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Design and Characterisation of an Artificial
DNA-Binding Cytochrome

D. Dafydd Jones*™® and Paul D. Barker®

We aim to design novel proteins that link specific biochemical
binding events, such as DNA recognition, with electron transfer
functionality. We want these proteins to form the basis of new
molecules that can be used for templated assembly of conduct-
ing cofactors or for thermodynamically linking DNA binding with
cofactor chemistry for nanodevice applications. The first exam-
ples of our new proteins recruit the DNA-binding basic helix
region of the leucine zipper protein GCN4. This basic helix region
was attached to the N and C termini of cytochrome b, (cyt bss,)
to produce new, monomeric, multifunctional polypeptides. We
have fully characterised the DNA and haem-binding properties of
these proteins, which is a prerequisite for future application of
the new molecules. Attachment of a single basic helix of GCN4 to
either the N or C terminus of the cytochrome does not result in
specific DNA binding but the presence of DNA-binding domains
at both termini converts the cytochrome into a specific DNA-
binding protein. Upon binding haem, this chimeric protein at-

Introduction

Current interest in self-assembling nanodevices suggests that
it would be useful to link biological activity to an electron
transfer reaction within a protein device. The resulting proteins
could be designed to self-assemble at specific locations upon
well-defined macromolecular scaffolds that would form the
basis of current-carrying molecular devices and ultimately act
as transistors in which the gating voltage is replaced by a bio-
chemical process. How proteins may ultimately be used in
electronic devices is a matter for discussion, but the ability to
design and construct proteins with new functions is now be-
coming a reality”"* and it is useful to direct some protein engi-
neering towards these goals. Although it might seem simplest
to use the biological function of natural redox proteins out of
context in electronic devices, natural proteins have evolved in
very different environments to those ultimately required for
electronic device construction. We therefore believe that pro-
teins must be radically redesigned or new scaffolds created for
use in electronics, although natural proteins will clearly provide
inspiration and guidance for construction of molecules with
novel electronic functions. Ligand binding has been exploited
as a method for controlling protein conformation and hence
function."*¥ Herein we describe the design and construction
of a chimeric protein that marries two disparate functions,
electron transfer and DNA binding, by combining two separate
proteins in a single unit capable of carrying out both the origi-
nal functions.
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tains the spectral characteristics of wild-type cyt bss,. The three
forms of the protein, apo, oxidised holo and reduced holo, all
bind the designed (ATGAcgATGA) target DNA sequence with a
dissociation constant, K, of approximately 90 nm. The protein
has a lower dffinity (K, ca. 370 nm) for the wild-type GCN4 recog-
nition sequence (ATGACTCAT). The presence of only half the con-
sensus DNA sequence (ATGAcgGGCC) shifts the K, value to more
than 2500 nm and the chimera does not bind specifically to DNA
sequences with no target recognition sites. Ultracentrifugation re-
vealed that the holoprotein-DNA complex is formed with a 1:1
stoichiometry, which indicates that a higher-order protein aggre-
gate is not responsible for DNA binding. Mutagenesis of a loop
linking helices 2 and 3 of the cytochrome results in a chimera
with a haem-dependent DNA binding affinity. This is the first
demonstration that binding of a haem group to a designed
monomeric protein can allosterically modulate the DNA binding
affinity.

Cytochrome by, (cyt bse,) is a haem-binding four-helix-
bundle protein (Figure 1) found in the periplasm of Escherichia
coli and has been the subject of extensive structural, folding
and protein engineering studies. The haem group is noncova-
lently attached to the protein through two ligands, a methio-
nine residue (Met7) towards the N terminus and a histidine res-
idue (His102) towards the C terminus, both of which coordi-
nate the haem iron moiety.”® Upon cofactor binding, major
structural and dynamic changes occur in the polypeptide,”'”
particularly in the fourth helix, which changes from a dynamic
structure into a unique fully-formed helix locked in its confor-
mation by the coordination of His102 to the haem iron moiety.
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Figure 1. a) Structures of GCN4 (Protein Databank (PDB) file 1YSA) and oxidised
holocytochrome b, (PDB file 1QPU), together with a modelled, schematic
structure of the target chimeric protein, NCgzbss,. The BHRs are coloured blue,
the leucine zipper is orange, the cytochrome is red and the haem group is
shown in green. The loop region, replaced by KA, AKA and AKRA in some of the
designed proteins, is coloured cyan in the cytochrome structure. The N and C
termini are indicated as N and C, respectively. b) A schematic outline of the
chimeric proteins constructed. Colour coding as in (a). BHR, basic helix region.

