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Abstract: To survive environmental challenges, biological systems rely on proteins that were
selected by evolution to function in particular cellular and conditional settings. With the advent of
protein design and synthetic biology, it is now possible to construct novel proteins that are not
biased by eons of selection in natural hosts. The availability of these sequences prompts us to ask
whether natural biological organisms can use naive—non-biological —proteins to enhance fitness
in stressful environments. To address this question, we transformed a library of DNA sequences
encoding ~1.5 x 10° binary patterned de novo proteins into E. coli, and selected for sequences
that enable growth in concentrations of copper that would otherwise be toxic. Several novel
sequences were discovered, and one of them, called Construct K (ConK), was studied in detail.
Cells expressing ConK accumulate approximately 50% less copper than control cells. The function
of ConK does not involve an oxidase, nor does it require two of the best characterized copper
efflux systems. However, the ability of ConK to rescue cells from toxic concentrations of copper

does require an active proton motive force. Further selections for growth in higher concentrations
of copper led to the laboratory evolution of variants of ConK with enhanced levels of activity in
vivo. These studies demonstrate that novel proteins, unbiased by evolutionary history in the natural
world, can enhance the fithess of biological systems.

Synopsis: Living systems evolve to adapt to potentially lethal environmental changes. This normally
involves repurposing existing genetic information (i.e. sequences that were selected by billions of
years of evolution). Here we show that a completely de novo protein, not derived from nature, can
enable E. coli cells to grow in otherwise toxic concentrations of copper, demonstrating that living
systems also have the capacity to incorporate and protopurpose entirely novel genetic information.

Keywords: protein design; polar/nonpolar patterning; binary code; four helix bundle; synthetic
biology; copper resistance; metal; protein evolution; protopurpose; de novo; molecular evolution

Introduction

A central goal of synthetic biology is to improve
upon natural biological systems.? One particular
aim is to enhance the tolerance of organisms to envi-
ronmental toxins. Toward achieving this objective,
one can envision two general approaches: The first
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takes pre-existing genes, proteins, and/or regulatory
elements from natural systems and inserts them
into the chosen organism. While these natural
sequences may be re-engineered or modified, funda-
mentally, this approach draws upon molecules
“borrowed from nature.” A second approach goes
beyond sequences provided by nature, and asks
whether genes and proteins designed entirely de
novo can be used to improve upon nature.

The first approach—borrowing from nature—
has been used to engineer organisms to tolerate a
range of environmental toxins.>"® While these efforts
have been fruitful, they are intrinsically limited by a
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toolbox of genes and proteins that already existed in
nature and evolved over billions of years to perform
specific functions in particular cellular and environ-
mental niches. To explore beyond the boundaries of
this toolbox of natural sequences, one can devise col-
lections of sequences entirely de novo, and screen
these for desired chemical biological
properties.

Previously, we reported the design and construc-
tion of large collections of novel proteins.”® Our
strategy combines elements of rational design with
an ability to construct large libraries. As described
previously, this strategy posits that the binary pat-
terning of polar and nonpolar amino acids in the
sequence of a protein plays a dominant role in dic-
tating its 3-D structure. For example, a sequence of
polar (P) and nonpolar (N) residues with the pattern
PNPPNNP incorporates a nonpolar side chain every
3 or 4 residues, matching the «-helical repeat of 3.6
residues/turn. When such sequences are placed in
water, the thermodynamic driving force to bury
hydrophobic surface area drives the formation of
amphiphilic a-helices, which assemble into a tertiary
structure that buries nonpolar helical faces against
one another. Because the binary code strategy speci-

and/or

fies the type of amino acid (polar vs. nonpolar), but
not the identity of the side chain, it is well suited to
combinatorial approaches. Combinatorial mixtures
of amino acids can be encoded by degenerate DNA
codons, such as NTN (N=AT,C,G) to encode five
nonpolar amino acids (Phe, Leu, Ile, Met, Val), and
VAN (V=A,C,G) to encode six polar amino acids
(His, Glu, Gln, Asp, Asn, Lys).

We have used the binary code strategy to design
several libraries of «-helical and B-sheet proteins,
and have demonstrated that proteins from the -
helical libraries fold into well-ordered stable struc-
tures.”® Proteins from these libraries bind small
molecules, including cofactors, and catalyze reac-
tions.1*1° Most importantly, several of these de novo
a-helical proteins function in vivo to provide essen-
tial activities necessary to sustain the growth of liv-
ing cells.2%-2!

