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Abstract

The conjugation of proteins to DNA is a useful technique for basic research and

medicine. Current methods for conjugation are limited in both specificity and effi-

ciency, as they generally depend on nonspecific exogenous chemical crosslinkers or

reversible DNA-binding proteins. In this work we have adapted a natural protein do-

main, known as the HUH domain, which targets DNA and forms a covalent phospho-

tyrosine adduct with the DNA backbone. We show that HUH domains react efficiently

with specific sequences of unmodified single-stranded DNA, and we have identified

five proteins which react orthogonally with distinct DNA sequences. We demonstrate

a number of applications for this technology. HUH fusion proteins can be use to la-

bel proteins both in vitro and in cultured mammalian cells with excellent specificity.

Fusing an HUH domain to the gene-editing Cas9 protein enhances the integration of

a single-stranded donor DNA template in mammalian cells. Surface-adhered HUH

protein can be used to tether DNA molecules for sensitive measurements in a single-

molecule magnetic tweezer. Additionally, we show that an HUH domain protein can

be rationally mutated to increase its stability and reactivity. This work presents a novel

technology with wide applicability and presents several avenues for future work.
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1Introduction

Information flow in nature and biotechnology

The fundamental basis of this work is laid out by Francis Crick in 1958, in the first statement
of the ‘Central Dogma’:

...once ‘information’ has passed into protein it cannot get out again. In more

detail, the transfer of information from nucleic acid to nucleic acid, or from

nucleic acid to protein may be possible, but transfer from protein to protein, or

from protein to nucleic acid is impossible1.

The key point is the capacity of each class of molecules to store and transmit information,
and the importance of that information. In nature proteins can function as ‘black boxes’2 -
the key to their existence is what they do rather than how they do it. As long as A→ B, it
does not matter which enzyme performs the conversion - an enzyme can be replaced by a
homolog with the same function from a distinct species3. In contrast, information storage
is the purpose of DNA - it must be readable to produce proteins and permit reproduction
and writeable to drive evolution.

The one-way flow of information becomes a problem, however, in the field of biotech-
nology. In research and medicine it is vitally important to understand the how of an event.
For example, antibodies are involved in the body’s immune response to infection as well as
medical diagnostic tests, but in very different ways. The immune response is activated by
an antibody binding to a foreign molecule; while the binding region of the antibody varies
to match the antigen, activation of the immune system is mediated by the conserved Fc
region. Medical diagnostics, however, seek to provide information on the specific infection
in order to guide treatment. For instance, treatment of a viral infection is heavily dependent
on the class of virus - RNA vs. DNA genome, for instance. In essence, biotechnology at-

1



INTRODUCTION 2

tempts to run the Central Dogma in reverse - to extract human-readable information from
a function.

The example of immunodetection

An illuminating example is provided by the traditional method of protein detection and
quantification by labeled antibodies in an enzyme-linked immunosorbent assay (ELISA).
In essence, every immunoassay converts a molecular recognition event - the binding of an
antibody to antigen - into a human-readable format, whether production of light, change of
color, or increase in fluorescence. In practice, a molecule of interest is detected by use of
an antibody specific to that molecule conjugated with some detectable group. The labeled
antibody is added to a complex mixture containing the target and allowed to bind; unbound
antibody is washed away, and the remaining bound antibody is detected. In the traditional
form, this is a horseradish peroxidase (HRP) or alkaline phosphatase (AP) enzyme, which
can process substrates to produce light or a change in color. The use of antibody conjugates
a has been a powerful technique for the detection of biological molecules since the 1960’s;
the early methods of fluorescent4, chemiluminescent, and colorimetric5 detection are still
in use today. These detection methods have high sensitivity but are limited to a single target.

Multiplex detection can be achieved by replacing a single luminescence/colorimetric
signal with multicolor fluorescence. Upon excitation, the labeled target molecule releases
detectable fluorescence; using suitable excitation and emission filters, multiple wavelengths,
and thus, targets, can be detected. The number of targets detectable by fluorescence is lim-
ited by the need for fluorophores and detector bandwidth in different colors; moving beyond
the de facto standard of red, green, and blue remains a challenge due to spectral overlap
between fluorophores. While complex spectral mixing techniques have been developed to
expand this range into the hundreds6, detection beyond ten colors remains challenging7.

Expanding detection to, potentially, the entire proteome is possible through DNA bar-
coding. DNA-antibody conjugates were first introduced in 1992 for use in immuno-PCR8.
Later work expanded this approach by integrating rolling-circle replication for greater sen-
sitivity and multiplex detection9 and using DNA ligation-based amplification to increase
sensitivity10. However, retrieving the full information encoded by the DNA was only made

aWhile the example of antibodies is used here, this is only because they are the historical standard. The
same points could apply to any recognition protein.
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Figure 1.1: Comparison of protein-conjugates for detection a. Traditional lumin-
scent detectino converts a single binding signal into the production of light. b. Multiple
fluorescently-labeled antibodies can detect their targets in a single reaction. c. DNA-labeled
antibodies can be quantified by next-gen sequencing, expanding the detection range into the
thousands.

possible by modern next-gen sequencing, which can sequence and quantify thousands of
strands in a single reaction. A strand of DNA of length N base-pairs has 4N possible se-
quences; an 8-mer encodes 48 = 65,536 unique sequences, sufficient to assign a unique
code to every species in the proteome11. This approach was implemented in 2017 to quan-
tify 82 proteins on single cells12.

This example illustrates the multiplexing power of DNA labeling as a replacement for
traditional labeling methods. By replacing light or fluorescent read out with specific se-
quences the detection range can be expanded into the thousands, allowing fine-grained
study of complex samples.

Current methods

Existing strategies to link DNA to proteins can be roughly classified into those which are
strong (here meaning covalently bonded) but nonspecific vs. those which are specific but
not strong.
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Chemical crosslinkers

Covalent bonds can be formed using crosslinking reagents specific for chemical groups
found on proteins and DNA. A crosslinker is a bifunctional molecule containing two or
more reactive groups joined by some linker; they can be either homobifunctional, with
the same reactive group on both termini, or heterobifunctional, presenting different re-
active groups. The most common reactive groups for protein-DNA crosslinking are N-
hydroxysuccinimide (NHS), which reacts with primary amines, and maleimide, which re-
acts with reduced thiols13. Both molecules are almost completely non-specific, attacking
any free amine or reduced thiol. This generality means that they are the only method for la-
beling naturally-occurring proteins, such as antibodies. However, labeling of non-antibody
proteins is difficult as they have many fewer ‘free’ residues which can be labeled without
perturbing function.

The naturally-occurring groups available for chemical labeling on proteins are the pri-
mary amines of lysine and the N-terminus, the thiol side chain of cysteine, and to a lesser
extent the carboxyl groups of aspartate, glutamate, and the C-terminus. DNA does not nat-
urally contain easily-attackable groups; linking is generally accomplished by adding amine
or thiol groups to synthetic oligonucleotides used for PCR or hybridization. The 5‘ phos-
phate of DNA can be labeled using the carbodiimide EDC with imidazole as a catalyst14,
but this reaction is not widely used. DNA can be non-specifically attacked by intercalating
molecules such as psoralen, which can form adducts to pyrimidine bases upon exposure to
UV light15; again, this method is not widely used.

In practice, crosslinking is generally performed with a heterobifunctional crosslinker
in a two-step reaction scheme. A commonly used linker is SMCCb, containing NHS and
maleimide groups, which will be used as an example; the full range of crosslinking schemes
cannot be addressed here, although a number are listed in Table 1.1. The problem of speci-
ficity is addressed, as much as is possible, by separating the reactions. DNA containing a
5‘-amine group (commercially available from most suppliers) is mixed with the crosslinker
first and allowed to react with the NHS group of the SMCC, then the product is purified to
remove unreacted crosslinker. Because the amine is synthetic there is only one group per
DNA molecule, and no thiols are present; this prevents unwanted inter-DNA linking. The

bSuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate, available from Thermo Fisher Scien-
tific and other suppliers

https://pubchem.ncbi.nlm.nih.gov/compound/smcc
https://www.thermofisher.com/order/catalog/product/A35394
https://www.thermofisher.com/order/catalog/product/A35394
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purified linker-DNA is then added to the protein, where the maleimide group reacts with
free thiols on the target protein. Purification and validation is then performed; a final yield
of approximately 50% is commonc. This reaction could obviously be reversed, with thiol
DNA and targeting protein amine groups; almost every reaction is different, and must be
optimized to the specific protein and its intended purpose.

‘Click’ chemistry

The relatively new class of ‘click’ reactions, typified by the Copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC)39,40 are ideally suited for bioconjugation, being highly ef-
ficient, specific, and completely bioorthogonal - neither azide nor alkyne groups normally
occur in biological systems. For these reasons they merit special attention, and are the focus
of intense research.

Owing to their small size, both azides25 and alkynes27 can be incorporated into proteins
using modified amino acidsd or oligonucleotides using modified bases41.

A drawback to the azide-alkyne reaction is its requirement for the toxic catalyst CuI.
This led to the development of the ‘strain-promoted’, copper-free click reactions using
cyclooctynes42, which avoid the catalyst but at a substantial cost in reaction rate.

The newer inverse-electron-demand Diels-Alder reaction between trans-cyclooctene
and tetrazine43 is both copper-free and extremely fast, making it ideal for bioconjugation.
This reaction has been successfully performed in live mice44, and tetrazine-modified amino
acids have been successfully incorporated into proteins26,45.

Given their usefulness, the click reactions are an area of intense and ongoing research.
However, they are an improvement on the crosslinking methods described above rather than
a novel form - any alkyne reacts with any azide. If the functional groups can be controlled
the reaction is very useful, but the possiblities for multiplex labeling are still limited.

Specific biological attachment

Chemical crosslinkers target a single group for an irreversible reaction, generating a single
strong bond; in contrast, biological recognition is mediated by a large number of weak

cauthor’s experience
d Unnatural amino acids for labeling are a vast and rapidly-evolving field, which cannot be covered here;

interested readers are directed to the excellent review by Lang and Chin 26 .
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contacts, which in sum can produce a strong interaction.
For example, the model DNA-binding protein Zif268 targets the nucleotide sequence

GCGTGGGCG and binds with a dissociation constant of 0.17nM46. This interaction is medi-
ated by seventeen direct contacts between protein side chains and both the DNA bases and
phosphate backbone46; mutation of a single hydrogen-bonding arginine reduces the affin-
ity over 100-fold46. This cooperativity creates a selectivity filter - if even a slightly wrong
DNA sequence is bound, the protein dissociates quickly and can seek out its correct target.
This selectivity is unnecessary in vitro - the experimenter applies their own filter by only
supplying the correct sequence. This limits the efficiency of coupling when seeking to form
protein-DNA complexes, as there is still a dissociation rate from the correct sequence.

Natural interactions have been exploited for protein-DNA construction to varying de-
grees of success. Engineered zinc-finger proteins, which target a designed DNA sequence,
have been employed to position proteins on a DNA origami structure35, although with low
yield (5̃0%). Using the reverse strategy, protein-binding DNA aptamers have been incorpo-
rated into DNA structures to specifically immobilize proteins37. Both of these methods are
highly limited, requiring existing aptamers or zinc-fingers as well as space to incorporate
them, making them impractical for small structures.

The same general model of summed weak interactions holds for proteins which bind
small molecules, with some notable exceptions.

Special attention should be paid to the avidin proteins, primarily streptavidin, which
bind the vitamin biotin with a dissociation constant in the femtomolar range47. Although
not covalent, for most laboratory applications this interaction is essentially irreversible. In
addition the protein is extremely stable (Tm = 75.5°C) and arranged in a tetramer with two
binding sites per side, creating a versatile ‘nano-hub’ which can link multiple biotinylated
molecules48. Biotin-conjugated oligonucleotides are widely available, and proteins can be
biotinylated using reactive esters or by enzymatic means49. A notable limitation of this
system is found in force-probing experiments, as the off-rate increases dramatically with
applied force50.

Specific covalent bonds can be formed between fusion proteins containing the SNAP30,
CLIP32, or HALO51 tags. These proteins target small molecules (see 1.1), which can be
attached to DNA using NHS or maleimide esters. However, all are proprietary technologies
and conjugation must be performed in the lab, adding significant cost and time to proce-
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dures.
Both avidin/biotin and the covalent bond-forming proteins are still limited by chem-

istry, in the same way as chemical crosslinkers. Both the recognition and reaction of these
molecules are determined by the basic chemistry of the molecules they target, and thus is
very difficult or impossible to extend for greater diversity in targeting.

The ideal: combine strength and specificity

The ideal method for DNA-protein conjugation would combine the specificity of a DNA
sequence target, as in the zinc-fingers, with the strength of a covalent bond. In our research
we have adapted a group of proteins, the HUH endonucleases, which seem to fit this criteria.
In this work we investigate the utility of these proteins as fusion tags for linking proteins to
DNA in a variety of contexts.



2Development of the HUH
tags

Good art should elicit a response

of ‘Huh? Wow!’ as opposed to

‘Wow! Huh?’

EDWARD RUSCHA

Adapted with permission from Lovendahl et al. J. Am. Chem. Soc. 201752

©2017 American Chemical Society

Introduction

The HUH endonucleases are a large superfamily of proteins involved in the cleavage and
ligation of single-stranded DNA (ssDNA). The hallmarks of the family are the conserved
HUH, or ‘His-hydrophobic-His’, motif, which coordinates a divalent metal ion, and one or
more catalytic tyrosine residues which attacks the phosphate backbone to nick the DNAa.
In the natural DNA processing cycle, the HUH protein nicks a segment of ssDNA at a
specific point in the genome (known as the ori) using the catalytic tyrosine, generating a
5’-phosphotyrosine bond and a free 3’-hydroxyl group. The 3’-OH is then used to initiate
replication using the standard replication machinery, leading to the production of new ss-
DNA. Following complete replication of the circular template, the 5’ and 3’ ends of the
DNA are ligated, either by the attached HUH protein or another free protein, creating a
closed, circular single-stranded genome.

aFor an in-depth treatment of the basic biology of the HUH endonucleases see Chandler et al. 53 .