One of the major mechanisms that proteins use to bind
DNA with high affinity is dimerisation, which allows the protein
to recognise and bind palindromic DNA sequences."" An ex-
ample of a protein that uses such a mechanism is GCN4
(Figure 1), a member of the leucine zipper (bZip) family of
DNA-binding proteins."'® GCN4 consists of a leucine zipper
sequence, responsible for dimerisation, and a basic helix
region (BHR) that binds one half site of the DNA recognition
sequence. The leucine zipper region of GCN4 is largely struc-
tured but the helical nature of the BHR is induced upon bind-
ing to DNA. Both the BHR and the leucine zipper region of
GCN4 have been the subject of many protein engineering ex-
periments. Several groups have successfully removed the re-
quirement for the leucine zipper for DNA binding by covalently
linking two BHR peptides together with a disulfide bridge.'*®
Ceunoud and Schepartz!"”'® have mimicked the covalent link-
age by attaching metal chelators to the C-terminal BHR region
so that dimerisation is mediated by metal binding.

We have taken this approach in a new direction by linking
BHR peptides to a functionally unrelated metalloprotein in a
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way that integrates the two disparate functions in a monomer-
ic protein unit. We describe herein the construction of this
novel protein, which unites the inherent electron transfer activ-
ity of cyt by, with the DNA-binding properties of the BHR of
GCN4. Our initial objective was to determine the basic features
of this new scaffold so as to assess whether or not two such
distinct and unrelated proteins can be successfully married. In
particular, we have assessed its affinity, sequence specificity
and integrity, which are properties we need to understand for
future use of these proteins in nanodevices.

Results and Discussion
Design

Dimerisation of GCN4 through the leucine zipper region is es-
sential for high-affinity, specific binding to DNA,"2" so mim-
icking this dimerising property is an intrinsic requirement of
our monomeric protein design. One of the initial criteria used
to select cyt bsg, was that the N and C termini of the four-helix
bundle of the cytochrome are close enough to each other in
space to allow the correct placement of GCN4 BHRs relative to
each other when they are attached to the termini. The inher-
ent flexibility of the termini of cyt b, allows the BHRs to
sample the required conformational space to determine DNA
binding. When BHRs are present at the termini, DNA binding
should occur; cyt by, replaces the dimerisation function of the
leucine zipper region of GCN4.

Combining two DNA-binding helices in one polypeptide in
this manner has one obvious and important structural conse-
quence; the BHRs will have the opposite orientation (antiparal-
lel) to that (parallel) of the BHRs in GCN4 (Figure 1). There is no
absolute requirement for the DNA-binding helix to be at the N
terminus since transcription factor Skn1 has one BHR-like rec-
ognition helix at its C terminus and recognises a DNA se-
quence equivalent to the half-site of AP-1.22 Furthermore,
studies with synthetic peptides of the Jun bZIP BHR dimerised
through N- or C-terminal cysteine residues have shown that
the nature of the recognition of the DNA sequence half-sites
depends upon the orientation of the basic regions with re-
spect to each other (parallel versus antiparallel).**