In this study, we investigate whether proteins
designed de novo can be used to push the limits of tol-
erance to an environmental toxin. To address this
question, we transformed E. coli cells with a library of
synthetic genes encoding ~10° de novo proteins and
subjected the transformed cells to selection for sur-
vival in toxic concentrations of copper, a well-known
bactericide and environmental contaminant.?%23

These selections led to the isolation of a novel
protein, Construct K (ConK), which allows E. coli to
grow in otherwise lethal concentrations of copper.
Subsequent directed evolution of ConK led to ConK-
95b2, an de novo sequence that allows E. coli to
grow in concentrations of copper as high as those
tolerated by natural variants of E. coli that evolved
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Figure 1. (A) Selection of novel proteins that confer resist-
ance to copper. A library comprising approximately 10°
unique sequences was transformed into E. coli and plated on
LB agar spiked with increasing concentrations of CuCls.
Using LacZ as a negative control, we selected colonies that
grew above the MIC. The top hit, ConK, (pictured and circled
in yellow) served as the subject of this study. (B) Amino acid
sequences of the novel protein Construct K (ConK), the inac-
tive mutant Construct K-Histidine Null (ConK-HN), and the
evolved variant, Construct K-95b2. ConK confers E. coli cells
with resistance to copper. ConK-HN is a mutant with eight
His — Lys mutations. ConK-95b2 was evolved from ConK,
and enables E. coli growth in notably high levels of copper.
Histidine residues are shown in red font. Residues mutated in
ConK-HN are highlighted in yellow, and residues mutated in
ConK-95b2 are highlighted in green. Histidines 51 and 94
were modified in both the ConK-HN and ConK95b2.

in agricultural settings in response to bactericidal
levels of copper.2%??

Results

Selection of novel proteins that confer
resistance to copper

Copper is an essential trace element; however, in
excess amounts, it is toxic to all organisms. The
majority of soluble copper in the environment exists
as Cu?*. In E. coli, Cu®" likely enters into the peri-
plasmic space via porins?®. Once in the periplasm,
copper fluctuates between the Cu?* and Cu'" states.
The Cu'*state can diffuse into the cytoplasm where
it can interact with a range of copper-sensitive
targets.27_29
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Figure 2. The de novo protein ConK confers resistance to toxic levels of copper in liquid culture. E. coli strain BW25113 was
grown in various concentrations of (A) CuSO, or (B) CuCl, for 20 hours at 37°C. The ODsqo was then measured. Cells express-
ing ConK grow at concentrations of copper above the MIC for cells expressing the LacZ or ConK-HN controls.

Prior to selecting novel proteins that confer
resistance to copper, we determined the minimal
inhibitory concentration (MIC) of CuCly for E. coli
strain BW25113. As a control, we used cells express-
ing B-galactosidase (LacZ) from the same vector as
our library of novel proteins. Cells were plated on
LB plates containing 100 uM IPTG (to induce
expression), and increasing amounts of CuCl,. Plates
were incubated for 24 h, and the MIC—defined as
the concentration of CuCl, at which cells fail to
grow—was determined to be 4.4 mM [Fig. 1(A)].

To isolate novel proteins that confer resistance
to copper, we searched through a library of binary
patterned sequences. The sequences used for the
current study were from a 3rd generation library
designed to form 4-helix bundles.!® The collection is
estimated to contain ~1.5 X 10° different sequences.
We transformed this library of de novo sequences
into E. coli strain BW25113, and plated on LB con-
taining 100 uM IPTG and concentrations of CuCly
above the MIC. To our surprise, hundreds of colonies
developed on plates containing concentrations of
CuCly above the MIC. Plasmids from the 10 colonies
that grew at the highest concentration of CuCl,
were isolated, and re-transformed to confirm their
ability to rescue cells from copper toxicity. The
translated amino acid sequences of all hits are
shown in Supporting Information Figure 1(A).

Two of the 10 hits were found twice, thus there
are eight unique sequences. The three sequences
that rescued at the highest concentration of CuCl,
showed no more sequence identity (~54%) than non-
rescuing members of the library. The sequence that
rescued at the highest concentration of CuCl,
(5.4 mM) was isolated from two independent trans-
formations. This hit was named Construct K
(ConK), and its sequence is shown in Figure 1(B).
ConK was re-cloned into the expression vector to
confirm that its sequence (and not other sequences
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on the plasmid or in the host strain) is responsible
for resistance to CuCly,

A mutant of ConK fails to confer resistance to
copper

Because ConK is expressed in the cytoplasm, we
presumed it interacts with copper in the Cu'" state.

