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Cell Programmers Technical Report
Use of C,H,Zn-finger Proteinsin Y east-based circuits

Summary -

The intention is to build smple toggle switches in the yeast Saccharomyces
Cereviscae utilizing recombinant zinc finger proteins that recognize novel DNA-moatifs.
This report describes the first stage of the project, namely the analysis of a series of C;H,
Zinc fingers to determine their potential and the creation of a smple regulatable switch.

Thework described isintended to take one year.

Introduction -

The am of the project is to create engineered circuits which can be regulated at will
in vivo. The simplest of these circuits is the ‘toggle-switch’ (Figure 1) which has been
shown to work in E.coli and thisisthefirst that will be created in the yeast Saccharomyces
Cereviscae. The toggle-switch in E.coli was regulated by the Lac-operon / | C, repressor
system, but the switch from prokaryotes to eukaryotes will be accompanied by a more
appropriate method of transcriptional regulation.

Transcription factors fall into many classes depending on their structure and exact
mode of action but their function can be smply stated — the regulation of transcription. A

transcription factor regulates gene expression by recognizing and binding to a specific DNA
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Figurel - Toggle Switch

Comprised of four independent constructs (A - D). B and D are under the control of the congtitutive

promoter Tfal while A and C are regulated by the inducible promoters; Galactose and Copper respectively.
Two six finger CoH2 factors are utilised in this circuit (ZnF1 and ZnF2) and both are differentially epitope

tagged for ease of identification biochemically.

Construct B can encode a bi-cistronic message, namely two individual proteins encoded by the same

mRNA), Thisis achieved by encoding a strong ribozyme binding site between the two ORFs. An dternative
isthe expression of aZnF2 / GFP fusion protein. Thus the circuit encodes two fluorescent readouts of expression

which can be easily measured on a FACS machine.
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diverse DNA moatifs, with each zinc finger being highly specific in its recognition sequence
(16).

Structural studies show that each zinc finger module, which contains about 30 amino acids,
forms a compact bba structure. Four conserved residues in each finger, two cysteine and
two histidine, are ligands for a central zinc ion that stabilizes this small globular domain. On
association with a specific DNA motif, the a-helix fits into the major groove. Zinc-finger
specificity can be explained with a zinc finger-DNA recognition code that correlates
specific amino acid at key positions in the a-helix with specific bases in each position of the
corresponding DNA motif (Figure 2). Indeed the crystal structure of Zinc finger — DNA
complexes show a semi-conserved pattern of interactions in which three resdues from the
a-helix contact three adjacent bases in DNA. In its smplest terms, the mode of DNA
recognition is a one-to-one interaction between amino acids in the Zinc fingers and
nucleotides in the DNA strand. Thisis where the most interesting facet of C,H, Zinc fingers
comes into play; because the fingers function as independent modules, fingers with different
triplet specificities can be combined to give specific recognition of longer DNA sequences.
Naturally occurring transcription factors using these C,H, fingers typically contain sets of
two, three or four fingers that bind to neighbouring subsites on the DNA athough proteins
with many more fingers have been described. Xenopus Xfin, for example contains 37 such
fingers (19) athough there are questions about how many of these actually contact DNA
and how this effects affinity and specificity of recognition. However many groups have
successfully exploited individual finger adaptability to randomly mutagenise and isolate
nove fingers with altered DNA binding specificities (10, 12, 20, 21). The mgority of the
derived factors contain three fingers and recognise a DNA motif of 9 — 11 nucleotides.

These recombinant factors have affinities and specificities for their sites comparable to
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Figure 2 - Side chain-base contacts in Zif286-DNA complex

Amino acids in the a-helix of each C2H2 Zinc finger are indicated. Arrows rep-
resent observed side chain-base interactions and DN A involvesresidues - 1, 3
and 6 of the helix. Each finger also uses residue 2 to contact a flanking base in
the secondary strand of the DN A, although the hydrogen binding geometry is not
ideal for those involving fingers one and three (represented by broken lines). The
c-terminal finger binds near the 5’ end of the primary strand, and thus the fin-
gers (proceeding in the conventional N - > C order) bind * anti-parallel’ with
respect to the conventional (5° ->3' ) direction of the primary DNA strand.
(Reproduced from (8)).

Optimisation of C;H,Zinc fingers —
Numerous studies have used phage display methods or design methods to explore



Confidential Page 5 09/28/2000

been performed to optimise the linker length between the two three-finger proteins and the
ideal consensus DNA motif. The use of short linkers (TGEKP) to connect fingers gives
only modest increases in affinity, probably due to unfavourable docking of the resulting six
finger protein on DNA, i.e. the helical periodicity of the zinc fingers does not quite match
the helical periodicity of dightly relaxed B-DNA. With the utilization of longer, more
flexible linkers (such as the 11aa RQKDGGGSERPY), two three zinc finger domains have
been linked resulting in a six finger factor which binds the appropriate 18-bp motif >6000
fold more tightly than the individual parent three finger factors (12).

Experimental design -

The construction of a smple repression switch (Figure 3) in the budding yeast
Saccharomyces cereviscae will be undertaken to identify appropriate Zinc-fingers for the
toggle swich. S cereviscae is chosen as a modd organism for its ease of use and
representation of the eukaryotic system. A number of factors will be addressed in these

initial experiments.

Of the C;H, Zinc fingers available which are the most potent ?
Do they regulate the expression of any endogenous genes (non-specific binding ?)
Do the reporter constructs demonstrate dose-dependence ?