9
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Figure 2.1: Conserved structure of HUH endonucleases from disparate sources a. NMR
structure of the rep domain from Porcine circovirus 2 (PDB ID 2HW0). b. X-ray structure
of the relaxase domain of mobilization protein A from plasmid R1162 (PDB ID 2NS6). c.
Active site of the R1162 mobilization protein A

The mechanism by which HUH proteins recognize their target sequence varies, but
generally involves DNA hairpins which form in the ssDNA. Although only a few HUH-
DNA complex structures are known, all use hairpin structures and recognition of both the
DNA bases and backbone over a large area of the protein’s surface54–58.

While the primary sequence of family members is highly variable, all known examples
share a similar three-dimensional structure of a central β -sheet which presents the HUH
metal-coordinating motif opposite a catalytic tyrosine on a single α-helix (fig. 2.1, a&b).
This structure is found in HUH proteins from such disparate sources as porcine circovirus
2 (PCV2), which causes illness in domestic pigs, and the broad host-range plasmid R1162,
originally isolated from Pseudomonas aeuruginosa59,60.

The HUH motif coordinates a divalent metal ion with the aid of another residue on an
adjacent β -sheet. Fig.2.1c shows a typical metal coordination site from the MobA relaxase.
A manganese ion is coordinated by the imidazole groups of histidine residues, two from
the HUH motif and one located on an adjacent β -strand. A fourth coordination site is
occupied by a water molecule held between the manganese and a glutamate residue. The
metal-binding site is typical for a divalent metal61, and has essentially no specificity. HUH
proteins have been crystallized with copper56, magnesium62, manganese60, nickel56,57,

https://www.rcsb.org/structure/2hw0
https://www.rcsb.org/structure/2ns6
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Figure 2.2: Chemistry of phosphotyrosine bond formation The reaction is initiated by
the hydroxyl group of the tyrosine residue (blue), which attacks the phosphorous atom in
the DNA backbone. A pentavalent intermediate is formed, then broken by the release of the
5’ fragment of the DNA, leaving the tyrosine linked to the phosphate.

and zinc54,56, although variation in the metal ion bound has drastic effects on activity56,63.
The ‘correct’ metal ion used in vivo is unknown, although it is believed to be magnesium.

Despite giving the family its name, the HUH motif itself varies widely. As it is found in
a β -sheet the central hydrophobic residue faces away from the active site, and thus has no
role in catalysis; its generally hydrophobic character seems to be a matter of reinforcing the
core of the protein. The relaxase-type protein MobA from plasmid R1162 has a cysteine in
the central position, although close sequence homologues have an alanine in this position
(data not shown), and the structurally similar TraI relaxase has a threonine60. The PCV2
Rep domain (fig. 2.1a) contains an unusual ‘HLQ’ sequence, resulting in a very low affinity
(Kd > 3µM) for divalent metal59.

The chemistry of the HUH reaction with DNA is relatively simple (fig. 2.2). The cat-
alytic tyrosine acts as the nucleophile; the hydroxide group of the tyrosine side chain must
be deprotonated in order to function. The target phosphate group of the DNA backbone is
brought in close proximity to the catalytic tyrosine residue, which then attacks the phos-
phorous atom. After the formation of a theorized pentavalent intermediate the 5’ fragment
of the DNA is released, leaving the tyrosine linked to the phosphate.

The first HUH protein identified, gene A protein (gpA*), was found in bacteriophage
φX174 from genetic mutants unable to produce ssDNA64. Isolation of the protein showed
that it associates with target DNA at the 5’ phosphoryl end through an ‘apparently covalent’
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attachment resistant to boiling or harsh chemicals65. This was also the first (and, until this
work, only) HUH protein exploited for biotechnology. Akter et al. constructed a fusion
of gpA* and an antibody-binding domain for use as the detection reagent in a ‘sandwich’
ELISA, where the target is detected by amplification of the DNA linked to the protein.
Although limited, this provided an important proof of concept for the adaptation of isolated
HUH domains.

Results

Selection of the initial test proteins

The initial HUH proteins selected for testing were identified from literature, focusing on
proteins with known structures (Table 2.1). The set of six proteins included two from the
Rep family and four from the relaxase family in order to test a range of proteins with po-
tentially different properties. From this list, two homologs were identified from sequence
databases, in order to test the feasibility of ‘bioprospecting’67 for new HUH proteins with
desirable properties. In this case, we sought to find homologs with a lower isoelectric point
in order to prevent non-specific ionic interactions. Using this method, we identified ho-
mologs of the viral Rep protein PCV2 and the relaxase RepB.

Table 2.1: Proteins studied in this work; see 4.4 for full details

Protein ori sequence
FBNYV AAGTATTACCAGAAA

miniMobA CCAGTTTCTCGAAGAGAAACCGGTAAGTGCACCCTCCC

NES ACGCGAACGGAACGTTCGCATAAGTGCGCCCTTACGGGATTTAAC

PCV2 AAGTATTACCAGAAA

RepB TGCTTCCGTACTACGACCCCCCA

TraI TTTGCGTGGGGTGTGGTGCTTT

DCV (PCV2 homolog) AAGTATTACCAGAAA

RepBm (RepB homolog) TGCTTCCGTACTACGACCCCCCA
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Biochemical characterization in vitro

The proteins were initially expressed in E. coli by standard methods, and purified to appar-
ent homogeneity by metal-affinity followed by size-exclusion chromatography. All were
monomeric and well-behaved in solution, and could be purified in high yield and stored at
high concentration.

Because the nicking activity results in the formation of a covalent adduct the reaction
could be studied by a simple SDS-PAGE gel-shift assay - covalent bonding causes an in-
crease in mass, resulting in slower migration on a gel. This assay was used to determine the
yield, rate, and specificity of the nicking/bonding reaction in vitro.

As previously demonstrated, all HUH proteins could form covalent adducts when incu-
bated with divalent metal and ssDNA bearing their ori sequence; removal of the metal by
EDTA chelation blocked adduct formation (fig. 2.3a.).
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Figure 2.3: Yield and rate of the HUH reaction a. The HUH reaction and an example
SDS-PAGE gel-shift result. b. Extent of reaction in 15 minutes at 37°C. c. Rate of the
reaction and comparison to the SNAP-tag, assessed by gel-shift. d. Rate of reaction and
nicking extent assessed by fluorescence unquenching.

The total extent of protein labeling was assessed by incubating each protein with a ten-
fold excess of its target at 37°C for 15 minutes, and quantified the products by gel-shift
(fig. 2.3b.). As a baseline we compared the HUH reaction to the reaction of purified SNAP-
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tag protein, acquired from New England Biolabs (NEB), with a benzylguanine-labeled
oligonucleotide. All the proteins showed appreciable labeling, with a range from 25 to 80%;
only one protein, NES, had a yield below 50%. The viral Rep proteins showed the highest
yield, comparable to the commercial SNAP-tag. It is worth noting that the SNAP-tag, like
most commercialized proteins, has been extensively modified to increase its activity68,69,
while the HUH proteins have not.

The gel-shift assay was then used to determine the rate of the HUH reaction, again
compared to the SNAP-tag. Proteins were incubated at 37°C with a ten-fold excess of target
oligonucleotide and quenched with SDS-PAGE loading buffer at the indicated times (fig.
2.3c). The reaction of the Rep protein with target DNA is extremely fast, reaching near-
completion within two minutes, compared to the SNAP-tag’s time of 15-30 minutes. The
reactions of the relaxase proteins were slower but still occurred within the 15-30 minute
time scale (fig. 2.9).

For greater precision and higher throughput we used a fluorescence unquenching assay
to measure the rate of reaction in 96-well format. In this assay, the target ori sequence is
flanked by a fluorescent fluorescein dye and a dark ‘quencher’ molecule, which absorbs the
energy from a nearby fluorophore but does not emit any fluorescence of its own (fig. 2.3d).
Initially the fluorescein emission is absorbed by the quencher, preventing fluorescence;
upon reaction, the DNA is split and the molecules move apart, allowing detection. This
assay also allowed us to measure the total extent of DNA cleavage, as opposed to the
amount of protein labeling. The results confirmed the gel-shift assay findings - the Rep
reaction is extremely fast. At high protein:DNA ratios, the reaction reaches completion in
under five minutes; a reaction ratio as low as 2:1 could reach completion, albeit at a slower
rate.

We used this assay to explore the optimal conditions for HUH-endonuclease activity,
finding an optimal pH range of 7-8 for both classes of HUH, and determined that common
additives such as reducing agents (5mM β -mercaptoethanol (BME)), calcium, BSA (5%
w/v), and surfactant (0.05% v/v Triton X-100) do not appreciably affect the enzymatic
activity (fig. 2.9).

A major advantage of the HUH labeling reaction is that it targets specific DNA se-
quences, and thus could be used for ‘one-pot’ reactions of multiple proteins. We tested the
sequence specificity of the labeling reaction by incubating each protein with a ten-fold ex-
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Figure 2.4: Sequence specificity of the HUH reaction a. Heatmap showing reactivity of
each protein on each DNA target; normalized as a percentage of the ‘correct’ reaction. b.
PCV2 protein cross-reacts with RepB target, but not vice-versa.

cess of every target DNA, and quantified the products by gel-shift. Figure 2.4 displays this
data in heat-map form; each reaction is normalized as a percentage of the reaction with the
correct target (fig. 2.11). The results show that the HUH proteins have excellent specificity,
with one important exception. None of the relaxase-type proteins showed any detectable
cross-reactivity in this assay, while the Rep-family PCV2 reacted to a large extent with the
highly similar RepB target sequence (fig. 2.4b). Curiously, the opposite was not true - RepB
protein had no activity on PCV2 target. This suggests that the non-specific reactivity is a
feature of the Rep family proteins. This establishes an important distinction between the
two families: the relaxase family is highly specific but less reactive, while the Rep proteins
are highly reactive but with lower specificity. Whether these features are related - ie, if Reps
require low specificity to achieve high yield - is unknown, and merits further investigation.

These results show that the HUH proteins can match or exceed a commonly used con-
jugation protein for bioconjugation in vitro, with greater versatility and without the need
for chemical labeling of the DNA.

Applications of purified HUH-fusion proteins

As a proof-of-concept for this strategy, we prepared a recombinant protein comprised of
tandem HUH-tags linked by a protein sequence containing an MMP2 proteolytic cleavage
site (fig. 2.8c). We then added two oligos with distinct target sequences containing Cy3 or
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Cy5 dyes. Fluorescent imaging shows robust dual labeling of the protein, and treating the
protein with MMP2 protease results in splitting of the dual-tagged protein into two single
tagged proteins.

The next example we thought of is Cas9, which is routinely delivered to cells as a re-
combinant protein via transfection or electroporation as a ribonucleoprotein (RNP) with in
vitro transcribed guide RNA70. We reasoned that we could use the HUH-tag to specifically
label the RNP with organic fluorophores for quantitation purposes or for potential multi-
plexed covalent labeling of genomic loci with an organic fluorophore or other modification
that can be encoded on an oligo. We first tested that the recombinant PCV-Cas9 (fig. 2.13a)
was functional by measuring its ability to cleave and disrupt GFP fluorescence in a cell line
stably expressing GFP (fig. 2.8b). The number of GFP-expressing cells was reduced by
approximately 80% for both Cas9 and PCV-Cas9 (fig. 2.13c-d). In addition to exhibiting
similar levels of GFP knockdown, the PCV fusion tag allowed us to also codeliver a Cy5-
labeled oligo into the cells (fig. 2.8b). Interestingly, while the Cy5-oligo tethered to Cas9
was most efficiently delivered into cells when delivered with cationic lipid, an appreciable
amount of the RNP-oligo complex also entered the cells even in the absence of cationic
lipid, suggesting that the additional positive charges from the PCV enhance its ability to
cross the cell membrane (fig. 2.13b).

a. b.

Figure 2.5: Applications of purified HUH-fusion proteins a. Construction of a biosensor
for matrix-metalloprotease 2 using the DCV and mMobA HUH proteins. b. Labeling of
Cas9 protein for genome labeling and editing.

As a final in vitro test, we attempted to react the HUH proteins with both small and
large DNA nanostructures functionalized with HUH target sequences (fig. 2.14). The puri-
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fied protein was reacted with the structure and the products analyzed by agarose gel elec-
trophoresis in standard 0.5×TBE buffer supplemented with 0.1% SDS to denature the pro-
tein; addition of the protein caused a mass shift in the DNA. These results are in line with
other groups’ published findings71,72, which were published both as this work was in prepa-
ration for publication (Sagredo et al. 71) and afterwords (Bernardinelli and Högberg 72).

Use of HUH fusion proteins in cultured mammalian cells

We initially transfected human U2OS cells with vectors constitutively expressing HUH
proteins to identify which could be correctly expressed. Standard preparation of cell lysates
followed by incubation with a 100nM solution of 3‘-TAMRA target oligonucleotides and
Mn2+ showed labeling of mMobA and TraI by fluorescent SDS-PAGE (fig. 2.15). Later
experiments with fusion proteins showed that the RepB homolog could also be expressed
(named RepBm, for its expression in mammalian cells).

To assess the use of HUH-tags for labeling in fixed cells and effects on cellular local-
ization, we fused TraI and mMobA to the N-terminus of human β -actin and expressed the
constructs in U2OS cells. Labeling the fixed TraI/mMobA-β -actin cells with 3‘-Alexa647
target oligos showed expected labeling of both actin filaments and cytoplasmic actin; coun-
terstaining with phalloidin-Alexa488 showed that the fusion protein was efficiently incor-
porated into actin filaments (fig. 2.6). Control cells, transfected with EGFP-β -actin and
mock labeled with either fluorescent target, showed no fluorescence in the far-red region,
indicating that nonspecific interactions are not responsible for labeling (fig. 2.16).