A 10° 107 102 10% 10% 10°
BW25113  (ConK)
BW25113(ConK-HN) 0mM CuCl,
BW25113 (LacZ)
BW25113  (ConK)
BW25113(ConK-HN
(ConK-HN) 4.5mM CuCl,

BW25113 (LacZ)

B

Bacterial lawn
Zone of inhibition

6mm disk

Figure 3. The de novo protein ConK confers resistance to
toxic levels of copper on solid medium. (A) Tenfold dilutions of
E coli BW25113 expressing the indicated proteins were
stamped onto LB/Agar with and without CuClI2. Plates also
contained 100 pM IPTG and 30 pg/mL chloramphenicol. Cells
were allowed to grow for 20 h at 37°C. Cells expressing ConK
survived on plates containing 4.5 mM CuCl,, while cells
expressing the LacZ or ConK-HN controls failed to grow. (B)
Comparison of the zone of inhibition for cells expressing either
ConK or the ConK-HN control. Cells expressing ConK dis-
played enhanced tolerance to copper, and grow distinctively
closer to the 6 mm disk saturated with CuSO,.
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Figure 4. Equilibrium dialysis shows protein ConK binds
copper. Because ConK is expressed in the E. coli cyto-
plasm, where copper exists in the +1 state, equilibrium dialy-
sis was performed with Cu'* under anaerobic conditions.
Data analysis using GraphPad Prism suggests ConK binds
approximately 7 copper ions, with a total apparent binding
constant of approximately 4.5 uM. (binding coeffi-

cient = [Ligand]bound/[Protein]total)

For this state of copper, the relative affinities of the
amino acid side chains have been reported as
Cys > His > Met.?° Since our libraries do not contain
cysteine, we surmised that histidine side chains in
ConK may be important for function. The sequence
of ConK contains 14 histidines [Fig. 1(B)]. Six of
these histidines are in constant regions of the binary
patterned template and occur in all members of the
library, including those that fail to confer resistance
to copper. To confirm that (at least some of) the eight
histidines in the variable region of ConK are impor-
tant for the phenotype, we mutated these residues
to lysines. We named this 8-fold mutant Construct
K-Histidine Null (ConK-HN).

We compared the abilities of ConK and ConK-HN
to confer resistance to copper. Assays were performed
both in liquid culture and on plates. As shown in Figure
2, ConK enables growth in liquid media containing con-
centrations of CuCly or CuSOy4 that prevent growth of
the LacZ control. In contrast, ConK-HN fails to provide
resistance to copper toxicity; like the LacZ control, cells
expressing the mutant only grow at concentrations at
or below the MIC.

We also compared the abilities of ConK and
ConK-HN to confer resistance to copper toxicity on
solid media. We first grew liquid cultures in the
absence of added copper, and then stamped serial
dilutions of these cultures onto LB plates containing
100 pM IPTG and toxic concentrations of CuCl,. As
shown in Figure 3, ConK rescues E. coli cells from
copper toxicity, while ConK-HN fails to rescue. Simi-
lar results were observed when the experiment was
repeated in different strains of E. coli (Supporting
Information Fig. 2). The failure of the ConK-HN
mutant to confer resistance, in principle, could
derive from reduced expression levels, however,
ConK-HN expresses at the same level as the paren-
tal ConK sequence (see the “Load” lanes in Fig. 5).
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Figure 5. Protein ConK binds immobilized Cu?". Clarified
cell lysates from cells expressing either ConK or ConK-HN
were incubated with Cu?" immobilized on iminodiacetic acid
sepharose beads. After stringent washes, the amount of pro-
tein loaded onto the beads (Load) was compared to proteins
retained on the beads (Elution), by electrophoresis and Coo-
massie blue staining. The synthetic proteins have a mass of
approximately12 kD (indicated by arrow). The mutant protein
ConK-HN does not bind immobilized Cu?*. It is also impor-
tant to note the similar expression levels of ConK and ConK-
HN (see “Load” lanes). The intense band between 20 and 25
kD is choloramphenicol acetyl transferase.

ConK confers resistance to copper, but not to
other divalent metals

To determine if ConK confers general resistance to
divalent metals, we measured zones of inhibition
around toxic concentrations of several metal salts.
For these studies, cells were plated in top agar on

Table I. ConK Confers Resistance to Copper, but not to
Other Divalent Metals

Toxin ConK (mm) LacZ (mm) ConK-HN (mm)
CuCly 14.2+0.3 16.7+0.3 17.0+0.0
CuSOy4 12.7+0.3 16.0 0.0 16.7+0.0
ZnCl, 22.5+0.0 22.0+0.0 22.5+0.0
CoCly 22.0+0.0 22.0+0.0 22.0+0.0
NiCl, 20.7+0.3 20.7+0.3 20.5+0.7
H,0, 26.0 0.0 26.0 0.0 26.0+0.0
H,0 0+0.0 0+0.0 0+0.0

Zones of Inhibition (in millimeters) of various toxins. Lawns
of E. coli were plated in top agar on LB agar and allowed to
grow for 16 h in the presence of 6 mm disks saturated with
various metal salts (CuCl,, CuSOy4, ZnCly, CoCly, or NiCly)
or HyOs. Zones of inhibition indicate the distance around the
disk where cell growth is inhibited. A smaller zone of inhibi-
tion indicates cells are more resistant to the toxin. ConK was
more effective than the controls (ConK-HN and LacZ) for
CuCl; and CuSOy (highlighted), but not for any of the other
metal salts. ConK also had no effect on the toxicity of hydro-
gen peroxide. Measurements of the zones diameters were
taken and compared [for visual see Fig. 3(B)]l. Duplicate
experiments were measured and processed with Image J.

