plotted in the graph of FIG. 5 in
units of mm/kW-hr for a target location The width in
the radial of the profile is caused by the physical
size of the magnetron. The two peaks correspond
generally to portions of the circular plasma track
being aligned with rotational arcs and the central
valley corresponds to the portions of the plasma track
which are aligned along radii and hence rapidly sweep
over the underlying portions of the target. Although
it is possible to perform different calibration tests
for different magnetron radii, a single calibration
test may suffice. From the single calibration
measurement, erosion 



rate profiles for other magnetron radii R1may be
calculated according to the equation This equation
reflects the geometric relationship between the size
of the magnetron and the length of the circle over
which it is scanning at some radius from the center.
Although a value N=I is expected from a simple
consideration of the geometry, a non-linear
relationship is often observed and a value of
TVbetween 0.9 and 1.1 is typically used. The erosion
profile E(r) can then be predicted by summing products
of the time lengths T1and target power P1the magnetron
spent at different radii R1This equation does not
reflect the fact that the magnetron will be traversing
the same target radius multiple times during its total
scan perhaps at different power levels. The azimuthal
positions do not appear in Eqn. (2). It is assumed
that over relatively long time periods the target is
being eroded with circular symmetry despite the
non-circular components of a complex path such as that
of FIG. 4. The circularized erosion path for long
production runs is obtain by forcing the repeated
scans to begin at random times so that the desired
scan path is being rotated azimuthally between
multiple wafer cycles. In an example of an erosion
rate, as illustrated in the graph of FIG. 6, trace 162
plots the erosion profile when the magnetron is
scanned at a radius R0 = 160mm for a first time period
with a first target power, trace 164 plots the erosion
profile when the magnetron is scanned at a radius R0 =
80mm for a second time period with a second target
power, and trace 166 plots the erosion profile when
the magnetron is scanned at a radius R0 = 60mm for a
third time period with a third target power. Trace 168
is a sum of the other three traces 162, 164, 166 and
plots the total erosion profile for all three scans.
In practice, however, for large portions of a complex
scan, the radius of the magnetron is fairly rapidly
changing. Further, rather than performing a running
calculation of this nature when only infrequent action
is required, an easier approach is to keep track of
accumulated energy at each radii. That is, counters
can established in the memory 120 accessed by the
controller 118. The data can be arranged in bins, for
example, bins arranged every 10mm from 0 to 295mm but
a smaller number may be used for typical scanning
patterns, for example, bins arranged at energies from
90 to 235mm. The erosion rate data need to be
tabulated for these same bins and have the same
granualarity. At fixed and relatively short intervals,
for example, every 100ms, the current target power is
added to the previous value in the bin corresponding
to the current radius of the magnetron. The time
period is constant and needs to be considered only in
the calculation. An exemplary control method for such
an operation is illustrated in the flow diagram of
FIG. 7. It is understood that a typical commercial
control system relies on polling and interrupts so the
illustrated flow diagram is used only for an
understanding of the operation.An initial state 170
indicates that a new fresh target has been installed
in the sputter chamber having no erosion. It is
assumed that the target is one of a class for which
the erosion rate has been measured for at least one
radius and the erosion rate profiles are available for
all radial positions of the magnetron corresponding to
the energy bins. In an initialization step 172, the
energy bins are all initialized to zero. In a scan
step 174, the magnetron is scanned according to the
current recipe. In an updating test 176, it is
determined if a short set time, for example, 100ms,
has elapsed since the last update of the energy bins.
If not, the scanning simply continues. If the short
set time has elapsed, in update step 178, the energy
bins are updated. The updating consults the current
recipe and the time since the beginning of the current
cycle to determine both the current radial position
R1of the magnetron and the target power. The target
power can be derived either from the wattmeter 122 or
more simply from the process recipe. In a simple
version of the algorithm, the update step 178 only
updates the energy in the bin for the current target
radius R1and the calculation of the erosion profile is
left to a later step. In a variant method particularly
applicable in production runs, each wafer cycle
includes the same scan at the same power for the same
total scan length. Accordingly, at the end of a wafer
cycle, the energy update step 178 may update the
energy bins for the entire scan period based upon
values established for the current recipe. In a
profile test 180, it is determined if a long energy
period, for example, 100 kW-hr as measured in total
energy delivered to the target, has elapsed since the
erosion profile has last been calculated. If not, the
scanning continues. If the energy period has been
exceeded, a calculation step 182 calculates or
predicts the current erosion profile. The erosion
amount E(rJ at radius r is the sum of Equation (2).
The profile test 180 may be coordinated with the wafer
sputtering cycle, that is, performed when wafers are
being transferred in and out of the sputter chamber.