We next tested HUH-tags in labeling proteins on the surface of live cells. We first fused
mMobA and RepBm to the N-terminus of cell-surface Notch receptors also containing a
FLAG-tag. Both fusions exhibited good cell-surface trafficking in U2OS cells and normal
capability to signal in comparison to a SNAP-fused Notch receptor, as shown by labeling
the FLAG-epitope tag with an APC-conjugated antibody and in luciferase signaling assays
(fig. 2.17). Treating the cells expressing HUH-fusion tags with magnetic beads coated with
oligos bearing the target sequence (2.7a.) only labeled the HUH-tag containing receptors.
To test the orthogonality of labeling HUH-tags in the cellular context, we constructed a syn-
thetic transmembrane receptor with both mMobA and RepBm in the extracellular domain
(2.7b.). Addition of fluorescent oligonucleotides to the culture media, as well as Mn2+ and
salmon sperm DNA to block non-specific interactions, resulted in fast and efficient label-
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Figure 2.6: Labeling of fusion proteins in mammalian cells a. Labeling of mMobA and
TraI-fused actin in fixed U2OS cells using fluorescent oligonucleotides; the counterstain
phalloidin specifically labels actin filaments. b. Linescan of the merged TraI images show-
ing colocalization of actin filaments.

ing of the cell surface. Cells expressing receptors containing only one HUH protein were
labeled only by the correct target sequence, and counterstaining with α-HA-Dylight488
showed that untransfected cells were not labeled (fig. 2.18). Time course imaging of the
labeling reaction showed that visible labeling was achieved within ten seconds, and the
number and intensity of labeled cells increased to a maximum after 15-20 minutes (fig.
2.19).

Live-cell fluorescent labeling of intracellular targets is hampered by the fact that oligonu-
cleotides do not freely travel into cells. We performed proof-of-concept live-cell labeling
of cells transfected with TraI-β -actin by delivering its fluorophore-conjugated target oligo
using cationic lipid (fig. 2.20). Delivery of the fluorescent oligo to mock-transfected cells
showed very little fluorescent signal, while the transfected cells were clearly labeled in
the cytoplasm. Intracellular labeling could be further optimized by exploring alternative
methods to deliver oligos into cells.

Conclusions

We have shown that HUH endonucleases can be adapted into useful fusion tags for DNA-
protein conjugation. They efficiently form covalent bonds with a specific DNA sequences,
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Figure 2.7: Labeling of cell surface proteins in live cells a. Labeling of Notch receptor
fusions with magnetic beads. b. Multiplex labeling of a synthetic mMobA-RepBm fusion
protein on the cell surface.

eliminating the need for modified DNA and allowing multiplex ‘one-pot’ labeling. We have
demonstrated a variety of applications in vitro and in cultured cells, using N- and C-terminal
fusions in the cytoplasm and cell surface without disturbing protein function. The reaction
is compatible with a variety of in vitro conditions, standard cell culture media, and cellular
lysis and fixation.

We believe that this technology could greatly expand the protein-labeling toolkit in
many applications. The small size of the labeling reagent, relative to antibodies, could be
very useful for super-resolution imaging, especially in combination with small recombi-
nant affinity reagents such as nanobodies or affimers. Because they are active in cell lysate
HUH fusions could be directly immobilized or labeled without further purification, allow-
ing faster and more informative experiments.

Finally, the fact that the Rep family proteins can achieve complete labeling suggests
that the other, more specific relaxases could be engineered, either rationally or by directed
evolution, for higher activity. The SNAP-tag used as our ‘benchmark’ labeling protein was
extensively engineered before becoming commercially available; the fact that the HUH
proteins can meet or exceed its effectiveness before modification is extremely promising
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for their future possibilities.
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Current and future work: Cas9-HUH fusions for gene editing

Reproduced with permission from Aird et al. Comms. Bio. 201873

©2018 Springer Nature Limited

A number of projects incorporating HUH fusion proteins are ongoing in the Gordon lab.
The most advanced, led by graduate student Eric Aird, is highlighted here; a full reprint
is included in 4.4. I began this project during the initial work on the HUH proteins; I
developed the basic techniques for purifying and working with Cas9 and fusions in vitro

and in cells and provided support to the work. Credit for the final product is due entirely to
Eric, who lead the team that brought the work to fruition.

The ability of CRISPR-Cas9 to specifically target and cleave sites in the genome to
produce a double-stranded break (DSB) has made it a critical tool in genome editing74,75.
Mammalian cells repair the DSB predominantly through two pathways: non-homologous
end joining (NHEJ) or homology-directed repair (HDR). The more frequent NHEJ pathway
results in the formation of small insertions or deletions (indels) at the DSB site, while
the alternative HDR pathway can be utilized to insert (or ‘knock-in’) exogenous DNA
sequences into the genome76. For genome-editing HDR is frequently desired but is limited
by the low efficiency of recombination.

It has long been known that single-stranded DNA is an efficient substrate for genomic
incorporation at break sites77. Given that we have previously shown that Cas9-PCV2 fu-
sions can be efficiently labeled with oligonucleotides52, we sought to extend this method
to tethering of an HDR template DNA to the protein, thus co-localizing the donor to the
break site and potentially increasing the efficiency of incorporation.

We tested the activity of fusions of the Rep protein PCV2 to Cas9 at the N- (PCV-Cas9)
and C-termini (Cas9-PCV). To assess reactivity of the fusions with long ssODNs suitable
for HDR insertion, the formation of the protein-DNA conjugate was assessed using SDS-
PAGE, as previously described. An equimolar ratio of either protein to DNA resulted in
¿60% covalent complex formation (by gel densitometry) after 15 min at room temperature.
The ability of Cas9 to cleave DNA was assessed in vitro and found to not be perturbed by
the addition of PCV at either terminus.

For in-cell testing we used a recently-described luminescence activity assay (Promega
HiBit) to monitor the in-frame insertion of a 13 amino acid split-luciferase complement
peptide (HiBiT) into endogenous loci. Adding the recombinant N-terminal nanoluciferase

https://www.promega.com/products/promotional-offers/campaigns/quantitate-and-detect-hibit-tagged-proteins/
https://www.promega.com/products/promotional-offers/campaigns/quantitate-and-detect-hibit-tagged-proteins/
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Figure 2.8: Cas9-HUH fusions increase genome editing a. The fusion protein used in
this work. b. Knock-in of a luciferase complement peptide using Cas9 and Cas9-HUH
fusions. c. Luciferase peptide knock-in as a function of transfected protein complex. d.
Deep-sequencing results from knock-in of luciferase peptide at the endogenous GAPDH
locus in HEK293T cells. e. Bar graph of data from d. with addition of the HDR/indel ratio,
a measure of editing precision.

fragment (LgBiT) reconstitutes activity and produces light upon addition of substrate; the
intensity of light emitted is thus a relative measure of HDR efficiency. RNPs targeting
the 3?-end of GAPDH were assembled in vitro and transfected into HEK-293T cells with
or without ssODN containing the PCV recognition sequence (fig. 2.8b). When using an
ssODN lacking the PCV recognition sequence (PCV- ssODN), all versions of Cas9 resulted
in similar luminescence levels when assayed 48h post-transfection. However, upon addi-
tion of an ssODN containing the PCV recognition sequence (PCV+ ssODN), a substantial
two to three-fold change in luminescence is observed for cells transfected with Cas9-PCV
fusions. The increase in luminescence was not observed when catalytically inactive PCV
(Y96F) was fused to Cas9, suggesting the specific attachment of ssODN to Cas9 via PCV
is responsible for the increase in HDR frequency.
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The increased editing is even more pronounced when transfecting small amounts of
RNP (fig. 2.8c). At 25nM RNP concentration the fusions provided a 15- to 30-fold increase
in peptide insertion. This is very encouraging for therapeutic applications of this technique,
where protein delivery is tightly limited.

To directly assay the insertion of the HiBit at an endogenous gene we targeted the
GAPDH locus in HEK293T cells and analyzed the results by deep sequencing. Use of
the fusion proteins gave a 5- to 11-fold increase in the specific insertion of the peptide
compared to non-fused Cas9 (fig. 2.8d); with PCV-Cas9 this brought the absolute editing
rate to 7.78%, compared to 0.75% using Cas9. Fusion also increased the ratio of HDR to
indel formation (2.8e), indicating that these results are due to shifting the repair process to
favor HDR, rather than a general increase in editing.

These results are highly encouraging, and have been the subject of great interest by
outside groups, judging by requests for the protein and plasmids. A similar approach was
recently published using the SNAP-tag, which gave similar results78. As noted before, us-
ing the SNAP-tag requires chemical modification of the donor DNA, which adds difficulty
and cost and could have deleterious effects if used in vivo. Our method, which requires only
an addition of 15bp to the ssODN, could have wide application both in basic science and
medicine.
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Experimental procedures

Materials All coding sequences were obtained as codon-optimized synthetic DNA from
Life Technologies or Integrated DNA Technologies (IDT). Staple oligonucleotides for the
DNA origami construct were purchased from Life Technologies. All other oligonucleotides
were purchased from IDT. All restriction enzymes were purchased from NEB. Electrophore-
sis supplies were purchased from Bio-Rad unless otherwise specified.

HUH proteins Linear coding DNA was inserted into vector pTD68/6×HIS-SUMO at the
BamHI and XhoI sites using restriction-based ligation, In-Fusion (Clontech), or Hi-Fi DNA
Assembly (NEB). Sequenced constructs were transformed into Escherichia coli (E. coli)
BL21(DE3) cells and grown in lysogeny broth (LB) supplemented with 100µg/mL ampi-
cillin; at OD600 0.8 the cells were induced with 500µM Isopropyl β -D-1-thiogalactopyranoside
(IPTG) and allowed to express for 3h at 37°C or overnight at 18°C. The cells were har-
vested by centrifugation at 4,000×G, the pellet resuspended in 50mM Tris-HCl, pH 8.0,
350mM NaCl, 5mM BME, 10mM imidazole, and lysed by sonication on ice. Insoluble
material was removed by centrifugation at 24,446×G, 4°C, for one hour. Soluble protein
was batch-bound to Nickel-NTA agarose (Thermo Scientific), washed with five column
volumes of 50mM Tris-HCl, pH 8.0, 1M NaCl, 5mM BME, 10mM imidazole, and eluted
in lysis buffer containing 250mM imidazole. The purified protein was dialyzed overnight
against 50mM Tris-HCl, pH 8.0, 350mM NaCl, and 5mM BME or directly concentrated
for further purification. To remove the 6×HIS-SUMO fusion tag, HIS-tagged Ulp1 pro-
tease (gift of Amanda Hayward, produced in-house) was included in the dialysis bag and
incubated overnight at 4°C; the protease and 6×HIS-SUMO were then removed by running
the solution over nickel-NTA agarose before further purification. Proteins were purified by
size-exclusion chromatography using a Bio-Rad SEC650 column equilibrated in 50mM
Tris-HCl, pH 8.0, 200mM NaCl, 2mM EDTA. All concentration and buffer-exchange pro-
cedures were performed using GE Vivaspin columns, 10K MWCO.

Cas9 proteins Cas9 was expressed from the plasmid pET15/SP-Cas9 (a gift from Niels
Geijsen79, Addgene plasmid #62731). PCV-Cas9 was constructed by inserting the Cas9
coding sequence between the 6×HIS-SUMO and PCV2 proteins at the BamHI site in
pTD68/6×HIS-SUMO-PCV2 using In-Fusion cloning. Cas9 and Cas9-PCV2 were puri-

https://www.addgene.org/62731/
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fied according to the method of Anders & Jinek80. Proteins were expressed in E. coli

BL21(DE3) grown in autoinduction media81 for approximately 8 hours at 37°C, then
shifted to 25°C for 24 hours. Cells were collected by centrifugation at 4,000×G, resus-
pended in 20mM Tris-HCl, pH 8.0, 500mM NaCl, 5mM imidazole, 0.4mM AEBSF, and
lysed by sonication on ice. Insoluble material was removed by centrifugation at 24,446×G,
4°C, for one hour. Soluble protein was bound to Ni-NTA agarose, washed with 15 column
volumes lysis buffer, and eluted in 20mM Tris, pH 8.0, 500mM NaCl, 500mM imida-
zole. The eluted protein was dialyzed against 20mM HEPES, pH 7.5, 150mM KCl, 1mM
EDTA, 1mM Dithiothreitol (DTT), 10% glycerol overnight at 4°C. The 6×HIS-SUMO tag
of Cas9-PCV2 was removed with recombinant Ulp1 protease during dialysis, as described
above. Dialyzed protein was bound to a HiTrap SP HP cation-exchange column (1mL, GE
Healthcare) equilibrated in 20mM HEPES, pH 7.5, 100mM KCl, and eluted with a linear
gradient from 0.1-1M KCl. Purified protein was snap-frozen in aliquots.