Novel Protein Confers Copper Resistance
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Figure 6. ConK confers resistance to copper in liquid or solid media in cells deleted for three endogenous detoxification sys-
tems. (A) The triple knockout strain copA :: kan DcueO DcusCFBA (LEM33) expressing either ConK or ConK-HN was grown for
36 h at 37°C in liquid cultures in the presence of increasing concentrations of CuCl,. (B) Tenfold dilutions of E. coli Lem33:
copA::kan AcueO AcusCFBA cells expressing the indicated proteins were stamped onto LB/Agar with and without CuCl,. In
both liquid and solid media, copA::kan AcueO AcusCFBA cells expressing ConK grow in the presence of copper, while cells

expressing the ConK-HN mutant failed to grow.

LB plates, and a small disk of filter paper saturated
with a toxic concentration of a divalent metal salt
was placed on the plate. Cells that are far away
from the disk grow into a lawn of bacteria. However,
closer to the disk, one observes a zone of inhibition
due to radial diffusion that produces a gradient of
toxin from the disk to the nearby area. The more
resistant a cell is to the toxin, the closer the lawn
will approach the disk, and the smaller the inhibi-
tion zone. An example of such an experiment is
shown in Figure 3(B) comparing the resistance to
CuS0O,4 for ConK versus ConK-HN. Zone of inhibi-
tion studies were performed using disks saturated
with salts of various divalent metals. Measurements
of the zone of inhibition show that ConK conferred
resistance to CuCly and CuSO,, but not to ZnCls,,
CoCly, or NiCl,. These results are summarized in
Table I. Growth in liquid cultures confirmed that
ConK conferred resistance to CuCl, and CuSQOy,, but
not to ZnCly, CoCl,, NiCly, or AgNOs.

ConK binds copper with moderate affinity

We used equilibrium dialysis to probe the ability of
ConK to bind Cu'* in vitro. Purified ConK protein
in standard buffer was placed in chamber 1 of a dial-
ysis apparatus (Harvard Bioscience Inc.), while
increasing amounts of Cu'* were placed in chamber
2 (see Materials and Methods section). After equili-
bration, the concentration of Cu'" in chamber 2 was
quantified using Phen Green™ FL (Thermo Fischer
Scientific). Analysis of the data suggests that ConK
binds as many as 7 Cu'’ ions, with an apparent
total dissociation constant of ~4.5 uM. (Fig. 4).
These data indicate that ConK has a moderate affin-
ity for copper; however, the apparent stoichiometry
suggests that binding may not occur via well-defined
pre-organized sites (see discussion).

Hoegler and Hecht

Equilibrium dialysis was also performed for the
ConK-HN mutant, and no binding was observed. Fur-
thermore, ConK readily binds to immobilized metal
affinity columns (IMAC) loaded with copper, while
ConK-HN fails to bind (Fig. 5). These findings show
that the histidine side chains in ConK that are neces-
sary to confer resistance to copper toxicity in vivo (Fig.
3) are also important for copper binding in vitro (Fig. 5).

E. Coli cells expressing ConK retain less copper
Previous studies have shown that the toxicity of cop-
per can be suppressed in E. coil or yeast by overex-
pressing a natural metal binding protein.?"3% In
both cases, copper ions were bound and sequestered
inside the cell, presumably preventing them from
aberrantly interacting with sensitive targets. Since
ConK binds Cu'" in vitro, we reasoned that metal
sequestration might account for rescue in vivo.
Therefore, we compared the amount of copper in
cells expressing ConK relative to cells expressing
the control proteins LacZ or ConK-HN. Unexpect-
edly, quantification of intracellular copper by ICP-
MS (inductively coupled plasma mass spectrometry)
revealed there was less copper in cells expressing
ConK compared to cells expressing the controls
ConK-HN or LacZ (Table II).

Thus, cells expressing ConK do not accumulate
copper ions. Instead, the presence of ConK either
reduces the amount of copper that enters cells, or
assists in removing copper from cells.

