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Abstract

A new method for protein surface functionalization was developed that utilizes DNA-conjugated
artificial polypeptides to capture recombinant target proteins from the solution phase and direct
their deposition onto DNA-functionalized matrices. Protein capture is accomplished through the
coiled-coil association of an engineered pair of heterodimeric leucine zippers. Incorporating half
of the zipper complex directly into the polypeptides and labeling these polymers with sSDNA
enables the polypeptide conjugates to form intermediate linkages that connect the target proteins
securely to DNA-functionalized supports. This synthetic route provides an important alternative to
conventional DNA-conjugation techniques by allowing proteins to be outfitted site-specifically
with ssDNA while minimizing the need for postexpression processing. We demonstrate these
attributes by (i) using the capture probes to prepare protein microarrays, (ii) demonstrating control
over enzyme activity via deposition of DNA, and, (iii) synthesizing finite-sized, multiprotein
complexes that are templated on designed DNA scaffolds in near quantitative yield.

Graphical abstract

- 0 N <
3 i) ] 9
3 & ¥ 3 ¢ i $
F ¥ 4] E 3] 5
»H »H »5 5
37 37 37 37
7 7 ; ]
- - ) -

"Corresponding author. Michael R. Diehl, Departments of Chemistry and Bioengineering, Rice University 6100 Main Street, MS 142,
Houston, Texas 77005. Phone: (713) 348-4568. Fax: (713) 348-5877. diehl@rice.edu.

Supporting Information Available: A detailed description of materials and methods, a listing of the amino acid and DNA sequences
for all reagents, MALDI-TOF MS spectrum of the ZR-(ELS)g-C protein, FPLC chromatogram of the ZR-(ELS)g-C-ssDNA with the
corresponding SDS-PAGE gel, Mircoarray from time-dependent incubations, and the full non-denaturing PAGE gel for the
multiprotein complex. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schweller et al.

Page 2

Protein coupling and immobilization strategies remain central to the investigation of protein
interactions and constitute an important design element for a wide variety of protein
detection technologies (1-3). To meet these needs, an array of polypeptide-based affinity
tags has been implemented that can mediate the surface anchoring of proteins (4, 5). In
addition to being expressed as small protein fusions, these functionalities offer significant
advantages over physical adsorption as well as most direct covalent attachment schemes,
since they provide control over the orientations of proteins on their supports and, in many
circumstances, help preserve the native folded state of proteins (6).

Alternatively, DNA-protein conjugate molecules have been developed to facilitate protein
immobilization onto DNA-coated matrices such as DNA microarrays (7-9) and organized
molecular scaffolds formed from DNA (10). DNA-directed immobilization of proteins
allows oligonucleotide sequences to encode the spatial positioning and composition of
multiple proteins on solid supports via the controlled deposition of DNA (7). This approach
can simplify the preparation of solid supports for protein immobilization and provide
sensitive control over protein deposition, since DNA-surface chemistries are more
established and robust than most protein immobilization techniques. DNA-directed protein
deposition can also provide routes to tune the quantitative activities of enzymes in ways that
can be difficult to achieve using protein affinity tags alone and offer new opportunities to
build artificial systems of interacting proteins with complex kinetic properties. Such control
has been demonstrated by recent work to “program” the stoichiometric ratios of multiple
enzymes immobilized on the surfaces of DNA-coated 96-well plates (11). Similarly,
multienzyme complexes have been created using DNA as a molecular scaffold and used to
explore how proximity effects influence their coupled-enzyme reaction dynamics (11, 12).