SDS-PAGE of reactions between HUH-tags and ssDNA oligos Unless otherwise noted,
gel-shift assays were performed in 50mM HEPES, pH 8, 50mM NaCl, 1mM MgCl2 and
1mM MnCl2 (HUH buffer), incubated at 37°C for 15 minutes, and stopped with 4× Sodium
dodecyl sulfate (SDS) loading buffer. The reactions were analyzed by electrophoresis on
4-20% polyacrylamide gels in Tris-Glycine-SDS buffer and stained with either Coomassie
Blue or Bio-Rad Stain-Free gels. For comparison of covalent adduct formation of SNAP
and DCV, 25pmol of SNAP/DCV proteins were mixed with 100pmol respective DNA-
oligo in 50mM HEPES, pH8, 50mM NaCl, and 5mM BME or HUH buffer, respectively;
4× SDS loading buffer was added at indicated times to stop the reaction. Specificity reac-
tions of HUH proteins with each target oligo were performed in HUH buffer with 150mM
NaCl. For one-pot reaction of double-HUH tagged protein, HUH reaction was performed
as previously, and reactions were divided in half. To one half (minus MMP-2), MMP as-
say buffer was added (50mM Tris-HCl, pH 7.5, 10mM CaCl2, 150mM NaCl, 0.05% (w/v)
Brij-35). To other half, 36.7ng activated MMP-2 was added. 220ng of MMP-2 was acti-
vated using 2 mM APMA in MMP assay buffer for 1 hour at 37 C. Reactions were stopped
with 4× SDS loading buffer and run on 4-20% SDS-PAGE. Fluorescence was detected
with a Typhoon FLA9500 imager (GE), using the standard Cy3 and Cy5 channels.
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Fluorescence unquenching assays Oligonucleotides were purchased with a 5’ quencher
and 3’ fluorescein or Cy3 and dissolved at 100µM in water. Oligos were diluted to desig-
nated concentration (125-500nM) in water and 50µl was added to wells in black 96-well
plates (Corning) Proteins were dissolved at designated concentration in desired buffer, and
50µl added to wells containing fluorophore-quencher oligo. Fluorescence of fluorescein or
Cy3 was measured on a fluorescence plate reader (Molecular Devices, Gemini). For exper-
iments using different buffers, each trace was corrected for fluorescence of oligo alone in
designated buffer.

Oligonucleotide labeling Amino-modified oligonucleotides were obtained with standard
desalting purification and resuspended in MilliQ water to 200µM concentration. N-hydroxy-
succinimide (NHS) ester dyes (Life Technologies) and resuspended to 10mg/mL in an-
hydrous dimethyl sulfoxide (DMSO). Labeling was perfomed by mixing 20µL dye solu-
tion, 20µL DNA, 20µL 0.5M HEPES, pH 8.5, and 40µL water and incubating the mixture
overnight at room temperature. Excess dye was removed by repeated ethanol precipita-
tion and purification using G-50 spin columns (IBI Scientific). The SNAP substrate was
prepared as above using an amino oligo and the NHS-ester of benzylguanine (NEB). The
reaction was purified on a DNA-Pac anion-exchange column and concentrated using 3k
MWCO centrifigal filters.

DNA origami labeling The six-helix bundle construct was designed using CadNano282.
Staple strands were mixed at 10-fold excess with 10nM m13mp18 scaffold in TEM Buffer
(10mM Tris-HCl, pH 8.0, 1mM EDTA, 10mM MgCl2) and folded by cooling from 80°C
to 60°C over 80 minutes, then 60°C to 24°C over 15 hours. Excess staples were removed
by diluting the reaction ten-fold in TEM buffer and concentrating it using 100K MWCO
columns (AmiCon) spun at 1,000×G, with two changes of buffer. 1nM six-helix bundle was
incubated with 10-fold excess of the selected proteins under standard reaction conditions.
The products were analyzed on 2% agarose in 0.5X TBE + 11mM MgCl2 and stained with
SYBR Safe (Invitrogen).

Mammalian vector construction Constitutive expression vectors (denoted pcDNA3 NAME)
were constructed by inserting the coding sequence into the BamHI site of pcDNA3 (Invit-
rogen) using Hi-Fi DNA Assembly (NEB). Actin vectors were constructed by inserting
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the coding sequence of human β -actin into pcDNA3 mTraI36 and pcDNA3 mmobA using
BamHI and XhoI, to create a C-terminal in-frame fusion. For cell-surface fusions, existing
Flag-Notch1-Gal4 Notch vectors83 were cut with KpnI between the FLAG-tag and EGF-1,
and the codon-optimized HUH-tag was inserted by In-Fusion cloning. The tandem HUH-
tag cell surface receptor, called HA-Rep-mMob-CellSurf, was cloned by inserting DNA
fragments containing protein G84, RepBm, a 40 amino acid linker, mMobA, and a CD8
domain into an existing vector encoding a portion of the DLL4 cell surface receptor83 and
an N-terminal HA-tag and FKBP domain in place of the FKBP domain.

Cell lysate labeling HEK293T cells were grown in DMEM + 10%FBS to 90% confluency
in 12-well plates and transfected with 1µg pcDNA3 vector using Lipofectamine 3000 (Life
Technologies). Transfected cells were grown for 48 hours before being lysed with 300µL
Pierce IP Lysis Buffer (Thermo Scientific) according to manufacturer’s instructions. 10µL
of cell lysate was incubated at 37°C for 30 minutes with 1µL TAMRA-labeled target DNA
with or without the addition of 20mM MgCl2 and MnCl2. The reactions were separated by
SDS-PAGE and imaged using a Typhoon FLA9500 imager.

Fixed cell labeling U2OS cells were grown either on glass coverslips in 6-well dishes or
12-well chambered coverglass (MatTek) at 37°C with 5% CO2. At 30-50% confluence the
cells were transfected using Lipofectamine 3000 as previously described. After 24 hours
of expression the cells were fixed and permeabilized by the following protocol: 15 minute
fixation in 4% paraformaldehyde (Thermo Fisher) in CBS (10mM MES, pH 6.1, 138mM
KCl, 3mM MgCl2, 2mM EGTA, 0.32M sucrose), 3×2 minute wash with TBS + 0.3M
glycine, permeabilization with Permeabilization/Blocking buffer (TBS + 0.025% saponin,
1% BSA, 5mM MgCl2, 5mM MnCl2), 30 minute labeling by addition of 100nM Alexa 647
oligo to the permeabilization buffer, 2×3 minute wash with TBS + 0.5M NaCl, 1 minute
wash with TBS + 2 drops of NucBlue Fixed-Cell Stain (Life Technologies), mounting
in Slowfade Diamond (Life Technologies). Cells were imaged on an EVOS FL-AUTO
microscope. Analysis and contrast adjustment was performed in ImageJ85.

Live cell surface labeling U2OS or HEK293T cells were transiently transfected with full-
length Notch receptors harboring an N-terminal FLAG-tag plus mMobA, RepBm, or SNAP
fusion tag and intracellular Gal4 fusion (for transcriptional assays86), or tandem cell sur-
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face construct HA-Rep-mMob-CellSurf, in 96-well plates as previously described. 100ng
of plasmid was used per well, or 10ng for reporter assays. 24-48 hours later, cells were
washed 2x with PBS, and labeling solution added. Standard labeling solution used a base of
standard DMEM + 10% FBS, 1% penicilling/streptomycin, 0.5mM MnCl2, 0.5mM MgCl2,
1:20 Salmon Sperm DNA, and 200-250nM fluorescent oligonucleotide. APC-anti-Flag or
Dylight488-anti-HA (Pierce) were added as required at 1:750. Reactions were performed
at 37°C for 20 minutes. Cells were washed twice with PBS and media was replaced with
Fluorobrite DMEM (Life Technologies)+ 10% FBS + 2ug/ml Hoescht. Cells were imaged
on an EVOS FL-AUTO microscope. Analysis and contrast adjustment was performed in
ImageJ85. Luciferase assays were performed by co-transfecting luciferase reporter plas-
mids, and plating cells in wells coated with 10µg/ml Jagged-1 (R&D Systems). Cells were
lysed and Dual Luciferase Assay (Promega) was performed according to manufacturer’s
instructions.

Guide RNA preparation The EGFP sgRNA was synthesized using an EnGen®sgRNA Syn-
thesis Kit, S. pyogenes (NEB), with the primer GFP AS sgRNA 1, or in vitro transcribed
from a PCR product derived from a PCR template kindly provided by Eric Hendrickson.
The product was purified by ethanol precipitation

GFP targeting and analysis GFP knockdown comparison of Cas9 and PCV2-Cas9 was
performed in a doxycycline-inducible GFP cell line, a kind gift from Peter Gordon. GFP
was inserted into the pLVX-TetOne vector (Clontech) by In-Fusion cloning and the re-
sultant vector used to generate lentiviral particles. HT1080 cells (ATCC) were transduced
with lentiviral particles for 48 hours and then selected with puromycin in order to generate
doxycycline-inducible GFP HT1080 cells. Cells were seeded to approx. 70% confluency
in clear-bottom 96-well plates. 10 pmol of Cas9 or PCV2-Cas9 were mixed with 50pmol
3’ Cy5-labeled PCV2 target oligo for 5 minutes in Opti-MEM supplemented with 1mM
MgCl2. Reactions were divided in half and water or 10pmol GFP sgRNA added for 10
minutes at room temperature. Reactions were divided in half and 0.5µl RNAiMax (Life
Technologies) added to half of the reactions for 15 minutes. RNP/liposome mixes were
then added to cells in antibiotic-free DMEM + 10% FBS. 12 hours later, 1µM doxycycline
was added to the wells. Cells were imaged on an EVOS FL-AUTO microscope 4-10 hours
later. Analysis of GFP and Cy5 intensities was performed in ImageJ85.
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Figure S1.  Testing optimal conditions of FBNYV (a-c) and mMobA (d, e) HUH nicking reaction using 
fluorophore/quencher-containing oligonucleotides.  50ul of FAM-quencher oligo (125nM final 
concentration) in water was added to 50ul buffers of variable composition +/- designated concentrations of  
FBNYV or mMobA HUH-protein. Increase in fluorescence as the HUH-tag containing protein cleaved the oligo 
measured using a fluorescence plate reader (Molecular Devices, Gemini) in 96-well plate format.  Each trace 
resulted from subtracting Buffer+oligo control from Buffer + oligo + HUH-protein (a) Buffers of varying pH:  
100mM designated buffer, 100mM NaCl, 1mM Mn2+, 1mM Mg2+,. (b) Buffers of varying [NaCl] in 100mM Tris 8, 
1mM Mg/Mn.  (c) Buffer additives in 100mM Tris 8, 100mM NaCl 1mM Mg/Mn. (d) Cleavage rates of DNA 
oligo as a function of excess protein.  All traces resulted from subtracting a blank containing no added MmobA.  
Buffer was 50mM Tris 8, 100mM NaCl, 1mM Mn/Mg.  (e)  Buffers of varying pH:  100mM designated buffer, 
100mM NaCl, 1mM Mn2+, 1mM Mg2+. Each trace resulted from subtracting Buffer+oligo control from Buffer + 
oligo + HUH-protein. 
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Figure 2.9: Testing optimal conditions of FBNYV (a-c) and mMobA (d, e) nick-
ing reaction using a molecular beacon a. Buffers of varying pH: 100mM designated
buffer, 100mM NaCl, 1mM Mn2+, 1mM Mg2+. b. Buffers of varying [NaCl] in 100mM
Tris 8, 1mM Mg/Mn. c. Buffer additives in 100mM Tris-HCl, pH 8, 100mM NaCl, 1mM
Mg/Mn. d. Cleavage rates of DNA oligo as a function of excess protein. All traces re-
sulted from subtracting a blank containing no added MmobA. Buffer was 50mM Tris-HCl,
pH 8, 100mM NaCl, 1mM Mn2+, 1mM Mg2+ e. Buffers of varying pH: 100mM desig-
nated buffer, 100mM NaCl, 1mM Mn2+, 1mM Mg2+. Each trace resulted from subtracting
Buffer+oligo control from Buffer + oligo + HUH-protein.
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Figure S2.  Testing stability and reversibility of HUH-DNA conjugates. (a)  10 pmol of SUMO-DCV or 
SUMO-mMobA was reacted with 100 pmol of target DNA in standard HUH-conditions for 15 minutes at 37oC.  
Oligos with free 3’-OH corresponding to the product of HUH-endonuclease activity that is not covalently 
attached were added in increasing amounts of molar excess with respect to HUH protein to test reversibility of 
protein-DNA conjugates formed in vitro.  Both conjugates can be reversed at high molar excess of free 3’-OH 
containing oligo, which could be useful for some applications.  Quantities of free 3’-OH containing oligo on the 
order of the stoichiometry of the HUH protein (~1X) do not reverse the protein-DNA conjugates.    (b) SUMO-
PCV was reacted with 10-fold excess of its target oligo conjugated to Cy5 under standard HUH conditions.  
The reaction was then mixed with 10-fold excess of conditioned media from HEK293T cells to simulate 
physiologic conditions.  Aliquots were quenched at several timepoints and the presence of the HUH-oligo 
conjugate visualized by Typhoon imaging an SDS-PAGE gel.  The band representing the intact PCV-oligo-Cy5 
can only be present if the protein and oligo are both intact.  There is no significant degradation after 64 hours.   
(c)  PCV and MmobA-DNA conjugates were treated to pH 4, pH 9.5, 4M urea for 1 hour, with not significant 
loss of protein-DNA conjugate. 
 