Several copper homeostatic systems are not
required for copper resistance by ConK

E. coli has several well-studied copper detoxification
systems, including the CueO multicopper oxidase®?,
the CusCFBA RND efflux system®!, and the CopA
ATPase efflux pump.®® Strains lacking these system
are extremely sensitive to copper.Z®
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Figure 7. ConK does not function in cells treated with CCCP, a drug that uncouples the proton motive force. Addition of a tol-
erated amount of carbonyl cyanide m-chlorophenyl hydrazone (5 pM CCCP) to liquid cultures eliminated the ability of ConK to
enable growth in toxic concentrations of copper for both (A) WT and (B) copA :: kan AcueO AcusCFBA cells.

We probed the possible involvement of multi-
copper oxidase activity using both biochemical and
genetic approaches. Several biochemical assays have
been developed to measure oxidase activity.>® Two of
these assays use the chromogenic reagents, DHB
(dihydroxybenzoic acid) and ABTS (2,2'-azinobis-(3-
ethylbenzothiazoline-6-sulphonate)). We performed
assays using both reagents and found that cells
expressing ConK had no more oxidase activity than
controls. This demonstrates that ConK neither func-
tions as a copper oxidase itself, nor does it induce
endogenous copper oxidase activity in E. coli.

Next we used genetic experiments to test
whether any of the three copper detoxification sys-
tems listed above are required for the copper resist-
ance phenotype mediated by ConK. For these
studies, we obtained the Lem33 strain in which all

Table II. Cells Expressing ConK Accumulate Less Cop-
per Than Controls

Strain (plasmid) ng/mg of dry cells

A

W3110 F (Conk) 296.2 +11.5
W3110 F (LacZ) 646.8 = 7.5
W3110 F (Conk-HN) 656.2 = 12.5
B

copA::kan AcueO AcusCFBA (Conk) 245.8 0.1
copA::kan AcueO AcusCFBA (LacZ) 453.8 0.2
copA::kan AcueO AcusCFBA (Conk-HN) 548.2 +11.9

Amount of copper in cells. Cells were grown for 12 h in con-
centrations of CuCly below their MIC. Copper content rela-
tive to dry cell mass was measured using ICP-MS
(inductively coupled plasma mass spectrometry) in (A) a
standard strain of E. coli, W3310, grown in 1.4 mM CuCl,
and (B) stain copA::kan AcueO AcusCFBA, which is knocked
out for three major copper homeostasis systems, was grown
in 0.14 mM CuCly, In both strains, cells expressing ConK
accumulated approximately half as much copper as cells
expressing the controls, ConK-HN or LacZ. Experiments
were performed in duplicate.
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three systems had been knocked out. This strain—
copA ::kan DcueO DcusCFBA (LEM33) was trans-
formed with the plasmid expressing ConK and
exposed to increasing concentrations of CuCls,.
Although this strain is considerably more sensitive
to copper than wild-type E. coli, ConK still enhanced
resistance to copper relative to the ConK-HN control
in both liquid and solid media (Fig. 6). ConK also
rescues strains lacking each individual mutation
(data not shown).

CopA::kan AcueO AcusCFBA cells expressing
ConK also accumulate less copper than the same
cells expressing the control proteins ConK-HN or
LacZ (Table II-B).

These results demonstrate that although these
three well-characterized copper homeostatic systems
are needed for resistance to copper at concentrations
above 4.4 mM, they are not required for the ConK
rescue phenotype.

ConK requires a functional proton gradient to
confer resistance to copper

Our finding that cells expressing ConK retain less
copper than controls led us to postulate that ConK
either prevents copper from entering cells, or assists
in removing copper from cells. Many efflux systems
rely on proton gradients, either directly or indirectly
(i.e. proton gradients themselves or the ATP pro-
duced by coupling to proton gradients). To probe
whether a functional proton gradient is required for
rescue by ConK, we grew cells in the presence of
Carbonyl Cyanide m-Chlorophenyl Hydrazone
(CCCP), which is known to decouple the proton gra-
dient. As shown in Figure 7, CCCP abrogates the
ability of ConK to confer resistance to copper toxic-
ity. Elimination of the ConK rescue phenotype by
CCCP was observed in both WT and copA::kan
AcueO AcusCFBA strains [Fig. 7(A,B)]. These results

Novel Protein Confers Copper Resistance



demonstrate that a functional proton gradient is
required for ConK to confer resistance to copper.

An evolved variant of ConK enables growth of

E. coli in 7 mM CuCl,

Directed evolution has been used in a wide range of
protein engineering experiments. In virtually all of
those previous examples, the target protein was ‘bor-
rowed’ from nature—i.e. it was based on an amino
acid sequence that had already experienced a long
evolutionary trajectory in natural biological systems.
In the current situation, however, we had the oppor-
tunity to start with a sequence that never existed in
nature, and to apply selective pressure in the labora-
tory to direct its evolution toward a desired
outcome.