As mentioned above, the structural changes accompanying
haem binding to cyt bs, are relatively well understood. The
large amount of free energy (around 15 kJmol %) that is
made available upon cofactor binding could also be linked to
processes other than the folding of the cytochrome. This
energy is oxidation-state dependent, so there is a thermody-
namic link to electron transfer activity. Such a high-energy cou-
pled folding process could be utilised to modulate DNA bind-
ing activity. Another important reason for selecting cyt by, as
the scaffold is the position of the loop linking helices 2 and 3,
close in space to the proposed point of attachment of the
BHRs and hence the DNA binding site (Figure 1). Recent stud-
ies have shown that the size and nature of this loop can influ-
ence the properties of the cytochrome as a whole (see below).
This loop could therefore be used to influence the properties
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of the chimera either by direct binding to the DNA or by allo- 418 nm upon oxidation of the proteins (Figure S1). This reten-
steric modulation of the stability of the protein. tion of the cytochrome spectral properties by the new chimer-
Three chimeric cyt bsg, proteins were constructed, two with  ic proteins indicates that the four-helix bundle and, more im-
the GCN4 BHR at either the N or C terminus (Ngbss, and  portantly, the first and fourth helices (containing the ligand-
Canrbsea, respectively) and the third with a BHR at both the N binding residues) are structurally intact. The haem environ-
and the C terminus (NCgyrbse,; Figure 1). The properties of the  ment is thus unaltered. The affinity of each of these constructs
former two proteins illustrate the requirement for two BHRs  for ferric haem was measured by titration with free haem at
acting cooperatively to acquire tight, site-specific DNA binding.  pH 8.0. We found that the dissociation constants of these pro-
No additional linking sequence was added between the two  teins (20-50 nm) were slightly higher than that of the wild-
functional components. We also studied three examples of type protein (5-10 nm).?¥ The affinity of wild-type cyt by, for
mutants of NCggbse, in which changes were made to the loop  reduced haem has been calculated as much higher than these
joining helices 2 and 3. Specifically, the residues from Glu49 to  values (K, 10 pm) and so far has not been measured directly
Glu57 were replaced by KA, AKA or AKRA. by any method. We conclude that attachment of the DNA-
The potential DNA recognition site was chosen rationally  binding helices to the wild-type cytochrome does not signifi-
according to information relating to GCN4 and Skn1. As the  cantly alter the intrinsic haem affinity.
topology of one of the BHR helices is inverted in our chimeric The affinity of the protein NCgbse, for oxidised haem was
proteins, the predicted recognition sequence (dsNC1, ATGAc- also measured in the presence and absence of the target
gATGA) for the NCgbss, construct has one half-site inverted.  double-stranded oligonucleotide, dsNC1. Experiments were
The half-sites are separated by CG base pairs. The natural DNA  performed by addition of haem to solutions of protein or pre-
recognition sequence for wild-type GCN4 is dsGCN4 (ATGACT-  formed protein/DNA mixtures, or vice versa. The dissociation
CAT), but we did not assume that this sequence is optimal for  constant for the haem-NCggbss, complex is 30-50 nm and is
NCgprbse,. Previous work has shown that GCN4 in fact only re-  independent of the presence of DNA. Addition of DNA to the
quires one half-site of the palindromic sequence to bind to  preformed protein-haem complex did not result in any
DNA.”®! Therefore, NCgrbss, may show some limited binding  changes in the haem spectrum.
to dsGCN4 but the affinity should be lower than that for bind-
ing to the designed optimal recognition sequence, dsNC1. To
rule out the possibility of one BHR playing the predominant
DNA-sequence-specifying role with the other BHR making sta-  Traditional gel mobility shift assays (GMSA) were used to estab-
bilising yet nonspecific phosphate interactions, binding to  lish whether the chimeric proteins have the ability to recognise
DNA with only one half of the recognition sequence (dsNC'/,,  and bind DNA. When the NCgybse, chimera was in the apo
ATGAcgGGCC) was assessed. Oct2a is a double-stranded form, tight and specific DNA binding was observed (Figure 2a)
oligonucleotide with no poten-
tial binding sites and was used
to monitor nonspecific DNA

DNA binding and specificity of NCgbsc,
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. form, DTT was replaced by potassium ferricyanide. d) Graphical representation of the extent of binding of the three
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in their reduced form and the
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in the presence of 5 nm digoxigenin (DIG)-labelled dsNC1 and
competitor DNA (poly-I-C). The equilibrium dissociation con-
stant was 92+6nm (Table 1) under these conditions and
dropped to below 10 nm in the absence of competitor DNA
(data not shown). This result compares favourably with the K,
value (90 nm in the presence of competitor DNA) most recent-
ly determined by GMSA for wild-type GCN4 (Table 1 and
ref. [25]). We have generated a protein that recognises a DNA
sequence different from that recognised by the parent GCN4
and maintains a high binding affinity despite alteration of the
orientation of the DNA-binding helices.

The K, value of the holo™ form of the chimera is 9643 nwm,
which is similar to that of the apo form. The K, value of the
oxidised form is only slightly higher at 1254+8 nm (Figure 2,
Table 1). These results show that each state of the protein

half-site. Structural studies have shown that each BHR is sepa-
rated into two units, one that recognises the inner two bases
and another that recognises the outer two bases of the half-
site. If the N-terminal BHR of NCgygbse, binds correctly to the
consensus half-site, then the C-terminal BHR region may parti-
ally bind to the other half of the sequence. It is possible that
such interaction occurs with dsGCN4 and leads to stabilisation
of the complex. The second half of dsGCN4 could be split into
two regions, TC and AT, recognised by the two units of the
BHR. If the same principle is applied to dsNC1, the two DNA re-
gions would be AT and GA; the AT region is common to both
dsNC1 and dsGCN4. It may well be that the BHR at the C ter-
minus of NCgbse, has sufficient conformational freedom to
allow recognition of the AT unit of dsGCN4 by its correspond-
ing BHR unit, but the GA unit is not recognised. This partial
recognition will account thermo-
dynamically for the difference in

Table 1. Equilibrium dissociation constants of the apo, holo™

with dsNC1 and dsGCN4 DNA (for sequences, see the Experimental Section).””