Figure 2.10: Testing stability and reversibility of HUH-DNA conjugates.
a. 10pmol of SUMO-DCV or SUMO-mMobA was reacted with 100pmol of target DNA in
standard HUH-conditions for 15 minutes at 37°C. Oligos with free 3’-OH corresponding
to the product of HUH-endonuclease activity that is not covalently attached were added
in increasing amounts of molar excess with respect to HUH protein to test reversibility of
protein-DNA conjugates formed in vitro. Both conjugates can be reversed at high molar
excess of free 3’-OH containing oligo, which could be useful for some applications. Quan-
tities of free 3’-OH containing oligo on the order of the stoichiometry of the HUH protein
(≈1X) do not reverse the protein-DNA conjugates.
b. SUMO- PCV was reacted with 10-fold excess of its target oligo conjugated to Cy5 under
standard HUH conditions. The reaction was then mixed with 10-fold excess of conditioned
media from HEK293T cells to simulate physiologic conditions. Aliquots were quenched
at several timepoints and the presence of the HUH-oligo conjugate visualized by Typhoon
imaging an SDS-PAGE gel. The band representing the intact PCV-oligo-Cy5 can only be
present if the protein and oligo are both intact. There is no significant degradation after 64
hours.
c. PCV and mMobA-DNA conjugates were treated to pH 4, pH 9.5, 4M urea for 1 hour,
with not significant loss of protein-DNA conjugate.
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Figure S3: Gels from Fig1e.   HUH-reactions were performed as described in Methods.  Gel bands were 
quantitated using ImageJ. 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11: Full gels used for yield calculations
HUH-reactions were performed as described in Methods. Gel bands were quantitated using
ImageJ.
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a. Sequences of oligos:

mmob0 CCAGTTTCTCGAAGAGAAACCGGTAAGTGCG -CCCTCCC
mmob1 CCAGTTTCTCGAAGAGAAACCGGGAAGTGCG -CCCTCCC
mmob2 CTCGAAGAGAAACCGGTAAGTGCG -CCCTCCC
mmob3 CCAGTTTCTCGAAGAGAAACCGGTAAGTGCA -CCCTCCC
mmob4 CCAGTTTCTCGAAGAGAAACCGGTAAGTGCG -GCCTCCC
mmob5: CCAGTTTCTCGAAGAGAAACCGGTAAATGCG -CCCT
mmob6: CCAGTTTCTCGAAGAGAAACCGGTAAATGCG -CCCTTATAAGCGGGAGATTCGTCCTCATA
Trai: TTTGCGTGGGGTGT -GGTGCTTT
NES1: ACGCGAACGGAACGTTCGCATAAGTGCG -CCCTTACGGGATTTAAC
NES2: ACGCGAACGGAACGTTCGCATAAGTGCA -CCCTTACGGGATTTAAC
NES3: GTTCGCATAAGTGCG -CCCTTACGGGATTTAAC

b.

Figure 2.12: Optimization of mMobA target sequence
a. Sequences of oligos used in this figure aligned at nick site. b. (top) mMobA or (bottom)
NES was reacted with approx. 5-fold excess of denoted oligos for 15 minutes at 37 degrees
and run on SDS-PAGE. For oligos mMob0-4 reacting with mMobA protein, % covalent
adduct was calculated by quantitation of bands in ImageJ. Please note **- oligo mMob0
contains the original ori sequence for mMobA. This forms a covalent adduct with mMobA
to a 40% extent (top) BUT also cross reacts extensively with NES (bottom). A single bp
substitution in oligo mMob3 enhances covalent adduct to 52% (top) and abrogates cross-
reactivity with NES (bottom).
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Figure S5.  (a) Recombinant PCV-Cas9 reaction with 200bp oligo containing target site and standard target 
oligo, using standard HUH reaction conditions, as described in Methods.   (b-e)  PCV-Cas9 + pcv-target oligo-
Cy5 knockdown of GFP.  HCT119 cells stably expressing inducible GFP were treated in 96-well plates with 
10pmol of PCV-Cas9 pre-reacted with 50pmol Cy5 oligo, plus or minus 10pmol GFP-gRNA, plus or minus 
0.5ul RNAimax.  12 hours later, GFP was induced with doxicyclin.  12 hours later, cells were imaged on an 
EVOS-FL-AUTO at 10x.  (c,d,e) To quantitate GFP knockdown, GFP images (raw images shown above) were 
loaded into ImageJ as a stack, and converted to 8-bit greyscale.  A 2σ Gaussian blur was applied, followed by 
background subtraction.  The images were threshholded, and then the number of cells counted (c,d).  For 
intensity analysis (e), a 400x400 pixel region was analyzed for integrated intensity density for background 
subtracted images (GFP) or raw images (CY5).  
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Figure 2.13: Cas9-HUH RNP transfection
a. Recombinant PCV-Cas9 reaction with 200bp oligo containing target site and standard
target oligo, using standard HUH reaction conditions, as described in Methods. b-e. PCV-
Cas9 + pcv-target oligo- Cy5 knockdown of GFP. HCT119 cells stably expressing inducible
GFP were treated in 96-well plates with 10pmol of PCV-Cas9 pre-reacted with 50pmol
Cy5 oligo, plus or minus 10pmol GFP-gRNA, plus or minus 0.5µL RNAimax. 12 hours
later, GFP was induced with doxicyclin. 12 hours later, cells were imaged on an EVOS-
FL-AUTO at 10x. (c,d,e) To quantitate GFP knockdown, GFP images (raw images shown
above) were loaded into ImageJ as a stack, and converted to 8-bit greyscale. A 2? Gaussian
blur was applied, followed by background subtraction. The images were threshholded, and
then the number of cells counted (c,d). For intensity analysis (e), a 400x400 pixel region
was analyzed for integrated intensity density for background subtracted images (GFP) or
raw images (CY5).
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Figure S6: Reactions of HUH-tagged proteins with DNA origami structures.  (a) Proteins were incubated 
in 10-fold excess with a DNA tetrahedron bearing target ssDNA on its corners; the reaction products were 
analyzed by 5% TBE-PAGE supplemented with 0.1% SDS and stained with SYBR Gold (Invitrogen). (b) The 
DNA origami six-helix bundle (6HB) was folded and purified by repeated centrifugation in AmiCon 100k MWCO 
filters. The structure was incubated with the indicated HUH proteins for 30 minutes at 37°C with 2mM MnCl2. 
Reaction products were separated on 2% agarose in 0.5X TBE supplemented with 11mM MgCl2.   
 
 
 
 
  

DNA 2-log 6HB 6HB 6HB 6HB

Protein - - mMobA DCV mMobA
DCV

Figure 2.14: Reactions of HUH-tagged proteins with DNA origami structures. a. Pro-
teins were incubated in 10-fold excess with a DNA tetrahedron bearing target ssDNA on
its corners; the reaction products were analyzed by 5% TBE-PAGE supplemented with
0.1% SDS and stained with SYBR Gold (Invitrogen). b. The DNA origami six-helix bundle
(6HB) was folded and purified by repeated centrifugation in AmiCon 100k MWCO filters.
The structure was incubated with the indicated HUH proteins for 30 minutes at 37°C with
2mM MnCl2. Reaction products were separated on 2% agarose in 0.5X TBE supplemented
with 11mM MgCl2.
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Figure S7: Soluble lysate labeling HEK293T cells expressing the indicated proteins were lysed and reacted 
with 1mM TAMRA-labeled target oligonucleotide in the presence of either 10mM NiCl2 (left lane) or 10mM 
MgCl2 and 10mM MnCl2 (right lane) and imaged using Typhoon Imager. A* is the GeneA HUH-endonuclease 
domain, which was not used in any other experiments in the manuscript. 
 
 
 
 
 

Figure 2.15: Soluble lysate labeling HEK293T cells expressing the indicated proteins
were lysed and reacted with 1mM TAMRA-labeled target oligonucleotide in the presence
of either 10mM NiCl2 (left lane) or 10mM MgCl2 and 10mM MnCl2 (right lane) and
imaged using Typhoon Imager. A∗ is the GeneA HUH-endonuclease domain, which was
not used in any other experiments in the manuscript.
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Figure S8: Fixed cell imaging controls. U2OS cells were transfected with EGFP-actin vector, grown for 24 
hours, and fixed, permeabilized, and labeled according to the described protocol. (a-d) Cells labeled with 
mmob3-Alexa647; (e-h) cells labeled with trai_Alexa647. Panels are, clockwise from top left, GFP, DAPI, 
merge, Alexa647 
 
 
 
 
 

Figure 2.16: Fixed cell imaging controls
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Figure S9: HUH-tagged Notch receptors function normally.  (a) Cell surface expression and labeling of full-

length Notch receptors encoded with N-terminal HUH-tags.  U2OS cells were transfected with N-terminal Flag-

tagged Notch constructs also containing SNAP, mMobA, and RepBm fusion tags between the Flag tag and 

EGF1.  24 hours post-transfection, cells were labeled for 30 minutes with an APC-a-Flag antibody (1:750) and 

a 3’-Cy3 oligo containing mMob or Rep target sequence.  The cells expressing SNAP-tagged receptors were 

labeled with the mMob Cy3 oligo.   (b) Luciferase reporter assay of HUH-tagged Notch molecules with plated 

ligand.  U2OS cells were reverse-transfected with Flag-, Flag-mMob- or Flag-RepBm-Notch1-Gal4 and 

reporter constructs containing a Gal4 response element upstream of Firefly luciferase, and a control renilla 

luciferase plasmid in 96 wells containing PBS or wells precoated with 10ug/ml Jagged1 in PBS.  24 hours later, 

luciferase reporter assays were performed according to manufacturers instructures (Promega Dual luciferase). 

Luciferase activity was calculated from the ratio of firefly to renilla luciferase luminescence.  Fold activation was 

calculated by dividing luciferase activity on plated Jagged-1 by luciferase activity of cells plated on untreated 

wells.  Error bars reflect the standard error of triplicate measurements. 

Figure 2.17: HUH-tagged Notch receptors function normally a. Cell surface expres-
sion and labeling of full- length Notch receptors encoded with N-terminal HUH-tags.
U2OS cells were transfected with N-terminal Flag- tagged Notch constructs also contain-
ing SNAP, mMobA, and RepBm fusion tags between the Flag tag and EGF1. 24 hours
post-transfection, cells were labeled for 30 minutes with an APC-a-Flag antibody (1:750)
and a 3?-Cy3 oligo containing mMob or Rep target sequence. The cells expressing SNAP-
tagged receptors were labeled with the mMob Cy3 oligo. b. Luciferase reporter assay of
HUH-tagged Notch molecules with plated ligand. U2OS cells were reverse-transfected
with Flag-, Flag-mMob- or Flag-RepBm-Notch1-Gal4 and reporter constructs containing a
Gal4 response element upstream of Firefly luciferase, and a control renilla luciferase plas-
mid in 96 wells containing PBS or wells precoated with 10µg/ml Jagged1 in PBS. 24 hours
later, luciferase reporter assays were performed according to manufacturers instructures
(Promega Dual luciferase). Luciferase activity was calculated from the ratio of firefly to
renilla luciferase luminescence. Fold activation was calculated by dividing luciferase activ-
ity on plated Jagged-1 by luciferase activity of cells plated on untreated wells. Error bars
reflect the standard error of triplicate measurements.
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Figure S10:  One-pot labeling of cell-surface HUH-tags.  HEK293T cells were reverse transfected 
with cell-surface receptors harboring HUH and epitope tags.  After 24 hours, media was removed and 
cells labeled with a mixture of Cy3 and Cy5 HUH-target oligos, a Dylight488 conjugated anti-HA 
antibody.  After one wash, media was replaced with imaging media containing no phenol red and 
Hoechst stain was added (1:2500).  Images were collected on an EVOS-FL-AUTO with a 10x 
objective under same light settings for every image.  Images were opened in ImageJ.  Low and high 
intensity values for images were set to equal for each filter cube:  RFP:20-2000, Cy5: 150-1000, GFP: 
200-550, Dapi: 500-4000.   
 
 
 
 
 
 

Figure 2.18: One-pot labeling of cell-surface HUH-tags HEK293T cells were reverse
transfected with cell-surface receptors harboring HUH and epitope tags. After 24 hours,
media was removed and cells labeled with a mixture of Cy3 and Cy5 HUH-target oligos, a
Dylight488 conjugated anti-HA antibody. After one wash, media was replaced with imag-
ing media containing no phenol red and Hoechst stain was added (1:2500). Images were
collected on an EVOS-FL-AUTO with a 10x objective under same light settings for every
image. Images were opened in ImageJ. Low and high intensity values for images were set
to equal for each filter cube: RFP:20-2000, Cy5: 150-1000, GFP: 200-550, Dapi: 500-4000.
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Figure S11: Timecourse of cell-surface labeling.  HEK293T  cells were transiently transfected with Flag-
Rep-Mmob-CD8-TM.  24 hours post-transfection, media was replaced with labeling solution using the Cy3 
mMobA quencher oligo, and successive images were immediately collected at 10sec, 30sec, 60sec, 90sec, 
120sec, 180sec and 300sec.  Images were imported into ImageJ as a stack, and a montage created. 
 
 
 

Figure 2.19: Timecourse of cell-surface labeling HEK293T cells were transiently trans-
fected with Flag- Rep-Mmob-CD8-TM. 24 hours post-transfection, media was replaced
with labeling solution using the Cy3 mMobA quencher oligo, and successive images were
immediately collected at 10sec, 30sec, 60sec, 90sec, 120sec, 180sec and 300sec. Images
were imported into ImageJ as a stack, and a montage created.
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Figure S12: Live-cell fluorescent labeling of HUH-tagged intracellular protein.  U2OS cells were 
transiently reverse-transfected with TraI-β-actin in clear-bottom 96-well plates using standard Lipofectamine 
3000 protocols.  24 hours post-transfection, full-media containing 1µM TraI quencher oligo complexed with 
Oligofectamine cationic lipid was added to untransfected (left) and transfected cells (right).  Five hours later, 
cells were washed once with PBS and Fluorobrite DMEM containing Hoechst stain was added.  Images in the 
GFP and DAPI channels were collected on an EVOS FL-AUTO microscope.  Images were imported into 
ImageJ and the DAPI images false colored blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.20: Live-cell fluorescent labeling of HUH-tagged intracellular protein U2OS
cells were transiently reverse-transfected with TraI-β -actin in clear-bottom 96-well plates
using standard Lipofectamine 3000 protocols. 24 hours post-transfection, full-media con-
taining 1µM TraI quencher oligo complexed with Oligofectamine cationic lipid was added
to untransfected (left) and transfected cells (right). Five hours later, cells were washed once
with PBS and Fluorobrite DMEM containing Hoechst stain was added. Images in the GFP
and DAPI channels were collected on an EVOS FL-AUTO microscope. Images were im-
ported into ImageJ and the DAPI images false colored blue.