To select a de novo protein that confers resist-
ance to higher levels of copper, we subjected ConK
to several cycles of random mutagenesis, followed by
selection of transformed cells on plates spiked with
increasing amounts of CuCls. As noted above, the
MIC for strain BW25113 expressing the LacZ control
is 4.4 mM CuCly, while ConK’s MIC was 5.4 mM
CuCl,. Following one round of mutagenesis and
selection, we isolated a new sequence, called
ConK85a, which confers resistance to 6.0 mM
CuCl,. Additional rounds of evolution led to
ConK95b2, which enables growth at 7.0 mM CuCl,
and CuSOy,.

The sequence of ConK95b2 is presented in Fig-
ure 1, and the sequences of the evolutionary inter-
mediates are shown in Supporting Information
Figure 1(B). In the evolved variant, ConK95b2, three
histidines mutated to other residues. His31 and
His87 were replaced by tyrosines, and His51 was
replaced by lysine. This reduction in exposed histi-
dines might improve the specificity of a metal bind-
ing site.

Discussion

Evolution requires living systems to repurpose
genetic information and adapt it toward new func-
tions.?63® Similarly, synthetic biology reengineers
genes and proteins toward functions that are inno-
vative and useful.®® Both natural biology and syn-
thetic biology typically base these revisions on
sequences that arose through eons of natural selec-
tion. In the current study, however, we asked
whether living organisms can also assimilate novel
genetic information, designed in the laboratory, and
purpose it toward new biological functions. To
address this question, we investigated whether arti-
ficial proteins—neither evolved in nature, nor explic-
itly designed for any particular function—can
enhance the fitness of a living organism. Our find-
ings show that E. coli can incorporate ConK into its
proteome, and protopurpose this novel protein
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toward a function that enables growth under condi-
tions that would otherwise be lethal.

Several observations allow us to speculate on
the function of ConK. First, ConK binds copper (Fig.
4). While this binding occurs with moderate affinity
(~4.5 pM), the apparent stoichiometry suggests that
binding does not occur via well-defined pre-organ-
ized sites. This is reminiscent of several natural pro-
teins involved in metal homeostasis, which have
abundant histidine residues, and bind metal ions
with affinity
stoichiometry.

Mutation of several of the histidine residues in
ConK destroys copper binding. The loss of binding
in vitro simultaneously eliminates the rescue pheno-
type in vivo (Fig. 2). Thus, copper binding appears
to play a role in the rescue mechanism. This finding
led us to consider whether sequestration of copper
by ConK might be responsible for its ability to ena-
ble growth in otherwise toxic levels of copper. This
hypothesis was bolstered by studies showing that
overexpression of natural metal binding proteins can
alleviate copper toxicity in E. coli, presumably by
sequestering copper ions in the cell. Curiously, how-
ever, cells expressing ConK do not sequester copper,
but in fact, accumulate less copper (Table II). Thus,
although copper binding may be necessary for rescue
by ConK, sequestration is not the mechanism of
rescue.

Next we considered the possibility that ConK
might alleviate copper toxicity by oxidizing Cu'" to
the less toxic Cu?' state. However, several experi-
ments showed the de novo protein is not a copper
oxidase, nor does it induce endogenous copper oxi-
dase activity.

We also tested whether any of the three best-
characterized copper detoxification systems in E.
coli were involved in ConK function. We found that
ConK still alleviates toxicity in a strain deleted for
CueO, which encodes the multicopper oxidase. Like-
wise, ConK rescue was still observed in strains
deleted for CusCFBA and CopA, which encode efflux
systems. Moreover, cells expressing ConK, but lack-
ing the natural copper efflux proteins copA and
CusCFBA also contain less copper (Table II). Thus,
neither of these efflux systems is required for
ConK’s ability to reduce cellular accumulation of
copper.

To probe if other efflux systems may be
involved, cells were treated with CCCP, a drug that
decouples the proton motive force and would be
expected to interfere with most efflux systems.
Treatment with CCCP eliminates rescue by ConK,
suggesting that rescue involves an efflux system
driven by the proton motive force.

Based on these findings, ConK seems to mediate
rescue by a novel mechanism, perhaps by forming
transient complexes with Cu'® ijons, which are

moderate and variable
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ultimately passed along to non-specific efflux sys-
tems that have been implicated in copper resist-
ance.>** This would be the first example of a
cytoplasmically expressed soluble protein directly
assisting in the removal of copper from an E.coli.
Further studies will be required to support or dis-
prove this hypothesis; however, irrespective of the
exact mechanism, it is clear that the de novo pro-
tein, ConK, can be assimilated into the E. coli pro-
teome and used to enable life under conditions that
are otherwise lethal.