K, for binding dsNC1 DNA [nM]

and holo®™ forms of the chimera proteins for binding

K, for binding dsGCN4 DNA [nM]

Kp values and also suggest that
the chimera still provides a high
degree of specificity. If this is the
case, removal of the AT unit (or

Protein Apo Oxidised Reduced Apo Oxidised Reduced

NCairbss, 92+6 96+3 12548 372+£25 358437 382488 potentially thg GA unit) from the
Nasbss NBU! NB NB NB NB NB second half-site should reduce
Corrbssa NB NB NB NB NB NB the ability of NCgygbss, to bind
AKRA-NCgyiabss; 135417 nd 70+6 59025 nd 210+16 DNA. The binding of the chimera
AKA NCgigbss, 535471 nd 649452 > um nd > M 1

KA NCopsbse, 1349 nd 162413 nd nd nd to dsNC/; demonstrates that
GCN4 nd nad na 90 na na the hypothesis is correct since K

not determined. [d] na, not applicable. [e] See ref. [25].

[a] The K, values were calculated by determining the fraction of DNA bound to protein at a fixed DNA concen-
tration by using densitrometry and curve fitting.*”’ [b] NB, no binding observed in GMSA experiments. [c] nd,

values of more than 2500 nm
were observed for binding of all
forms of the chimera to this se-

maintains the same binding affinity for the DNA target se-
quence. Although binding occurs under equilibrium condi-
tions, the electrophoresis procedure removes the system from
equilibrium. Experiments with the wild-type cytochrome alone
indicate that the haem group remains associated with the pro-
tein under nondenaturing electrophoresis conditions. Absolute
proof of this association is provided by the results of analytical
ultracentrifugation experiments (see below).

When only one BHR was present at either the N or C termi-
nus, as in Ngibse, and Cgygbse, respectively, no specific DNA
binding to dsNC1 was observed in the GMSA assays (Figure 3).
We conclude that the two BHR regions of the NCgyzbss,
chimera act cooperatively to achieve tight and specific DNA
binding.

Two oligonucleotides, dsGCN4 and dsNC'/,, were used to in-
vestigate the specificity of the NCgzbse, chimera with respect
to half-site recognition. All three forms of the chimera (apo,
holo™ and holo™) were tested against dsGCN4 and the K
values (372425 nm, 382+37 nm and 358+ 88 nm, respective-
ly) were found to be a factor of four higher than those mea-
sured for the proposed optimal recognition sequence, dsNC1
(see Figure 2d and Figure S2b in the Supporting Information).
The binding of the protein to dsGCN4 may result from residual
contacts between one BHR region and part of the nonoptimal
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quence (see Figure S2a in the
Supporting Information; Table 1),
a 30-fold increase in dissociation
constant compared to the values determined for dsNC1. These
results also demonstrate that the chimera has a higher degree
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Figure 3. Effect of attachment of a single BHR to either the N (Ngzbss,) or C

terminus (Cg.zbss;) on the ability of cyt by, to bind dsNC1 DNA. Conditions as
described in the legend of Figure 2 and the Experimental Section.
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of specificity than the wild-type GCN4 protein, which has a Kp
value of 800 nm for a similar DNA sequence with only one
half-site.”™ The weak binding that occurs between the chimera
and dsNC'/, could be the result of the N-terminal BHR of
NCgrbse, retaining the ability to recognise the consensus half-
site and the C-terminal BHR making weak, peripheral phos-
phate backbone contacts. This hypothesis also explains why
no binding is observed when one BHR is attached to either
the N or C terminus (Figure 3)."

A third sequence, Oct2a DNA, that bears no relationship to
dsNC1 was investigated. Neither the apo nor the holo™ form
of the chimera bound Oct2a DNA specifically below 1 mm (see
Figure S3 in the Supporting Information). These data indicate
that binding of the chimera to dsNC1 is specific to that DNA
sequence and the protein can discriminate between closely
related sequences.