3Rational improvement of
the miniMobA relaxase

Improvement of enzymes for human chemistry

Protein engineering is an area of great importance for many areas of industrial chemistry
and biotechnology87. As discussed in 1.1, the needs of nature and biotechnology are not
necessarily aligned. Both tend to favor enzymes with fast reaction rate and high turnover.
However, natural selection breeds for enzymes that are ‘good enough’ in a specific context;
biotechnology seeks ‘as good as possible’ in a very different context. Thus, protein engi-
neering can involve both improvement of activity and adaptation to in vitro conditions such
as high temperature or organic solvents87.

While the field of protein engineering is vast and complex, the experimental approaches
used to improve proteins can be roughly divided into ‘directed evolution’ and ‘rational
design’88.

Directed evolution uses sequence diversification to generate a library of mutant pro-
teins, which is then subjected to artificial selection to enrich for a phenotype of interest89.
The two primary methods for selection are phage90 and yeast91 display, which present a
mutant protein on the surface of a bacteriophage or yeast cell, respectively, where it can
undergo some reaction. The mutant library is constructed such that each virion or cell dis-
plays a single mutant, so that the selected mutant clones can be further cultured for repeated
rounds of selection. Because it relies on random mutagenesis, directed evolution does not
require any structural information about the protein; however, the practical limitations of
the experiment prevent screening of every possible mutant, which may lead to ‘missed’
opportunities for improvement.

Rational design draws on sequence and structural information to design mutants with
the aim of creating or improving a desired function92. Mutations can be designed manually
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by the experimenter or computationally. If the chemical mechanism of a protein is known,
sites for mutation can be selected from a known structure; Rosetta modeling is widely
used to computationally screen mutants to narrow the possibilites for a selected site93–95.
As important residues tend to be conserved through evolution, stabilizing mutations can
be inferred by analyzing multiple sequence alignments in a process known as consensus
design92,96.

In practice, modern protein engineering almost always uses a hybrid or ‘semi-rational’,
approach, in which sequence and structure information are used to design targeted libraries
which then undergo artificial selection87,97.

Both the HALO- and SNAP-tag underwent protein engineering before being commer-
cialized. The HaloTag was created by mutating the active site of a natural haloalkane de-
halogenase to trap the covalent protein-substrate adduct51. The SNAP-tag was improved by
several rounds of targeted mutagenesis followed by phage display69, producing a mutant
with 52-fold increased activity and a 17°C increase in melting temperature68. This mutant
was further modified and evolved to yield the orthogonal CLIP-tag32.

Evolution of the HUH proteins presents a special problem as it is difficult, though not
impossible, to select for formation of the covalent bond. In one of the few examples of this
strategy, Keeble et al. 98 used phage-display with a stringent washing step of low pH and
detergent to select for isopeptide bond formation by the engineered SpyCatcher protein,
resulting in a two- to three-fold improvement in activity.

The minimal relaxase domain of MobA52,60 (miniMobA, or mMobA) presents an at-
tractive target for improvement by rational mutagenesis. As stated above, it is inherently
difficult to select for a covalent bond formation, and thus evolution would require a special-
ized protocol. A high-resolution structure of mMobA is available60, and a large number of
homologous sequences are available in the UniProt refprot database to guide the selection
of mutations. Finally, the chemistry performed in the HUH reaction is fairly simple, using
a single metal ion to polarize a bond and prime it for nucleophilic attack, suggesting that
it should be possible to rationally predict the effect of active site mutations on the reaction
efficiency.
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Figure 3.1: Designed mMobA mutation sites See text for details
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Design of mutants

Active site mutants: Y32F, E38A, E74A, E76A As discussed previously, the aims of proteins
in vivo and in vitro can diverge drastically. In their natural role, the phosphotyrosine bond
formed in the HUH reaction is reversible, leading to religation of the DNA strand. For
use as labeling tags, it would be ideal to abolish this reverse reaction for highly efficient
labeling.

The HUH proteins vary in sequence as well as activity, which provides clues to poten-
tial mutants of interest. The viral Rep proteins are uniformly highly efficient at labeling,
reaching close to complete reaction very rapidly. In contrast, the mMobA reaction reaches a
maximum of approximately 50%. This suggests that ‘remodeling’ the active site of mMobA
to more closely resemble that of the Reps could improve the efficiency, without affecting
sequence specificity. Notably, all structurally-characterized Rep proteins have only a single
tyrosine near the catalytic metal, while mMobA has two - Y25, known to form the phos-
photyrosine, and Y32, whose function is unknown. Monzingo et al. 60 first constructed the
Y32F mutant protein and found that it could mediate plasmid mobilization in E. coli cells
at wild-type levels, but did not test its reaction efficiency in vitro.

The phosphotyrosine is not necessarily broken by another tyrosine; in theory, any nu-
cleophilic atom can attack and break the bond. In the RepA protein of plasmid pC194 this
reaction is mediated by a glutamate residue near the catalytic tyrosine, which coordinates
an attacking water molecule99. mMobA has three glutamates - E38, E74, and E76 - in
close (≤ 10Å) proximity to the metal site, where they could potentially promote hydrolysis
of the covalent adduct. To assess their impact on the stability of the complex these residues
were mutated to alanine as a neutral mutation. Preventing breakage of the phosphotyrosine
adduct could lead to more efficient labeling of the protein.

Space-filling mutant: F50W The F50W mutant was identified computationally by both the
RosettaVIP100 and Protein Repair One-Stop Shop (PROSS)101 webservers. Both programs
identify stabilizing mutations by using Rosetta macromolecular modeling102 to identify
‘holes’ in the hydrophobic core of the protein where packing is less than optimal, then
attempt to fill them with mutant residues; the VIP method selects residues solely based
on calculated energy, while the PROSS method incorporates multiple sequence alignments
to select mutations. The F50W mutation was independently identified by both methods,
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and sequence alignment of homologous proteins shows that F in this position is unusual.
F50 lies on a minimally-structured loop on the opposite side of the protein from the active
site, where its side chain extends into the core of the protein. Mutating this residue to W
maintains its hydrophobic character while increasing its size, potentially creating a stronger
hydrophobic core.

’U’ mutants: A92C, C121A The HUH motif in mMobA is an unusual ‘HCH’ sequence; the
cysteine, C121, is not conserved in close homologs, suggesting that it does not serve a func-
tional purpose. Two mutants were designed to test this. The first, C121A, simply replaces
the cysteine with an alanine, which preserves the hydrophobic character while eliminating
the thiol side chain. This mutation is both a test of the function of this residue and a useful
practical mutation - C121 is the only cysteine present in mMobA, and removing it would
allow the introduction of an N- or C-terminal cysteine for labeling with maleimide.

The second, A92C, attempts to introduce a disulfide bond into the backbone of the pro-
tein. The thiol of C121 comes into close proximity with the Cβ of A92, suggesting that an
added γS could form a bond with γS of C121. The Cβ -Cβ distance is 4.8Å, where previous
successful efforts to introduce disulfides used sites with Cβ -Cβ distance of ≤ 5.5Å103. If
successful, this could dramatically increase the stability of the protein - introduction of a
non-native disulfide into T4 lysozyme gave an 11°C increase in melting temperature with
only a 4% loss of activity104,105.

Metal-binding mutants: C121A-H122Q The viral Rep proteins use an ‘HUQ’ motif rather
than HUH, and this motif is conserved among sequenced homologs, suggesting that it has
a functional significance. The central ‘U’ residue in the Reps is L, and thus the mMobA
C121 was also mutated to A, as above, to mimic this without causing a large perturbation
in the structure.

Circular permutation Circular permutation is a protein engineering strategy in which the
primary sequence of the protein is ‘reorganized’ by genetically fusing the N- and C-termini,
while breaking the chain in some other location. This, theoretically, preserves most of the
native three-dimensional structure of the protein. Circular permutation can result in simple
effects, such as reduced proteolytic susceptibility, or can allow drastic changes such as
insertion of entire new domains into the protein106.
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The N- and C-termini of mMobA are both semi-flexible, unstructured regions, which
in the folded structure are only 11.2Å apart. The permutated constructed was designed to
bridge the N- and C-termini using a flexible GGSGG linker, for a loop length of approxi-
mately 17.5Å. The peptide chain was then broken between S12 and R13, located in a loop
which is invisible in the crystal structure and thus likely unstructured.

The end goal of this process was to move the N-terminus closer to the catalytic tyrosine,
Y25, placing any fusion protein closer to the labeling site. This would be particularly useful
for force spectroscopy experiments, in which the initial β -sheet could unfold and distort the
results.

Results

Expression and purification

All mutants were expressed as 6×HIS-SUMO fusions using the autoinduction method81

and purified by standard metal-affinity chromatography followed by size-exclusion chro-
matography. Between the affinity and size-exclusion steps the samples were treated with
1mM EDTA to remove any bound metal. Both the wild-type and mutants showed reversible
aggregation in low-salt (150mM) buffer, as was previously observed52; use of 1M NaCl in
the size-exclusion and storage buffer kept the samples in good condition. All the constructs
expressed at high levels and were easily purified; the samples could be stored at 4°C for
over a month with no apparent loss of activity.

Initial testing showed that all the mutants retained some activity, with the exception
of the circularly-permutated construct, which was totally inactive and was excluded from
further quantitations.

Reaction yield measurements

The total yield of the labeling reaction was measured as previously52, using a 10:1 excess
of substrate DNA to protein in a standard buffer containing 1mM MgCl2 and 1mM MnCl2.
The remaining reactions were quantified by SDS-PAGE gel-shift assays as previously de-
scribed, quantified using Fiji; the results are shown in fig.
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Figure 3.2: Reaction efficiency of mMobA mutant proteins Labeling efficiency as mea-
sured by SDS-PAGE gel-shift. a. Example SDS-PAGE image of reaction products; full
uncropped images of source gels shown in fig. 1. b. Quantification of n = 3 gel-shift as-
says as shown in a., rearranged to show ascending efficiency from left to right. Error bars
represent the 95% confidence interval as calculated by the bootstrap method.

The wild-type reaction efficiency averaged 44%, in line with previous results (ch2). As
expected, the mutations designed to increase stability - F50W, C121A, and A92C - did not
affect the reaction yield. The Y32F mutant showed no significant increase, indicating that it
is not involved in the reaction. The C121A H122Q mutant increased yield to approximately
52%, a small but significant increase over the wild-type. All three glutamate mutations
increased the yield. The largest increase was seen with the E76A mutant, which raised the
yield to 60%, a 50% increase over the wild-type. The E38A mutant was nearly as effective,
averaging approximately 57%. E74A also increased the yield to a lower extent, which is
reasonable considering that it is the farthest from the active site; still, it gave a significant
increase to the yield.
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These results suggest that the phosphotyrosine adduct is highly susceptible to hydrolytic
attack mediated by carboxyl groups near the active site, and that removing these residues
can significantly increase the efficiency of the reaction.

Structural stability

The structural stability of the mutants was assessed by determining their melting tempera-
ture using differential scanning fluorimetry107,108. In this assay, the protein sample is mixed
with a hydrophobic dye, SYPRO Orange™ (Thermo Fisher); upon binding to a hydropho-
bic region, such as unfolded protein, the dye increases in fluorescence approx. 500%. Using
a real-time PCR instrument, the sample can be heated while monitoring the fluorescence,
giving a readout of protein stability vs. temperature. The fluorescence increases initially
as the protein’s hydrophobic core becomes exposed, peaks, then decreases as the fully un-
folded protein aggregates. The inflection point of the fluorescence curve is the melting
temperature of the protein; this can be most easily calculated and visualized by finding the
peak of the derivative curve.

3.3a. shows the raw fluorescence traces of the mutant proteins, while b. shows the
derivatives; the calculated melting points are shown in 3.1. All the mutants were analyzed
as fusions to the yeast SUMO protein, which provides an internal standard for the experi-
ment; the SUMO melting point remains constant at 57-58°C across all samples.

The melting point of wild-type mMobA was calculated as 44°C, in good agreement
with the previously reported value of 42.7°C63. The active site mutants all melted at slightly
lower temperatures, 42.5-43.5°C, indicating that the structure of the proteins are well pre-
served.

The only mutant with a pronounced effect on stability was the C121A H122Q mutant,
which fell to 38.5°C. Curiously, the C121A single mutant showed only a small decrease,
to 42.5°C, indicating that this decrease was due primarily to the H122Q substitution; the
slightly longer glutamine side chain could distort the active site, causing instability. As pre-
cautions were taken during the purification process to remove all bound metal it is unlikely
that this decrease is caused by a change in affinity for metal, although the possibility cannot
be ruled out as the metal content of the purified samples was not measured.

The F50W space-filling mutation was successful, giving a melting temperature in-
crease of 3°C, to 47°C. For comparison, the greatest increase from a single mutation in
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Figure 3.3: Thermal denaturation of mMobA mutant proteins 2µM mutant protein was
heat denatured in 10mM HEPES, pH 7.4, 0.6M NaCl with 1.75× SYPRO Orange. Fluo-
rescence increase reflects the hydrophobic binding of the dye. a. Raw fluorescence traces.
b. Derivative traces.

Table 3.1: Calculated melting temperatures for mMobA mutants and the fused SUMO tag

Sample mMobA Tm SUMO Tm

WT 44.17±0.29 58
Y32F 43.67±0.29 57.83±0.29
C121A 42.5 57.83±0.29
C121A H122Q 38.5 57.5
A92C 44 58
E38A 42.17±0.29 57.5
F50W 47 57.67±0.29
E74A 42.5 57.5
E76A 42.5 57.67±0.29
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T4 lysozyme was 5.1°C104.
The engineered disulfide mutant A92C was not successful. The calculated melting tem-

perature remained unchanged, and analysis of the protein by SDS-PAGE showed no change
in native vs. reducing conditions. This is not surprising, as disulfide engineering is inher-
ently unpredictable.

Conclusions

These results are highly encouraging. The obvious next step (currently ongoing in the Gor-
don lab) is to combine promising single mutations to determine which will work synergis-
tically to improve yield.