Finally, we asked if directed evolution could be
used to enhance this protopurposed protein’s func-
tion. ConK95b2, an evolved variant of ConK, confers
resistance to 7.0 mM CuCl,. This is similar to the
level of resistance conferred by the Pco system,
which was isolated from strains of E. coli living in
the guts of pigs raised on feed containing high levels
of copper.?*?® It is interesting to compare the evolu-
tionary history of the Pco system to that of
ConK95b2. The Pco system arose in a natural orga-
nism, E. coli, which had evolved over many millions
of years, and was then subjected to selection for
toxin resistance for an additional few years. In con-
trast, ConK95b is a de novo sequence, which was
evolved in the laboratory over the course of several
weeks from a starting sequence, ConK, that never
existed in nature, and was isolated for the first time
last year.

While this is not the first example of an orga-
nism engineered to tolerate an environmental toxin,
our approach is substantially different from other
efforts in synthetic biology.>® Traditional work in
synthetic biology, although fruitful, is intrinsically
limited by its reliance on natural genes and pro-
teins, which are biased by billions of years of selec-
tion to perform a specific function in a defined
cellular setting. In contrast, the current study shows
that the fitness of a living organism can be improved
using unevolved/unbiased sequences designed de
novo. Furthermore, once these completely de novo
proteins are incorporated into living cells, they can
be evolved to enhance the activity of a sequence that
did not originate in a living system, but which can
nonetheless support life.

Materials and Methods

Chemicals, strains, and growth conditions

Carbonyl Cyanide m-Chlorophenyl Hydrazone was
obtained from Sigma-Aldrich. Proteins were
expressed from a modified pCA24N vector contain-
ing a chloramphenicol (Cam) resistance gene, as
described  previously.!® Electrocompetent
chemically competent cells were made according to
standard procedures. Luria broth was supple-
mented with 30 pg/mL Cam and/or 30 pg/mL kana-
mycin. The working concentration of isopropyl B-D-

and
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1-thiogalactopyranoside (IPTG) was 100 uM. Bacte-
rial strains are listed in Supporting Information
Figure 3.

Protein expression and purification

Cells transformed with plasmids encoding the pro-
tein of interest were grown overnight at 37°C on LB
plates containing 30 pg/mL Cam. Single colonies
were picked and grown in liquid cultures (LB with
30 pg/mL Cam) for 12 h at 37°C. Expression was
induced at ODgopg = ~0.5 by addition of IPTG, and
cells were further cultured for 16 h at 37°C. Cell
lysates were isolated using an EmulsiFlex French
press (Avestin). Protein was isolated in two steps.
First, lysate was run over a His Trap HP nickel col-
umn (GE Healthcare) washed with wash buffer
(200 mM Na,HPO,, 500 mM NaCl, pH7.4) and
eluted with elution buffer (200 mM NasHPO,,
500 mM NaCl, 250 mM imidazole, pH7.4). Even
without a His-tag, ConK binds to the nickel column,
presumably because of the high percentage of histi-
dine residues (14%). Second, fractions containing
ConK were run over a HilLoad 26/60 superdex 75
size exclusion column (GE Healthcare) in buffer con-
taining (40 mM HEPES, 300 mM NaCl).

Selection of proteins that confer resistance to
copper

LB plates containing antibiotics and IPTG were
made using the working concentrations specified
above. Prior to pouring the plates, liquid LB agar
was spiked with various amounts of CuCl,, ranging
from 0.4 to 6.8 mM CuCl,. Cells were transformed
via electroporation: 50 ng of the 3G libraryl0 was
added to 50 pL of competent cells and electropo-
rated. Cells were brought up in Super Optimal broth
with Catabolite repression (SOC) medium and
shaken for 1 h at 37°C. Cells expressing 3G Library
or LacZ control were spread on plates and grown
overnight at 37°C. Plasmids from the 10 colonies
that grew at the highest concentrations of CuCly
were isolated, retransformed into fresh competent
cells, and streaked out at toxic concentrations to
confirm rescue.

Liquid cultures

Overnight cultures were started from single colonies
and grown for 12 h at 37°C in LB containing antibi-
otics. To determine comparative minimal inhibitory
concentrations (MIC), these cultures were diluted
1:1000 in LB containing antibiotics and IPTG, and
combined 1:1 with DI water spiked with increasing
concentrations of the metal salt. Cultures were
grown overnight at 37°C. OD5oo was taken to mini-
mize copper ion absorbance.

Novel Protein Confers Copper Resistance



Zone of inhibition

Overnight cultures were diluted to an OD600 of 0.5
and plated in top agar onto LB plates containing
Cam and IPTG. 6 mm disks, were saturated with
metal salts dissolved in H20: 0.5M CuCly, 0.5M
CuSO0y, 0.5M ZnCl,, 0.183M CoCly, 0.5M NiCly or
0.3% Hy0, and then placed on the plates. Lawns
were allowed to grow for 16 h. Measurements were
taken with Image J. Averages and standard devia-
tions were derived from duplicate experiments.