DNA-protein binding stoichiometry

The complex formed by NCgybss, and dsNC1 DNA was ana-
lysed by equilibrium ultracentrifugation to determine the mo-
lecular weight of the complex and hence its stoichiometry. Ex-
periments performed with a chimera containing an oxidised
haem moiety allowed the sedimentation behaviour of the
haem-containing material to be measured independently (at
420 or 562 nm) of that of the protein or nucleic acid. The apo
and oxidised holoproteins were sedimented alone and in the
presence of dsNC1 DNA. The apparent molecular weights of
apo and holo NCggbss, were measured as 17300 Da and
17500 Da, respectively. Analysis of 1:1 mixtures of the protein
and nucleic acid at three different concentrations well above
the K value indicated that a single species with an apparent
molecular mass of about 39000 Da was present. This mass is
very close to the expected molecular weight of the 1:1 pro-
tein—-DNA complex (40844 Da). Spectra of samples containing
haem were recorded from 700 to 400 nm at several radial posi-
tions in the centrifugation cell and the results showed that the
haem remained fully complexed with the protein. There was
no evidence of the existence of higher-order aggregates.

Alteration of the loop linking helices 2 and 3 of cytochro-
me b, affects DNA binding

One part of the four-helix bundle that may have a direct steric
and/or electrostatic influence on DNA binding is the loop be-
tween helices 2 and 3 in cytochrome by, (Figure 1). This 15
amino acid loop is dynamic and not specifically structured in
the apoprotein but is much more ordered in the holoprotein.
In the context of the chimeric protein, our models predict that
this loop is the part of the four-helix bundle closest to the
DNA within the DNA-protein complex. As part of a different
project aimed at examining the role of this long loop in the
stability and haem affinity of cytochrome by, we replaced this
15 amino acid sequence with a variety of shorter sequences. A
detailed thermodynamic analysis of the resulting proteins® re-
vealed that, in the cytochrome alone, removal of all 15 resi-
dues is tolerated and the protein retains significant stability
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and haem affinity. We incorporated some of these specific loop
deletions into our chimeric NCggbse, proteins. For example, re-
placement of residues Glu49-Glu57 with the sequence AKRA
results in a protein with interesting properties. This loop-short-
ened chimera binds oxidised haem with a slightly lower affinity
than the wild-type protein (K, =100 nm). However, the affinity
of this loop-shortened protein for DNA is dependent on the
presence or absence of haem (Figure 4). The dissociation con-
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Figure 4. DNA binding selectivities of AKRA NCpgisbss, and AKA NCgebss,. a) The
affinities of apo and holo™® NCybss, AKRA for dsNC1 and dsGCNA4. U signifies
unbound DNA and B refers to the protein-DNA complex. A graphical represen-
tation of the extent to which the two forms (holo™®, m; apo, e) of AKRA-
NCpirbss, bind to (b) dsGCN4 and (c) dsNC1 DNA is shown. The binding of the
apo (e) and holo™ (a) forms of AKA NCybss, to dsNCT1 is also shown in (c).
The fraction of DNA bound to protein was determined by densitometry and
each solid line represents a least-squares fit to the data. Data for the oxidised
holoproteins are left out for clarity. The K, values for DNA binding of this form
of each protein were, within experimental error, the same as those of the equiv-
alent, reduced holoprotein.
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stants of the apoprotein and reduced holoprotein for dsNC1
DNA are 135 nm and 70 nwm, respectively, while the values for
binding to dsGCN4 DNA are 590 nm and 210 nwm, respectively.
The difference between the binding affinities of the two forms
is greater for binding to the dsGCN4 DNA than for the higher-
affinity binding to dsNC1 DNA. In both cases, the K values for
the two forms of the protein straddle those observed for the
full-length, parent construct. The complex subsite recognition
discussed above may be relevant in this context. We observed
a threefold difference in DNA binding affinity between the apo
and holo forms of the protein and we believe that this is the
first evidence that haem binding can be coupled to DNA bind-
ing in this chimeric construct. Other loop replacements provide
further evidence that the loop sequence can influence function
in the context of the chimera. In some cases, there is a general
decrease in the affinity of the chimera for DNA without loss of
specificity (Figure 4). For example, the K values of the AKA
NCgprbss, protein for binding to dsNC1 (535471 nm and 649 +
52 nm for the apo and reduced holo forms, respectively) are
lower than those of NCggbsg,, While the Kj values for binding
to the nonoptimal dsGCN4 sequence are above the micromo-
lar range (Table 1). The binding affinity of the KA NCgzbs, pro-
tein is little altered for either DNA sequence compared to the
values measured for the NCgyrbse, protein with the full-length
loop (Table 1).