I predict that the glutamate mutations, all of which increase the yield on their own, will
have additive effects when combined. These residues are fairly well-separated from each
other, suggesting that they do not interact.

The F50W substitutions, being quite far from the active site, can likely be included with
the yield-enhancing mutations to counteract the slight decrease in stability (as measured by
DSF) caused by these mutations. This prediction is supported by the fact that F50W has
no effect on reaction efficiency (3.2), indicating that it reinforces the packing of the protein
core without affecting the active site.

By the same logic, the C121A mutation merits further investigation. The alanine sub-
stitution did not significantly alter yield or stability, suggesting that the cysteine at this
position is not functionally important. Inserting larger hydrophobic residues in this site
(I/L/V) could strengthen the hydrophobic core, analogous to F50W.

These hypotheses will require careful testing; protein folding and function are ex-
tremely complex, and predictions are only predictions. Even so, these results give an excel-
lent starting point for further investigation.
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Experimental procedures

Mutant design Manual design was performed using Pymol109. RosettaVIP was run on the
ROSIE web server110 for five cycles with three tries per cycle; no residues were excluded.
F50W was the only mutant identified. PROSS was run on the PROSS web server101 with
default settings; seven mutated sequences were designed, all of which included the F50W
mutation.

Mutant construction All mutants with the exception of the circular permutation construct
were generated by inverse PCR111 using KLD Enzyme Mix (NEB) and verified by se-
quencing by Genewiz using the primer ‘T7 Term’, sequence 5’-GCTAGTTATTGCTCAGCGG-
3’.

The circular permutation mutant was designed manually and obtained as synthetic DNA
from IDT.

Protein expression & purification All proteins were expressed as fusions with a 6×HIS-
SUMO protein from the vector pTD68/6×HIS-SUMO, as described previously. Proteins
were expressed in E. coli NiCo21(DE3) (NEB) grown in autoinduction media81 for ap-
proximately 18 hours at 37°C. Cells were collected by centrifugation at 4,000×G, resus-
pended in Tris-buffered saline (TBS) + 0.2mg/mL lysozyme, and lysed by sonication for
five minutes at 4°C. Insoluble material was removed by centrifugation at 24,446×G, 4°C,
for one hour. fast protein liquid chromatography (FPLC) was performed using a Bio-Rad
NGC chromatography system. Soluble protein was bound to a 5mL HisTrap FF Crude
column (GE Life Sciences). The resin was washed with 10column volumes (CV) 20mM
Tris-HCl, pH 7.4, 1M NaCl, 20mM imidazole, 5% glycerol before eluting in 15mL of 95%
wash buffer / 5% 20mM Tris-HCl, 4M imidazole, pH 8.1. The full elution was dialyzed
against 2L 10mM HEPES, pH 7.4, 1M NaCl, 10% glycerol, 0.5mM EDTA overnight at
4°C.
EDTA was added to the dialyzed protein to 1mM and the mixture was concentrated approx-
imately 3-fold before purification by size-exclusion chromatography on a Bio-Rad SEC70
column in 10mM HEPES, pH 7.4, 1M NaCl, 5% glycerol. Peak fractions were mixed and
flash frozen in aliquots. 10µM working stocks were prepared in SEC buffer.

http://rosie.graylab.jhu.edu/vip
http://pross.weizmann.ac.il/bin/steps
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Yield assays Reactions were performed with 1µM protein and 10µM substrate DNA in
20mM HEPES, pH 8, 100mM NaCl, 0.5% glycerol, 1mM MgCl2, 1mM MnCl2. Substrate
DNA (100µM in TE) was diluted to 10µM in 20mM HEPES, pH 8, 1mM MgCl2, 1mM
MnCl2. EDTA was added to the substrate solution at 10mM final concentration for the neg-
ative control ‘+EDTA’ sample. 1/10 volume of 10µM stock of protein containing 1M NaCl
were added to the substrate solution, giving a final NaCl concentration of 100mM. Unless
otherwise specified, reactions were for 30 minutes at 37°C. The reaction was stopped by
addition of 4× NuPAGE™LDS Sample Buffer; the products were denatured at 80°C for
five minutes and 5µL loaded on a 4-20% polyacrylamide gel in Tris-Glycine-SDS buffer
(Bio-Rad #456-8096). The gel was run for 40 minutes at 200V constant voltage. In-gel
stain-free compound was activated with UV light for five minutes. The stained gel was
imaged on a Gel-Doc EZ (Bio-Rad) and exported in 16-bit TIFF. Quantification was per-
formed using Fiji85. The image was background-subtracted using a rolling-ball radius of
50 pixels and smoothing disabled, and each lane was analyzed using the Gel Analyzer tool.
Reaction yield was calculated as the integrated density of the reacted band divided by the
integrated density of both bands - Y = R

R+U .

Thermal denaturation Thermal stability was measured by differential scanning fluorime-
try on a Bio-Rad C1000 Touch thermal cycler equipped with a CFX96 Real-Time System
(Aihara lab, University of Minnesota). 1/5 volume of 10µM stock of protein containing
1M NaCl were added to 20mm HEPES, pH 7.4, 500mM NaCl, giving a final NaCl con-
centration of 600mM. SYPRO™Orange (Thermo Fisher Scientific, 5000× concentrate in
DMSO) was diluted 1:400 in same. 30µL of protein solution and 5µL dye solution were
mixed at room temperature. The mixture was held at 25°C for two minutes, then heated
by 0.5°C every 30 seconds to 95°C. Data was analyzed and melting temperature calculated
using Bio-Rad CFX Manager software.

Acknowledgements Thanks to Hideki Aihara for allowing us use of his equipment, and
Thomas Bohl for assistance in setting it up.



4HUH conjugation in
magnetic tweezers

Introduction

Single molecule biology

The development of single-molecule techniques and their application to biology has yielded
unique and valuable information. Rather than measuring the population average of a trait of
interest, single-molecule experiments examine the individual molecules in the population,
revealing the heterogeneity of a sample.

For instance: for an enzyme preparation of n molecules with total activity AT , is the
activity of the preparation homogeneous among all the protein molecules, ie AT = n× AT

n ,
or is the activity AT = 0.1n×10AT +0.9n×0, or some more complex formula? This cannot
be answered by solution experiments.

Generally a single-molecule experiment is performed by anchoring the molecule(s) of
interest to a surface, usually glass or mica. This reduces a three-dimensional solution to a
two-dimensional array, spatially separating the molecules so that they can be analyzed in-
dividually. Detection of individual units is achieved by linking the molecules to detectable
groups. The sensitivity of single-molecule detection creates its own difficulties - spurious
interactions that would be masked in other assays can be indisinguishable from the true sig-
nal of interest. Further difficulty arises from the anchoring necessary for spatial separation.

Magnetic tweezers

In a magnetic tweezer (or magnetic trap) a paramagnetic or superparamagnetic particle,
usually called a ‘bead’, is placed in a magnetic field (~B) produced by permanent magnets
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or, occasionally, electromagnets112. The magnetic field induces a magnetic moment in the
particle, which creates a force proportional to the gradient of the field, oriented perpendic-
ular to the direction of ~B113. Importantly, the strength of the magnetic field decays over
distance in accordance with the Biot-Savart Law114; thus, the force exerted on the particle
can be varied simply by moving the magnets in relation to the samplea. For millimeter-scale
permanent magnets and micron-scale magnetic beads the field has a characteristic length
scale of approximately 1mm; magnets can be easily moved to adjust the force over the bi-
ologically relevant range of 10−3−102 pN115. Because the length scale is relatively large,
the apparatus does not require sophisticated feedback systems to control the positioning,
making it ideal for the study of very low forces.

Magnetic tweezers have a number of practical advantages over other single-molecule
techniques. Magnets can be used to apply torque by rotating the field, making them essen-
tial in the study of DNA supercoiling and relaxation116,117. An ideal, ‘perfect’ superpara-
magnetic bead would not experience torque; in reality, beads contain small inconsistencies
from manufacturing, giving their magnetic moment anisotropy which aligns with the mag-
netic field118.

Magnetic tweezers are relatively simple and inexpensive to set up and operate, as they
do not require any modification of the optical path in a standard inverted microscope. Be-
cause the molecules of interest are tethered to large (micron-scale) beads sophisticated
illumination and detection are not necessary - an IKEA desk lamp and a USB webcam
have been used successfully119. At the other extreme, magnets can be integrated into other
sophisticated optical setups, such as single-molecule TIRF120 or FRET121 microscopes,
and optical tweezers122.

Crucially, magnetic tweezers provide much higher throughput than other single-molecule
techniques. A single experiment can track several hundred beads, sufficient to extract sta-
tistically significant measurements of reactions such as ligand binding123 or proteolysis83.

DNA handles for precise manipulation

Unlike optical tweezers, which can trap objects in three dimensions, a magnetic trap is
only one-dimensional; it is, in fact, physically impossible for magnetic fields to stably trap

aIn a configuration using electromagnets the field strength can be varied by adjusting the applied cur-
rent112
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Figure 4.2: Enzyme activity close to a surface a. DNA substrate (not to scale): the con-
struct is attached to the surface via digoxigenin/α-digoxigenin interaction and the bead via
streptavidin/biotin. b. Collected at 1Hz under 1pN force at 22.5°C.

a particle118,124. Due to this limitation, the molecule of interest must be physically tethered
or it will simply move towards the magnet. This is accomplished by anchoring the molecule
to a solid surface, nearly always a glass microscope coverslip functionalized in some way
to bind the molecule.

This causes difficulties when attempting to study fragile biological molecules. Both
the magnetic bead and the solid surface present non-biological surfaces which can have
unpredictable effects on the surrounding area. For example, even well-passivated surfaces
can exert measurable forces on optically-trapped beads up to 100nm above the surface125.

An example of the difficulty in studying enzymatic reactions using magnetic tweezers
is provided in fig. 4.2. A 7kb (2.4µm) DNA substrate in a magnetic trap was digested with
two different restriction enzymes: Bsu36I, which cuts ≈250nm from the surface, and AfeI,
which cuts ≈1400nm from the surface. The enzyme concentrations were normalized by
activity, as given by the manufacturer. Tracking the reaction by counting the number of
beads remaining attached to the surface shows that AfeI cuts the distant site with fast,
exponential kinetics, as expected; the Bsu36I reaction close to the surface proceeds very
slowly and does not fit well to an exponential equation.
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Due to this, it has been demonstrated that attaching small proteins or DNA structures
to long polymer ‘handles’ to separate them from interference provides the cleanest and
most accurate data126. By far the most widely-used material for this purpose is DNA19,23.
As a polymer DNA is ideally suited for this role; it is one of the stiffest polymers, with a
persistence lengthb of 50nm127, corresponding to a sequence length of 150bp; a DNA han-
dle sufficient to provide several hundred nanometers of separation can be easily prepared
by PCR. Currently, attachment of the DNA to proteins is generally achieved by crosslink-
ing using bifunctional linkers such as SMCC19 or disulfide bond formation between engi-
neered cysteines and thiol-modified DNA23,128. Attachment of the DNA to the surface and
beads is nearly always achieved using biotin-DNA and streptavidin beads combined with
digoxigenin-DNA and anti-digoxigenin surface, or vice versa19,128.

Chemical labeling has obvious limitations in specificity and efficiency, as noted previ-
ously. Perhaps more importantly, they are not usable in complex mixtures such as cell lysate
or conditioned media, precluding their use in advanced techniques such as single-molecule
pulldown129. Given that the HUH proteins function in both these contexts, we hypothesized
that they could be used for anchoring of DNA for single-molecule experiments.

The synthesis of DNA handles for HUH attachment presents a technical problem. At-
tachment handles are most often generated by PCR using modified primers19,23 or modified
nucleotides130. This is not possible for HUH-target handles, as the targeting group is itself
DNA; if appended to a primer the opposite strand will simply be extended to the end, creat-
ing dsDNA rather than the necessary ssDNA. Two techniques were used to overcome this
problem, one adapting PCR and the other using DNA self-assembly.

PCR DNA handles were generated by incorporating a polyethylene-glycol spacer group
into the primer between the HUH target and the hybridization region; the PEG spacer acts
as a block to extension131, leaving the HUH target sequence single-stranded. While PCR is
efficient and convenient for small and medium-size DNA, its efficiency quickly decreases
for longer segments (>3000bp). For the generation of long fragments up to 7000bp we
employed a previously-described method for DNA self-assembly20. In this method, single-
stranded m13 phage genomic DNA is hybridized with a mix of primers covering the entire
length, creating a double-stranded product. By this method, addressable single-stranded
sites can be added at any point along the sequence.

bsee 4.4 for a very short introduction to polymer physics
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Figure 4.3: Spacer PCR a. Schematic for the spacer PCR reaction; the PEG linker used in
this work contained six repeats of the ethylene glycol block, for a total of 18 carbons long
b. Analysis of overhang DNA attachment by ELISA; full data is presented in table 1.

Results

Construction of overhang DNA handles by PCR

A 1728bp fragment of m13 phage DNA was amplified by spacer PCR with a six-unit PEG
spacer; primers were designed containing the mMobA, PCV2, and RepB target sequences.
The amplification was successful, with no apparent decrease in yield compared to a 5’-
amine primer (4.3). Reacting the mMobA protein with the DNA in solution and analyzing
the products by agarose gel gave unclear results; the result was a smeared product rather
than a clear gel-shift. However, the smear only appeared for the combination of mMobA
protein and mMobA target overhang; amine-labeled fragments or fragments containing the
PCV2 overhang did not show a change on addition of mMobA protein.