Despite the advantages of using DNA hybridization to direct protein deposition, various
technical obstacles still limit the utility of this approach for a variety of applications.
Particularly, the production of large numbers of DNA—protein conjugates remains
challenging. Although commercially available cross-linking agents can be used to couple
amine- or thiol-functionalized DNA strands to surface cysteine and lysine residues of
proteins (13, 14), the efficiency of these reactions tends to be low, and postlabeling
purification is generally required to isolate the conjugates. Furthermore, site-specific DNA
conjugation through this route requires that the majority of surface cysteines and lysines are
mutated to nonreacting residues. Even if these or alternative modifications are possible, the
direct labeling of proteins with DNA may interfere with protein function (14). These issues
can be avoided by coupling DNA to proteins indirectly through protein affinity tags.
Protocols that employ intein tags along with expressed protein ligation (15, 16), DNA-
streptavidin conjugates and biotin labeling (7), reactions of chemically modified DNA
molecules with SNAP-tag fusion (17), and protein farnesyltransferase labeling coupled with
click chemistry (18) have all been adopted for this purpose. However, most of these methods
still require purification steps to isolate the DNA—protein conjugates. Consequently, a host
of technological applications stand to benefit from the development of new synthetic routes
to prepare DNA—protein conjugates that emulate the simple and robust processing afforded
by commonly used protein affinity tags alone.
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In this report, we describe a new synthetic strategy to couple proteins to DNA matrices that
involves the production of DNA-conjugated polypeptide polymers 1 that function as capture
probes by associating with recombinant affinity-tagged proteins in solution and then
directing their deposition onto DNA-coated supports. These polymers are based on artificial
proteins that some of us have previously used to control the surface immobilization of
proteins (19) and to build finite-sized multiprotein complexes (20). With this system, protein
capture is achieved through the coiled-coil association of an engineered parallel pair of
heterodimeric leucine zippers, designated Zg and Zg. The zipper sequences are derived from
polypeptides developed by Vinson et al. (21) and form exceptionally strong heterodimeric
complexes (Kp ~ 10715 M) with much weaker homodimeric complexes (Kp ~ 1073 to 1076
M). Half of the zipper complex is fused to a target protein as an affinity tag, while the other
component is incorporated into the polymer as a genetic fusion. The polymers also contain a
mechanically flexible and repetitive domain based on the elastomeric poly(VPGV,G)
structural motif of the protein elastin (EL). Substitution of amino acids at the V, position of
this domain provides control over the hydrophilicity of the polymer and can be used to either
direct or minimize physical adhesion of the polymers to functionalized surfaces (19). Here,
we demonstrate that a DNA-conjugated version of these artificial proteins can be used to
direct the self-assembly of target proteins onto DNA supports by forming a monovalent and
stable intermediate linkage between immobilized sSDNA and the target proteins (Scheme 1).

The polypeptide polymers employed here contain the basic portion of the zipper complex
(ZRr), a polymerized elastic “midblock domain” or ELS fragment (VPGVG VPGSG VPGVG
VPGSG VPGVG), and a C-terminal cysteine, yielding Zg-(ELS)g-C. After the in vivo
expression and purification of these polymers, sulfosuccinimidyl 4-[ -
maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC) was used as a
heterobifunctional cross-linker to couple an amine-functionalized oligonucleotide to the C-
terminal cysteine of the polymers (13). The large shift in the isoelectric point of the
polymers after DNA labeling allowed the conjugates to be purified to homogeneity using
fast protein liquid chromatography (FPLC). Since the artificial proteins can sustain, without
loss of function, lyophilization, resuspension in denaturing buffers, and extended dialysis,
the labeling reactions can be scaled up, and this route allows concentrated stock solutions of
ZR-(ELS)g-C-ssDNA to be prepared despite the intrinsic inefficiency of the sulfo-SMCC
cross-linking reaction.