Immobilized metal affinity chromatography
Overnight cultures were grown in LB containing
Cam and IPTG. 1.5 ml of overnight culture was
spun-down and re-suspended in 250 uL of Bug-
Buster Protein Extract Reagent (Novagen). After
incubation for 20 min, samples were spun for 30
min at 13,000 rpm. Supernatants were incubated
with Cu?" immobilized on Iminodiacetic Acid
Sepharose Beads (Sigma-Aldrich) for 1 h at 4°C.
Beads were washed 4 x for 4 min with stringent
wash buffer (50 mM Tris HCl, 500 mM NacCl,
50 mM Imidazole, pH 7.6.) Beads were then sus-
pended in 2 x Laemmli sample buffer (Bio-Rad) con-
taining 5% B-mercapto ethanol, heated to 95°C for 5
min, and spun for 2 min at 13,000rpm. Superna-
tants were normalized and compared to initial
lysates by SDS-PAGE gel (Bio-Rad).

Plate stamping assays

Overnight cultures were diluted to an ODgg of 0.5
and serially diluted in 10-fold steps. Using a sterile
48 pin stamp, diluted samples were stamped onto
LB plates containing antibiotics, IPTG, and increas-
ing concentrations of CuCl,. Plates were allowed to
grow for 24 h at 37°C and imaged in a gel box.

ICP-ms

Overnight cultures were diluted 1:1000 in 50 ml of
LB containing antibiotics, IPTG and CuCl,. To ena-
ble cell growth, CuCl, concentrations were kept
below the experimentally determined MICs: 1.4 mM
for W3110 F and 0.14 mM for the copA ::kan AcueO
AcusCFBA strain. Cells were grown for 12 h at
37°C, spun down and washed twice with 50 mM
sodium phosphate buffer containing 5 mM EDTA.
Next they were washed twice with 50 mM sodium
phosphate to remove EDTA. Cells were dried over-
night at 70°C. The mass of dried pellets was deter-
mined. Cells were then re-suspended in 3.5% HNO3
and heated to 95°C for 30 min. Insoluble material
was removed by spinning at 13,000 rpm for 1 h, and
supernatant was diluted 1:10 with HNO;. Copper
content was determined using an ELEMENT 2™
ICP-MS (Thermo Scientific). Experiments were per-
formed in duplicate.

Hoegler and Hecht

Equilibrium dialysis

DispoEquilibrium DIALYZER TM MWCO 5000 Da
(Harvard Apparatus) was used to analyze copper
binding. All buffers and reagents were bubbled with
nitrogen overnight to remove oxygen, and aerobic
indicators (Oxoid—Thermo Scientific) were used to
verify. 350uM ascorbic acid was used to reduce
Cu®*to Cu'", which was verified by the disappear-
ance of a peak at 630 nm. Ten micromolar pure
ConK in standard buffer (40 mM HEPES, 300 mM
NaCl, pH 7.6) was placed in chamber 1 of the dialy-
sis apparatus, and increasing amount of Cu'"
diluted in standard buffer were placed in chamber 2.
The dialysis apparatus was rocked for 36 h at room
temperature. Concentration of copper in chamber 2
was measured using Phen Green TM FL (Thermo
Fischer Scientific). This was done by first devising a
standard with known copper concentrations. The lin-
ear relationship between Cu'® binding and fluores-
cent quenching enabled us
concentration of Cu'® in chamber 2. Calculations
were performed using Harvard Apparatus standard
protocols, and the binding curve was fit using
GraphPad Prism software. To confirm that protein
remained soluble when bound to Cu'* the contents
of chamber 1 were spun at 13,000 rpm for 1 min
then monitored by electrophoresis.

to determine the

Directed evolution

Directed evolution experiments were done using
error prone PCR.*® Forward and reverse primers,
CGTCTTCACCTCGAGAAATC and GACCTCA-
GAACTCCATCTGG, were used to amplify the 306
bp sequence encoding a rescue protein. 30 cycles of
amplification were carried out in the presence of
manganese chloride, introducing an average of 4-5
nucleotide substitutions per sequence. After amplifi-
cation, fragments were digested and re-cloned into
fresh vectors. These mutant libraries were trans-
formed into cells and plated on concentrations of
copper sulfate above ConK’s MIC in an identical
manner to our original library selection [Fig. 1(A)].
To confirm rescue, sequences that enabled growth
were retransformed into E. coli and streaked out on
plates containing concentrations of copper above
ConK’s MIC.
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