The cycling may coincide with a change of sputter
recipe including scanning pattern and target power. In
a limit test 184, it is determined if the erosion
profile defined by the values o E(r) shows that the
target erosion has reach a limit and a target needs to
be replaced. An exemplary test is that when the
maximum erosion amount E(rJ is within a minimum
thickness value of the initial target thickness before
erosion, the target should be replaced in a
maintenance step 188. Thereafter, the new target
condition 170 is attained. The minimumthickness value
may be the erosion expected for another 100 kW-hr of
operation, but a wide margin of error should be
included. If the erosion limit has not been reached,
the scanning continues. Another aspect of the
invention uses a calculated erosion profile for static
vertical compensation. A static vertical compensation
step 190 may be included in the process of FIG. 7. i
this step 190, the controller consults the erosion
profile calculated in step 184 and from it determines
how far to vertically move the magnetron through its
vertical actuator motor 62 to compensate for target
erosion. Generally, as should be apparent from FIG. 1,
the distance between the bottom of the magnetron 18
and the eroded surface of the target layer 16 should
be maintained constant. In the case of the well
defined groove 26 of FIG. 1, the vertical compensation
may be easily determined as the maximum target
erosion. However, the choice is not so obvious for a
complex erosion profile, such as the total profile 168
in FIG. 6. One choice is a compensation level 194
taken as the average of the erosion 



profile over a significantly scanned portion of the
target. Another choice is a compensation level 196
taken as the minimum amount of erosion over the
significantly scanned portion of the target. The
latter choice is driven the phenomenon that if the
magnetron is placed too far away from the current
sputtering face of the target, the magnetic field
strength may be too low to maintain the plasma and the
plasma collapses. Either sputtering effectively ceases
or, if the plasma spontaneously reignites over a more
eroded portion, the reignition may cause a spark or
flash which sputters a large particle, which may cause
the integrated circuit on which it falls to fail. When
the scanning step 174 resumes, the magnetron is at its
new compensated vertical position and continues there
in static compensation for at least one and probably
many wafer cycles of horizontal scanning. Another
aspect of the invention dynamically changes the
target-magnetron spacing during the scan path to
compensate for the calculated erosion profile hi
particular, it is possible to move the magnetron
vertically while the magnetron is being scanned
azimuthally and radially as part of the arbitrary
horizontal scan pattern. The vertical movement may in
large part follow the erosion profile to compensate
for erosion and provide a nearly constant spacing
between the magnetron and the sputtering surface
underlying the magnetron at all times during the scan.
That is, referring to FIG. 1, the controller 118 may
be varying therotation rate of all three actuator
motors 52, 56, 62 during the scanning. An embodiment
of a method of practicing this aspect of the invention
is illustrated in the flow diagram of FIG. 8. hi an
initialization phase after the initial state 170 of a
new target, the energy bins are zeroed or otherwise
initialized in the energy initialization step 172 and
the erosion profile is initialized, for example,
zeroed in an erosion initialization step 20. Entering
the wafer cycle, in a wafer transfer step 204, a
processed wafer, if any is present in the sputter
chamber, is removed from the sputter chamber and a
fresh wafer is transferred into it. This step was
implicit in the method of FIG. 7. hi a scan step 206,
a complete scan of the magnetron for the new wafer is
performed. The scan includes both the horizontal scan
pattern dictated for the selected process being
performed and a vertical movement in accordance with
the current calculated erosion profile. The time
period and the horizontal scan path of the scan step
206 are determined by the process recipe hi the first
wafer cycle it is typical that there is no erosion in
the wafer so no vertical motion is required for the
magnetron. It is appreciated that the vertical motion
during the scan step 206 need not directly follow the
current calculated erosion profile since the features
of the profile may be significantly smaller than the
dimensions of the magnetron. Instead, some averaging
of the erosion profile may be performed to determine a
vertical scan profile used in the scan step 206. After
completion of the scan step 206 and probably
simultaneous with the wafer transfer step 204, in the
update step 178 the energy bins are updated for the
entire scan pattern and in calculation step 184 the
erosion profile is calculated based on the updated. If
the limit test 186 determines that the erosion limit
has not been reached, execution returns for a new
wafer starting with the wafer transfer step 204. If
the erosion limit has been reached, then the target is
replaced in the maintenance step 188. Aside from the
dynamic vertical compensation, the process of FIG. 8
also differs from that of FIG. 7 in not including the
two tests 176, 180 and in updating the energy bins
only at the completion of a scan. The static erosion
compensation can be performed with the timing of FIG.