We believe that the origin of the link between haem and
DNA binding in these proteins lies in a coupled folding process
and that the stability of the four-helix bundle is lowered and
its flexibility constrained by loop shortening. DNA binding
therefore increases the stability of the protein and preorders
the helical bundle for haem binding, or vice versa. Our data
show that the cytochrome is not just a passive scaffold for dis-
playing DNA-binding helices and that further engineering of
the cytochrome is a valid route to stronger coupling.

Conclusion

We have successfully integrated the very dissimilar functions of
two proteins into one monomeric protein to create a novel,
DNA-binding cytochrome. The new protein retains the spectral
characteristics of wild-type cyt bsg, but has gained the ability
to bind DNA. The absence of any high-affinity, specific DNA
binding by chimera proteins with only one BHR region shows
that two BHRs are required to act cooperatively to bind DNA.
Binding by the chimera NCgbse, to its specific DNA target
occurs with an affinity comparable to that of GCN4. The com-
plex formed is specific, with a 1:1 ratio of protein to double-
stranded DNA. No higher-order aggregates are formed. This
work represents the first characterisation of such a system that
illustrates the potential of these molecules for precise assembly
in defined locations on DNA and introduction of cofactor
chemistry into DNA nanostructures.

The chimera shows a high degree of selectivity for the DNA
sequence it recognises. The tightest binding was observed
with dsNC1 DNA, which has a recognition sequence designed
to take into account the topological reversal of the BHR region
attached to the C terminus of the cytochrome. The K, value
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for dsGCN4 DNA is a factor of four higher than that for dsNC1
DNA, which confirms the discriminatory nature of NCggbse,.
Such binding to dsGCN4 DNA could be attributed to the mod-
ular (“24+2") nature of the binding of the BHR to the DNA rec-
ognition element; two base pairs in the half-site may be
bound rather than the full four. Such an event could explain
why the Kj value is not as high as expected since limited spe-
cific binding provides a degree of stability within the complex.
Binding to the full palindromic sequence is required since the
removal of one half-site from the DNA (dsNC'/,) results in a
dramatic shift of the K value to much higher values (> um). It
appears that NCgrbse, can discriminate between DNA sequen-
ces to a greater extent than is achieved by GCN4. Importantly,
cytochromes with only one BHR region exhibit no specific DNA
binding activity at all. The selectivity of NCggbse, is also dem-
onstrated by the lack of any binding to Oct2a DNA.

The construct based upon the wild-type cyt by, protein
sequence binds DNA with an affinity that is independent of co-
factor binding or cofactor oxidation state. Such a feature is de-
sirable if this protein is to be used to assemble porphyrin bind-
ing sites into an ordered conducting array on DNA. If confor-
mational coupling is required then engineering of the long
loop in the four-helix bundle represents one route to a suitable
protein and our initial results with constructs designed for this
purpose are described above. Replacement of part of the long
loop with the sequence AKRA results in a protein whose affini-
ty for the dsGCN4 oligonucleotide is linked to its affinity for
haem. When the equivalent loop residues are replaced by AKA,
the affinity for DNA decreases without apparent loss in specif-
icity. The influence of the sequence of this loop upon the DNA
affinity may reflect some additional direct interactions between
this loop and the bound DNA (reminiscent of Skn-1). However,
we believe that the principle mechanism linking changes in
the cytochrome sequence to changes in DNA affinity is the
coupled folding energy that links the cytochrome stability with
the BHR stability. Engineering such indirect cooperative inter-
actions may therefore be key to exaggerating the coupling of
the functions. The GCN4 and cyt b, proteins alone show allo-
steric properties in the sense that their fold is dependent on
the presence or absence of DNA and haem, respectively. We
have shown herein that joining the two proteins together
allows transmission of this conformation-dependent ligand-
binding behaviour between the different proteins upon further
engineering of the basic scaffold.