To test the ability of 1 to control the deposition of protein on DNA matrices, we labeled two
samples of Zg-(ELS)g-C with different oligonucleotides containing non-complementary
sequences. These polymers were then used as solution-phase capture probes that encode the
spatial deposition of recombinant proteins onto DNA-printed microarrays (Figure 1). In this
procedure, green fluorescent protein (GFP) and glutathione- S-transferase (GST) were
chosen as target proteins and were expressed 7 vivo with C-terminal Zg fusions. Protein
capture was achieved by mixing samples of either Ni2*-NTA purified target proteins (~1
mg/mL) or expressed proteins in unpurified cell lysates with a single conjugated version of 1
at a 3:1 molar ratio of target protein to polymer. After a brief incubation period (<30 min),
these solutions were incubated for ~12 h over a custom-fabricated DNA microarray. Each
array was washed and probed with fluorescently labeled antibodies (either Alexa647-anti-
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GFP or both Alexa647-anti-GFP and Cy3-anti-GST at 1 pg/mL) and scanned using a
GenePix 4000B microarray scanner (Molecular Devices). DNA-directed self-assembly of
both GFP-Zg and GST-Zg was found to be highly selective. As expected, arrays formed
using either purified proteins or cell lysates demonstrated the oligonucleotide sequence-
specific targeting of the proteins. Microarray spots containing the appropriate
complementary ssDNA sequence possessed average signal-tonoise ratios (SNR) with a range
of 20 to 60. Proteins appearing in the Cy3 channel tended toward the higher end of this
range. On the other hand, average SNR values were significantly lower for spots containing
non-complementary strands, an SNR range of 1.6 to 5. Furthermore, when precaptured
protein solutions were combined for 1, 2, 4, or 8 h prior to their incubation on the
microarray, we did not observe evidence of exchange between proteins displaying the zipper
fusion.

We also examined the effect our DNA-directed immobilization strategy had on enzymatic
activity. As a test case, we immobilized a -lactamase enzyme (PSE-4) onto the surface of
96-well plates that were functionalized with streptavidin and then biotin-labeled
oligonucleotides. DNA-directed deposition was performed using a similar procedure to that
developed for the microarrays except that the PSE-4-Z¢ fusion protein was prepared using
standard periplasmic expression and lysis methods. Nitrocefin was used as a substrate for
PSE-4, since the enzymatic opening of its B-lactam bond produced a detectable change in
absorption at 485 nm using a Tecan Infinite 200 microplate reader. Measurements of
nitrocefin hydrolysis rates again verified ability of 1 to selectively control enzyme deposition
of target proteins (Figure 2B). Wells containing 5 ug of a complementary oligonucleotide to
1 showed a 4-fold increase in activity over wells that contained non-complementary
sequences or where the ssDNA was omitted (Figure 2). Consistent with previous reports that
utilize DNA-directed immobilization of enzymes (11), levels of PSE-4 activity were found
to be linearly dependent on the amount of DNA that is immobilized in the wells (Figure 2
inset). Using soluble PSE-4-Zg as a calibration standard, the hydrolysis rate was converted
to PSE-4-Zg concentration, yielding a slope of 18.6 nM PSE-4-Z¢ per microgram of DNA.

Finally, the two different conjugated versions of 1 were synthesized and used to facilitate the
self-assembly of multiprotein complexes onto molecular-scale scaffolds formed from DNA.
Complexes containing either two GFP-Zg proteins or a GFP-Zg and a calmodulin protein
(CaM-Zg) were prepared (Figure 3). The DNA scaffold consisted of a 10-nm-long double
helix (34 bases) flanked by unique single-strand “overhangs” comprising 20 bases on either
end. The “overhangs” possessed either the same or orthogonal oligonucleotide sequences
depending on whether single or multicomponent complexes were being synthesized.
Multiprotein assemblies were synthesized by preincubating 1 with GFP-Zg or CaM-Zg, and
then adding the DNA scaffold. In each case, the protein, polymer, and “overhang”
concentrations were held at a 1:1:1 stoichiometry. Complex formation was examined using
non-denaturing polyacrylamide gel electorphoresis (PAGE) and by staining for DNA and
protein using Stains-All (Sigma). Clear separation between the scaffold and both partially
and fully formed assemblies was observed. For each complex, gel intensity analysis
indicated that the multiprotein complexes formed in high yield (>95%) using these
conditions, proving that the association of the zipper complex and DNA-hybridization
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provided stable and selective linkages to drive the assembly process near quantitative yield,
and that this process does not require the addition of large excesses of individual assembly
components to form complete complexes.