8 and the dynamic erosion compensation can be
performed with the timing of FIG. 7. The vertical
profile used in the scan step 206 depends upon the
calculated erosion profile. Alternatively, closed loop
control of the vertical position of the magnetron may
beperformed. With reference to FIG. 2, it is known
that when the target DC power supply 110 is operating
in a constant-power mode or constant-current mode or
somewhere in between, the target voltage is sensitive
to overall erosion of the target. According to another
embodiment of the invention, dynamic erosion
compensation can be performed by setting up
closed-loop control of the vertical magnetron
position. The controller 118 monitors through the
voltmeter 124 the target voltage during and throughout
the magnetron scan. The controller 118 compares the
monitored voltage to a preset desired voltage and
directs the vertical actuator motor 62 to vertically
move the magnetron 72 in the direction to bring the
target voltage back to the desired voltage. The
desired voltage corresponds to the desired spacing
between the magnetron 72 and the sputtering surface so
as to dynamically compensate for target erosion. It is
understood that closed-loop feedback control requires
careful consideration of control theory to avoid over
compensation and oscillations. Closed-loop control
often involves complex PID control involving
proportion, integration, and differentiation of the
monitored signals. Further enhancements are possible
because of the slow change in erosion during the
repetitive scanning. Although the invention has been
developed for use with a three-axis scan mechanism
allowing nearly arbitrary scan paths, it may
advantageously employed to other magnetron scan
mechanisms, such as the dual position magnetron
described by Hong et al. in U.S. patent 7,018,515. The
invention thus provides better control of the plasma
sputtering and easy determination of end of life for
the target with little additional hardware or
testing.CLAIMS 1. A method of scanning a magnetron in
back of a target in a plasma sputter chamber,
comprising the steps of: applying power to the target
to excite a plasma within the chamber and sputter from
the target; scanning the magnetron about a central
axis of the chamber along a selected path having
radial and azimuthal components with respect to the
central axis; calculating an erosion profile produced
by the sputtering from operational parameters used
during the scanning; and removing the target from
service when the calculated erosion profile indicates
a 



predetermined limit of erosion of the target. 2. The
method of claim 1, wherein the operation parameters
include the power applied to the target and the
selected path. 3. The method of claim 2, wherein the
operation parameters include radial positions but not
azimuthal positions of the selected path. 4. The
method of any of claims 1 through 3, further
comprising adjusting a vertical position of the
magnetron along the central axis based upon the
calculated erosion profile. 5. The method of any of
claims 1 through 3, further comprising a calibration
step of rotating a magnetron at a fixed radius from
the central axis for a given energy period and
measuring a reference erosion rate profile, and
wherein the calculating step includes calculating an
erosion rate profile for other radii than the fixed
radius according to a geometrical relationship between
the fixed and other radii. 6. The method of any of
claims 1 through 3, wherein the calculating includes
updating energy bins arranged according to radii of
the magnetron from the central axisduring the
scanning. 7. The method of claim 6, wherein the
updating includes incrementing the energy bins by a
product of target power and a time the magnetron was
disposed at respective radii of the bins. 8. A method
of scanning a magnetron in back of a target in a
plasma sputter chamber, comprising the steps of:
applying power to the target to excite a plasma within
the chamber and sputter material from the target onto
a substrate in the chamber; scanning the magnetron
about a central axis of the chamber along a selected
path having radial and azimuthal components with
respect to the central axis; calculating an erosion
profile produced by the sputtering from operational
parameters used during the scanning; and vertically
moving the magnetron parallel to the central axis
based upon the calculated profile. 9. The method of
claim 8, wherein the magnetron is vertically moved
only between scanning steps for different ones of said
substrate. 10. The method of claim 8, wherein the
magnetron is vertically moved during the scanning
step. 11. The method of any of claims 8 through 10,
further comprising removing the target from service
when the calculated erosion profile indicates a limit
of erosion of the target has been exceeded. 12. The
method of any of claims 8 through 10, further
comprising a calibration step of rotating a magnetron
at a fixed radius from the central axis for a given
energy period and measuring a reference erosion rate
profile, and wherein the calculating step includes
calculating an erosion rate profile for other radii
than the fixed radius according to ageometrical
relationship between the fixed and other radii. 13.
The method of any of claims 8 through 10, wherein the
calculating includes updating energy bins arranged
according to radii of the magnetron from the central
axis during the scanning. 14. The method of claim 13,
wherein the updating includes incrementing the energy
bins by a product of target power and a time the
magnetron was disposed at respective radii of the
bins. 15. A method of scanning a magnetron in back of
a target in a plasma sputter chamber, comprising the
steps of: applying power to the target to excite a
plasma within the chamber and sputter from the target;
determining an erosion profile produced by the
sputtering from operational parameters used during the
sputtering; scanning the magnetron about a central
axis of the chamber along a selected path having
radial and azimuthal components with respect to the
central axis; and concurrent with the scanning step,
vertically moving the magnetron parallel to central
axis. 16. The method of claim 15, further comprising
calculating an erosion profile from the operational
parameters including power applied to the target
during different time periods of the scanning. 17. The
method of claim 16, wherein the magnetron is moved
according to a compensation profile determined from
the erosion profile. 18. The method of claim 15,
further comprising: monitoring a voltage produced by
the power applied to the target; and in response to
the monitored voltage vertically moving the magnetron
to return thevoltage to a desired voltage. 19. A
sputtering system, comprising: a vacuum chamber
arranged around a central axis and fittable with a
target powered by a power source; an actuator
mechanism for moving the magnetron along the central
axis and additionally in a path including radial and
azimuthal components with respect to the central axis;
and a controller controlling the power source and the
actuator mechanism and determining from operational
parameters during sputtering of the target to
determine an erosion profile of the sputtered target.
20. The system of claim 19, wherein the controller
includes memory having multiple entries and recording
a history of the amount of energy applied to the
target when the magnetron was disposed at respective
radii from the central axis corresponding to
respective entries of the memory. 