Recent work has revealed that nature has used conforma-
tional coupling of haem chemistry with DNA chemistry to gen-
erate a carbon monoxide sensor. The CO sensor from the bac-
terium Rhodospirillum rubrum, CooA, is a transcription factor
that activates the expression of certain genes in response to
CO.” CooA is a homodimer containing one haem group per
subunit, but the axial ligands of each haem are provided by
both subunits in a domain-swapping manner.”® As with other
haem proteins, CooA is unable to bind CO when the haem Fe
moiety is oxidised. Upon reduction, there is an unusual switch
of axial ligands in the six-coordinate haem group and one of
the axial ligands is displaced by CO. This binding stabilises a
conformation of the dimeric protein that allows high-affinity
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sequence-specific DNA binding, which leads to transcription of
the coo genes. It is thus clear that haem chemistry and DNA
binding can be coupled within a single polypeptide unit. CooA
has evolved for a very specific role in vivo and our project at-
tempts to create a different basic scaffold that can be engi-
neered or evolved in vitro to give a protein more suited to
device construction. One goal of this project is to generate a
protein in which DNA binding and the electronic state of the
haem group are functionally linked. Another key target is the
alignment of metalloproteins into a conducting chain. As they
stand, the proteins described herein will clearly generate a spe-
cific metalloporphyrin binding site at a desired location on a
double-stranded DNA molecule. Careful design of DNA se-
quences containing adjacent recognition sites for the proteins
could allow us to align a chain of metalloporphyrins on a DNA
template by using our DNA-binding cytochromes. This idea is
currently under investigation by single molecule methods.
DNA is being exploited as an excellent material for creating
self-assembling nanostructures and our novel proteins provide
an integrated route to incorporation of specific redox chemis-
try into these structures.

Experimental Section

DNA manipulation: Wild-type cyt by, was subcloned from the
pPB10 vector® into pBluescript Il KS (Stratagene) between the
Xbal and EcoRV sites. Prior to subcloning, new restriction sites cor-
responding to Stul and Nrul were introduced into the cyt bss, gene
by splice-overlap mutagenesis.?**" The addition of the basic
region of GCN4 to cyt by, was carried out by cassette mutagene-
sis.?? To construct the N-terminal GCN4-bs,, chimera, the cyt bs,
gene was cut with Nrul and Bglll and the oligonucleotide cassette
encoding the GCN4 basic region was inserted between those sites.
To synthesise the C-terminal GCN4-b,., chimeric protein, the oligo-
nucleotide cassette encoding the reversed GCN4 BHR was inserted
between Stul and Xbal sites. To construct the N and C-terminal
GCN4-bs, subgene, both cassette mutagenesis procedures were
performed. The leader sequence used to direct cyt b, to the peri-
plasm was removed by PCR amplification of the genes coding for
the mature proteins alone. All the GCN4-b.,, genes were inserted
between the Ncol and BamH]I sites of a pET11d plasmid (Novagen).
Genes coding for three proteins in which the 15 amino acid loop
between helices 2 and 3 of cytochrome by, is significantly short-
ened were generated by amplification of two halves of the gene
by PCR, followed by splicing of these separate PCR products. In
the resulting mature protein sequences, the nine-residue stretch
EDKSPDSPE is replaced by the sequence AKRA, AKA or KA. The
entire sequence of each of the genes generated was confirmed by
sequencing (Biochemistry Department Sequencing Service, Univer-
sity of Cambridge) prior to expression.