In summary, we have demonstrated that DNA-conjugated artificial polypeptides can be used
as protein capture probes that facilitate the oligonucleotide sequence-dependent deposition
onto DNA-functionalized matrices. Furthermore, we have shown that these polymers allow
the stoichiometries of enzymes to be deterministically controlled by forming a stable
intermediate linkage between DNA-coated supports and target proteins. Importantly, our
modular strategy separates the production of recombinant target proteins from DNA-
conjugation procedures. Here, the synthesis of a single set of polymer allows diverse
combinations of Zg-tagged proteins to be immobilized for different applications.
Furthermore, the selectivity and stability of the heterodimeric association of the leucine
zipper system employed here permits target protein capture and pull down from unpurified
cellular lysates and is compatible with a variety of protein expression systems and
techniques. In this way, our strategy presents a flexible and versatile alternative to existing
DNA-conjugation methods that is advantageous for applications where the ability to
conjugate proteins with DNA is limiting, and in circumstances that require minimal
postexpression processing of target proteins.
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A

Figure 1.
The use of artificial polypeptide conjugates to create protein microarrays encoded by DNA.

Arrays probed with Alexa647-anti-GFP were prepared using purified GFP-Zg (A) and cell
lysates containing expressed GFP-Zg (B). In both cases, column | denotes spots containing
the complementary sequence for GFP-Zg/polymer complex while a non-complementary
control strand was spotted in column Il. Images in A and B were cropped and placed
together for clarity. The pitch between spots is 250 um. (C) Two-component arrays were
fabricated through a single incubation of precaptured GFP-Zg and GST-Zg proteins. Column
| contains a complementary strand for GFP-Zg/polymer complex, column 11 contains a
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complementary sequence for a second GST-Zg /polymer complex, and column 111 contains
spots of a non-complementary control strand. Multiprotein arrays were probed
simultaneously with a mixture of Alexa647-anti-GFP and Cy3-anti-GST. The pitch between
spots is 500 pum.
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Figure 2.
DNA-directed control over immobilized enzyme activity. A 4-fold increase in PSE-4-Z¢

activity over background nitrocefin hydrolysis is seen in wells that were incubated with 5 g
of cDNA strands (C DNA) when compared to wells containing the same amount of a non-
cDNA strand (NC DNA). Control wells where the DNA-functionalization step was omitted
(No DNA) are also shown for comparison. The inset shows the linear dependence of PSE-4-
Zg activity on the amount of cDNA deposited in the wells.
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Figure 3.
Non-denaturing PAGE-gels confirming the synthesis of multiprotein complexes. (A) Native

PAGE-gel showing the successful formation of the complex containing two CaM-Zg
proteins assembled on a single DNA double helix. The dominant species observed in the
individual lanes of the gel are indicated by Roman numerals. The labeling scheme is as
follows: I. DNA scaffold alone; Il. assemblies prepared at a 1 to 0.5 ratio of sSDNA scaffold
to conjugates; I11. a “half” complex composed of the DNA scaffolds and two artificial
polypeptides; IV. complete assemblies formed at a 1:1:1 ratio of all assembly components.
(B) Gel demonstrating the assembly of multiprotein complexes containing both a GFP-Zg
and a CaM-Zg (l11), templated on a DNA scaffold possessing two different “overhang”
sequences. Partial complexes formed using only one type of protein and corresponding to
either CaM-Zg (1), or GFP-Zg (ll) are also shown.
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Scheme 1.
Synthetic Route to Employ Artificial Protein—-DNA Conjugates for Recombinant Protein
Capture
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