How stable are the proteins ? If too stable they will be unsuitable for a switch.

a M w DN P

Characterization of the transfer curve

Choice of C;H, Zinc finger -

Ac dtaterd manv/ tranarrintinn fartare in alllkaruntee from vead tn hiimane cnntain
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The complexity of the yeast genome (»1.8Mb) makes the design of gene-specific
transcription factors a formidable challenge. Idedlly the chosen factor(s) will specificaly
regulate the expression of the few target genes among the thousands present in the
genome. The standard DNA motif recognised by a C;H, Zinc finger covers 9 - 11
nucleotides and this can be bound with a Kd of 2 — 120 pM with aratio of specific to non-
gpecific binding approaching 300,000 in the best case (21) (Table 1). A combinatorial
approach to improve specificity still further is possible. This can take the form of targeting
the gene of interest with two or more recombinant factors or directly fusing two zinc finger
proteins, each recognizing adjacent but non-overlapping 9 base pair motifs to yield highly
specific DNA-binding proteins (9, 12, 14). Desgner proteins containing X zinc finger
domains have been described in which two three-finger proteins are fused via improved
linker segments and recognise 18 — 20bp motifs with femtomolar dissociation constants
(10, 12).

An dternative method of increasing the affinity of zinc fingers has also been described — the
addition of a Gal4 domain (18) or peptide sequences (20) which mediate dimerization to a
characterized ZnF significantly increases its affinity. The increase in affinity can be of the
order of 1000-fold in the best case. Thisis of interest for a number of reasons — the most
relevant being that these proteins might lend themsalves more readily to destabilisation and

the creation of a useful repression switch.

The repression smtch -
The design of the first toggle-switch is shown in Figure 1. The steps to achieve this
are outlined in Figure 4. A smple repression switch will be created to assay the ability of
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If stability of ZnF's now <hrs
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(Figurel)
Figure4 - Experimental design

Experimental design for testing the activity of each Zinc finger (ZnF) is depicted. The relation of
each step to the creation of the simple repression circuit (Figure 3) and toggle switch (Figure 1) is shown.
The utilisation of azinc finger in the toggle switch is dependent on it satisfying the indicated criteria.
Thus adesirable zinc finger will show;

(i) minimal background binding to the yeast genome (orders of magnitude below binding to its specific

recognition sequence),
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b. Whole cdl extracts will be prepared from strains containing the Zinc fingers and
checked for expresson level and binding to the appropriate DNA moatif in Gd shift
assays. The creation and expression of a ZnF/Y FP fusion will alow us to determine the
expression level on a cell by cel bass to determine if there are any cell cycle effects.
Also examined at this stage will be the dose dependence of the Gal promoter.

c. The creation of the smple represson circuit will allow us to guage the binding
characteristics of each finger in vivo. Also as the Zinc fingers will be under the control
of the Galactose promoter it is a Smple matter of switching the sugar source to allow
expression or repession of the proteins. Expression of a ZnF/YFP fusion will allow us
to determine the expresson leved on a cel by cdl bass to directly relate gene
expression with expression level. Flow measurement will be used for quantification of
expression levels and identity of input-output relationship (YFP.GFP). Simultaneous
measurement of all by FACS as described (22).

The stahility of the zinc-fingers is expected to be a problem in the first instance. Ecdysone
mediated inducible expresson has been performed in human cedls with ether the three
finger 293 or six finger 293/NRE, binding of which leads to transcriptional repression of
the marker gene Luciferase (10). Following withdrawal of the inducer, 293/NRE mediated
repression was found to be long lived (>48hrs) due to the extreme stability of the protein.
This makes 293/NRE unsuitable for the creation of a switch in its unmodified form. It is
possible, however, to reduce the half-life of proteins significantly by the addition of specific
peptide sequences which target them for degradation (15). This approach will be attempted

to modify the stability of the zinc fingers to increase their usefulness.
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which can give effective represson when bound to a ste far downstream of the
transcription start site (3). In general however, it appears that isolated C,H, Zinc fingers
can block transcriptional initiation but not e ongation (10).

It is possible to increase the blocking ability of C,H, Zinc fingers by linking them directly to
transcriptional repression domains such as the Kruppel-associated box (KRAB) domain (1,
14) or the engrailed repressor domain (8). Care needs to be taken with this approach
however: zinc finger-KRAB fusions are likely to affect the expression of many genes other
than that intended as the KRAB domain has the ability to act over large distances or
somehow sequester essential transcription factors (10). C,H, Zinc finger — activation
domain fusions have also been described (2).

The toggle-swmitch -

A functional toggle switch in Saccharomyces cereviscae is the aim of this project.
The steps leading to this are outlined above and a schematic of the switch is outlined in
Figure 1. The circuit described is envisioned to employ two six-finger C;H, proteins with

18bp recognition motifs.

Four constructs are utilised in the circuit -

A. HA-tagged ZnF1 under the control of the inducible GAL promoter

B. Congtitutive Tfal promoter regulating expression of a di-cistronic mRNA encoding
two ORFs, ZnF2 and GFP (or more likely a ZnF2:GFP fusion protein). The
expression of di-cistronic messages and active internal ribosome entry sites (IRES)

has been previoudy described in Saccharomyces cereviscae (7, 17). There is a

7nF1 hindinn dte hatweon tha Tfal nromnter and the 7nF2/(GFP mRNIA tn allray



Confidential Page 11 09/28/2000

Thus the circuit encodes two fluorescent proteins, GFP and YFP, both yeast-optimised
forms. Simultaneous measurement by FACS will be used for quantification of expression
levels (22) and identity of input-output relationship (Y FP:GFP).

If it works, what then ? -

A demonstration that the toggle switch is functional in yeast is a large step forward
and one that will be relatively easy to transfer to other eukaryotic systems - as mentioned
C.H, Zinc-finger proteins are used by all eukaryotes. We have a number of possible
applicationsin mind.
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