Protein purification: The above constructs were expressed in
E. coli BL21 Gold (Novagen) cells. A single colony was used to inoc-
ulate a one-litre culture of 2xTY medium containing ampicillin
(100 pgmL™"). At an absorbance at 600 nm (A, of 1.0, the cells
were induced by the addition of isopropyl-f-b-thiogalactopyrano-
side (1 mm) and left at 30°C overnight. The cells were harvested
and resuspended in tris(hydroxymethyl)aminomethane (Tris)-HCl
(15 mL per litre of medium, pH 7.4, 100 mm) and ethylenediamine-
tetraacetate (EDTA; 5 mm). The cells were lysed with a homogenis-
er (Emulsiflex-C5, Avenstin) and spun at 39000 g (18000 rpm in an
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SS34 rotor, Sorvall RC-5B) for 30 min. The supernatant was applied
to a Sepharose S column in Buffer A (20 mm Tris-HCl, pH 7.4, 1 mm
DTT) and developed with an NaCl gradient. The pooled fractions
were concentrated and applied to a Sepharose 75 gel filtration
column equilibrated in Buffer A containing NaCl (300 mm). The apo
and holo forms of the proteins were separated on a 1 mL mono S
column developed with Buffer A by using a NaCl gradient under
reducing conditions. The charge difference between the reduced
holo and apo forms is 4 2. The holoprotein could be produced by
adding haem (1.5 equiv) to the apoprotein. Excess haem and apo-
protein were removed by using a mono S column under reducing
conditions, as described above. The apoprotein was judged to be
homogeneous based on the results of sodium dodecylsulfate gel
electrophoresis and high-resolution ion exchange chromatography.
Protein concentrations were determined spectrophotometrically
by using the following extinction coefficients: 3000m 'cm™' at
277 nm for the apoprotein; 117000m 'cm™' at 417 nm and
181000Mm 'ecm™" at 427.5 nm for the oxidised and reduced holo-
proteins, respectively. Full haem occupancy of the chimeric pro-
teins was confirmed by titrating the proteins with haem and moni-
toring any further haem binding. The extinction coefficients were
estimated by monitoring the absorbance of the proteins during ti-
tration with haem and are virtually identical to those of the parent
proteins. Haem insertion or removal was performed as previously
described.” Reduction and oxidation were achieved by the addi-
tion of dithiothreitol or potassium ferricynide, respectively, fol-
lowed by removal of the reductant/oxidant by ultrafiltration if
necessary.

The proteins were checked for correct expression and proteolytic
fragmentation by measuring the mass of each protein by ESI mass
spectrometry (Quattro LC, Micromass) under acidic denaturing con-
ditions. In all cases, the measured masses were within 2 Da of the
expected values.

Gel mobility shift assay using digoxigenin-labelled oligonucleo-
tides: The gel mobility shift assay was performed according to the
instructions accompanying the DIG gel shift kit supplied by Roche
Biochemicals. 5'-DIG-labelled oligonucleotides were synthesised at
TAG Copenhagen and annealed by heating equimolar mixtures of
complementary oligonucleotides to 95°C for 5 min then cooling
them to 20°C at 0.1°Cs™'. The sequences of the labelled double-
stranded oligonucleotides used in the gel mobility shift assays are
(only one strand shown, with predicted target sequence capital-
ised):

dsNC1, 5'-gcctaggttaaacgATGAcgATGAcggtataggtcggg-3’;
dsGCN4, 5'-gcctaggttaaacgATGACTCATcggtataggtcggg-3';
dsNC'/,, 5'-gcctaggttaaacgATGAcgGGCCcggtataggtcggg-3;
Oct2a, 5'-gtacggagtatccagctccgtagcatgcaaatcctctgg-3’

Varying amounts of protein were added to binding buffer (10% v/v
glycerol, 5 mm MgCl,, 5 mm KCl, 50 ugmL~" bovine serum albumin,
20 mwm Tris-HCl, pH 7.4), together with poly[d(I-C)] (5 ngmL™"), DIG-
labelled double-stranded oligonucleotide (5nm) and either DTT
(2 mM; reductant) or potassium ferricyanide (2 mm; oxidant). The
samples were left at room temperature for 20 min and then placed
on ice. Gel electrophoresis was carried out on Novex precast 6%
nondenaturing polyacrylamide DNA retardation gels in x0.25 Tris-
borate-EDTA buffer at 4°C. Blotting and chemiluminescent detec-
tion were carried out according to the instructions provided in the
DIG gel shift kit supplied by Roche Biochemicals. The chemilumi-
nescent signals were recorded by exposure of x-ray film to the
emission.
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Other methods: Spectrophotometric analysis of proteins was car-
ried out at 20°C on either a Hewlett Packard 8453 or a Cary 500
UV/Vis spectrophotometer. The spectral characteristics of each pro-
tein (4 um) were recorded in water in the presence of DTT (10 mm;
reduced form) or potassium ferricyanide (0.5 mm; oxidised form).
Equilibrium ultracentrifugation was carried out in a Beckman Xli
centrifuge. Samples of protein (200 um and 5 um for the apo and
holoprotein, respectively) in Tris-HCl buffer (0.1m, pH 7.4) were
centrifuged at speeds of 10000, 12500 and 18000 rpm until equili-
brium was reached. The absorbance was monitored at 277 nm for
the apoproteins and 420 or 562 nm for the holoproteins. The DNA
complexes were formed by adding DNA (1.0 equiv) to the proteins.
Data were analysed with ULTRASPIN software.®™
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