For a more definite demonstration of linking a microplate ELISA assay was used (fig.
4.3b). Wells of a polystyrene 96-well plate were coated with GFP overnight. After thorough
blocking a fusion protein of anti-GFP nanobody and mMobA was added to the wells. A
purified overhang DNA with a 5’ biotin on the opposite end was added to the wells to
react with mMobA protein, washed thoroughly, and detected with horseradish peroxidase-
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conjugated streptavidin by chemiluminescence. The combination of mMobA protein and
target DNA produced a strong signal; omission of either protein or DNA abolished the
signal to nearly background levels. This provided convincing evidence that the PCR product
contained the target DNA and could react with mMobA protein.

Construction of overhang DNA by self-assembly

In the self-assembly protocol developed by Halvorsen et al. 20 the single-stranded genome
of phage m13 is linearized by the restriction enzyme BtsCI, then annealed with oligos
with cover the entire length of the fragment to produce nicked, double-stranded DNA. The
full length of m13 DNA is 7249bp; although this length could be reduced by restriction
digestion, the full length was used here.

The fragment was assembled with a 5’ end bearing the mMobA or PCV2 target se-
quence and the 3’ end bearing a biotin. The assembly was performed and analyzed as
previously described by Chandrasekaran et al. 132; the assembly reaction appeared to fully
label the single-stranded DNA, as evidenced by agarose gel.

Attempts to analyze protein-DNA conjugation were unclear, as above; the combination
of mMobA protein and target DNA produced a blurring effect on the band which was not
seen with PCV2 target DNA, suggesting that linking was occurring. Repeated attempts to
verify the linking by ELISA, as above, were unsuccessful, with all wells showing similar,
very high luminescence. This could be attributed to residual single-stranded DNA in the
sample, which caused a high level of non-specific adhesion in the wells - the PCR product
was purified by spin column chromatography and was presumably nearly free of contam-
inant DNA, while the self-assembled product was not. Thus, the self-assembled product
was tested in the magnetic tweezer assay without this confirmation.

‘Direct’ anchoring of PCR fragments

Both overhang DNA fragments were anchored for single-molecule analysis using mMobA
protein on nitrocellulose-coated glass. Two strategies were employed - a one step ‘direct’
method, in which the DNA and protein were mixed and added to the glass together, and a
two step method in which the protein was first adhered to the glass before adding the DNA.
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Figure 4.4: Self-assembly a. Schematic for the assembly reaction, adapted from Halvorsen
et al. 20 . b. Functionalization of the DNA. Because the the DNA is self-assembled any site
on the duplex can be functionalized with molecules.

The ‘direct’ method exploits the differential interaction of protein and DNA with the ni-
trocellulose surface. DNA is uniformly negatively-charged and thus does not bind strongly
to the negatively-charge nitrocellulose. Proteins present a mix of positive and negative
charges, as well as hydrophobic patches, which can form strong adhesive interactions with
the surface133. Thus, after binding the non- or weakly-interacting free DNA can be washed
away with buffer, while the strongly-bonded protein and protein-DNA conjugate remain
attached.

The DNA and protein were reacted for 30 minutes at 37°C, then added to the glass
and incubated for a further 30 minutes at room temperature. Following extensive washing
and blocking streptavidin-coupled magnetic beads were added to attach to the biotinylated
DNA. Further washing and application of force with the magnets were used to remove
unbound beads.

The reaction worked well, although it required extensive washing (> 20 chamber vol-
umes). The MobA protein and MobA DNA produced a dense field of monodisperse par-
ticles, while replacing the DNA with an off-target version or removing the protein gave a
nearly clear field (fig. 4.5). A number of buffers were tested for removing unbound DNA
and beads. Initial tests were successful using alternating washes of Tris-EDTA buffer (TE)
and TE + 1M NaCl; usually three cycles of buffer were sufficient. Addition of the competi-
tor polyanion dextran sulfate at 0.1mg/mL was even more effective, requiring less wash
volume. The most succesful was a solution of PBS containing 10mg/mL Roche Blocking
Reagent, a proprietary mixture specifically marketed for DNA hybridization studies using
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Figure 4.5: Direct anchoring of overhang DNA Full image set shown in fig. 2. a. MobA
protein + PCV2-target DNA b. MobA protein + MobA-target DNA c. no protein + MobA-
target DNA d. Quantification

nitrocellulosec.
The direct anchoring method was also performed successfully with the self-assembled

product, although with significantly higher background binding; as in the ELISA described
earlier, this could be a result of free single-stranded DNA causing strong non-specific ad-
hesion.

Although this data is encouraging, the presence and absence of beads is a somewhat
limited reporter of successful anchoring; strong, non-specific interactions cannot be com-
pletely ruled out by this experiment. Thus the interaction was further analyzed by single-
molecule tracking on the longer, self-assembled product.

Two-step anchoring of self-assembled DNA

The two-step protocol was used with the longer self-assembled DNA to obtain high-resolution
information on the HUH anchoring interaction.

The mMobA protein was immobilized on nitrocellulose glass and blocked thoroughly
with PBS + Roche Blocking Reagent. The self-assembled DNA was then added in HUH
reaction buffer containing 1mM MgCl2 and 1mM MnCl2 to react with the adhered protein.

c Although officially non-specified, the protein component of this reagent is most likely casein; the prod-
uct is a white powder, and analysis by SDS-PAGE showed a protein of ≈25kDa, consistent with Bovine
κ-casein (data not shown). The non-protein components are unknown
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Unreacted DNA was washed out with buffer and streptavidin-coated magnetic beads were
added to reacted with the biotin DNA.

The tethered beads were tracked at 10Hz for 200s by dark-field microscopy at very low
(≈ 0.14pN) force to allow large motions of the bead. Subpixel localization of the beads was
performed in MATLAB by the radial center method of Parthasarathy 134; full localization
traces are shown in fig.3. Using the inverted-pendulum simplification135 the variance of the
position can be calculated at a known force:

F =
kBT × l

σ2 =⇒ σ =

√
kBT × l

F

For a 7249bp fragment l = 2464nm, giving σcalc = 277nm, assuming kBT = 4.1pN nm
at room temperature. Analysis of n = 12 beads gave σmeas = 237nm, in good agreement
with the theoretical prediction and indicating the DNA molecules are specifically tethered
by their ends. Tracking of n = 4 ‘stuck’ beads in the same chamber showed almost no
variance in the position, indicating low drift in the instrumentation. Likewise, tracking of
beads in chambers containing no mMobA protein or mMobA protein and PCV2-target
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DNA showed close to no variance, indicating that any beads in these channels are non-
specifically attached.

Conclusions and future directions

These data indicate that HUH anchoring is a viable strategy for DNA tethering in magnetic
tweezers or other single-molecule techniques. The bonds formed were stable and resistant
to high force, and high-resolution tracking demonstrated that the tethered DNA could freely
move. This method could be very widely-applicable, as analysis of DNA dynamics remains
the most active area of magnetic tweezer research.

While the biotin/streptavidin interaction is highly stable and essentially irreversible un-
der standard conditions (Fmax ≈ 200pN), the widely-used digoxigenin/α-digoxigenin in-
teraction ruptures much closer to the biological force regime (Fmax ≈ 25pN)136,137. The
formation of covalent, ‘invincible’ tethers is an area of great interest, particularly for the
study of DNA dynamics where higher forces are required. However, all previous work re-
lies on chemical functionalization for anchoring, which is much more complex than the
antibody adsorption method136,138. Thus the combined ease of use and high force stability
offered by HUH immobilization could be of great use to many groups.

The obvious future direction is the use of HUH proteins for the other side of the tether
- using an HUH protein to fix a fused protein of interest to a DNA tether for precise anal-
ysis. This is an area of ongoing work in the Gordon laboratory; although the data are not
presented here early work is encouraging.

Experimental procedures

Materials Unless otherwise stated: molecular biology materials and enzymes were from
New England BioLabs, coverslips were Thermo Scientific Gold Seal, chemicals were from
Fisher Scientific, oligonucleotides were from Integrated DNA Technologies,

Surface preparation 22×40mm coverslips were placed in a Coplin jar, rinsed three times
with hot distilled water, and sonicated for thirty minutes in 2% Hellmanex III (Hellma
Analytics). The coverslips were then rinsed three times with warm distilled water, blown
dry with filtered air, and incubated at 80°C for five to ten minutes in a drying oven.
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Nitrocellulose solution was prepared by diluting 2% collodion (Electron Microscopy
Sciences #12620-50, 0.45µm filtered) to a concentration of 0.2% in 100% ethanol; solution
was used within a week of preparation. 2µL of nitrocellulose was pipetted onto one edge of
a clean coverslip, spread evenly across the surface with the side of 200µL pipette tip, and
cured at 80°C for ten minutes. Preparted coverslips were stored in a dust-free glass Petri
dish and used within a week of preparation.

Flow chamber assembly Flow chambers were assembled using Kapton®polyimide double-
sided tape, thickness 0.096” (McMaster-Carr #7361A41). Strips of tape were arranged
forming a channel of approximately 20µL volume on a nitrocellulose coverslip and cov-
ered with a non-functionalized 22×22mm coverslip; the assembled was pressed firmly and
incubated at 80°C for five to ten minutes to seal.

Flow chamber use Solution exchange was performed manually by pipetting into one end
of the channel and wicking from the other end using Kimwipes or filter paper. Incubations
were performed at room temperature in a humidified chamber, unless otherwise specified.

PCR assembly of overhang DNA A 1728bp fragment of m13mp18 genomic DNA was
amplified using an 18-carbon PEG spacer forward primer (IDT code /iSp18/) and a
biotinylated reverse primer in Taq®2×Master Mix, according to manufacturer’s protocol.
Typical reaction volume was 4×50µL, pooled and purified using a single PCR purification
column. The product was analyzed by agarose gel electrophoresis.

Self-assembly of overhang DNA The 7249bp construct was self-assembled from single-
stranded m13mp18 DNA by the method of Chandrasekaran et al. 132; see Halvorsen et al. 20

for a complete list of primers. The 5’ end of the construct was functionalized with an ex-
tended oligonucleotides with a miniMobA or PCV2 recognition sequence or a 5’ digoxi-
genin; the 3’ end was functionalized with a 3’ biotinylated oligonucleotide. The product
was analyzed by agarose gel electrophoresis and used without purification.

Overhang DNA ELISA Wells of a 96-well polystyrene plate (Corning) were coated with
1µg/mL sfGFP in carbonate/bicarbonate buffer (pH 9.6) at 4°C overnight. The wells were
washed two times with PBS then blocked overnight at 4°C with PBS + 0.1% Tween 20 +
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2% BSA. Wells were washed two times with wash buffer (TBS + 0.1% Tween 20 + 0.2%
BSA). 50µL of antiGFP-mmoba (0.6mg/mL) was added and incubated for thirty minutes
at room temperature, followed by three washes. 2µL of handle DNA in 50µL HUH buffer
(50mM TrisHCl, pH 8, 0.1M NaCl, 1mM MnCl2) was added and incubated for one hour at
37°C, followed by five washes. 100µL wash buffer with Streptavidin-HRP (Pierce, 1:4000)
was added and incubated thirty minutes at room temperature, followed by five washes.
100µL SuperSignal™ELISA Pico (Thermo Scientific 37069) was added and incubated for
two minutes with gentle agitation. Chemiluminescence was detected on a Molecular De-
vices LMaxII 384, set to one second integration time.

Magnetic bead preparation Streptavidin-coated M-280 Dynabeads™(Invitrogen, 10mg/mL)
were diluted in 200µL of blocking buffer, vortexed briefly, and collected using a magnet
rack; this was repeated four times, for a total of five washes. The beads were then collected
and resuspended to a final concentration of 0.1mg/mL in working buffer.

Digoxigenin-tethered magnetic trap A flow cell as described above was filled with 20µg/mL
polyclonal α-digoxigenin (from sheep, Roche #11333089001) in PBS + 0.02% sodium
azide and incubated for thirty minutes. The chamber was flushed with 50µL PBS, then filled
with PBS + 0.02% sodium azide + 10mg/mL Blocking Reagent (Roche #11096176001)
and incubated for one hour. The chamber was rinsed with 100µL 1× CutSmart buffer
(NEB) before adding 20µL magnetic beads in CutSmart buffer. After two minutes the
chamber was rinsed with 200µL CutSmart buffer before imaging.

‘One-step’ miniMobA immobilization Overhang DNA at 200-500pM was mixed with an
approximately 20-fold excess of mMobA protein in HUH buffer (10mM HEPES, pH 8,
1mM MgCl2, 1mM MnCl2) and incubated for thirty minutes at 37°C. The mixture was
added to a flow cell chamber and incubated for thirty minutes at room temperature. The
chamber was flushed with 50µL HUH buffer, then filled with PBS + 0.02% sodium azide
+ 10mg/mL Blocking Reagent and incubated for one hour. The chamber was rinsed with
100µL 1× CutSmart buffer (NEB) before adding 20µL magnetic beads in CutSmart buffer.
After two minutes the chamber was rinsed with 200µL CutSmart buffer before imaging.
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‘Two-step’ miniMobA immobilization A flow cell chamber was filled with a 100nM solu-
tion of mMobA protein in HUH buffer and incubated for thirty minutes. The chamber was
rinsed with 50µL of HUH buffer, filled with PBS + 0.02% sodium azide + 10mg/mL Block-
ing Reagent and incubated for one hour. The chamber was rinsed with 50µL of HUH buffer
and a 250pM solution of DNA was added and incubated for one hour. The chamber was
rinsed with 100µL CutSmart buffer before adding 20µL magnetic beads in CutSmart buffer.
After two minutes the chamber was rinsed with 200µL CutSmart buffer before imaging.

Restriction enzyme digestion Enzyme was diluted to 0.2U/µL in CutSmart buffer and added
to the flow chamber while imaging at room temperature using a pipette and wicking filter
paper. The timing of fluid exchange was identified by blurring of the image.

Single-particle tracking Wide-field images were cropped manually in FIJI to isolate single
particles for analysis. Subpixel location of the particles was determined by the radial centers
method of Parthasarathy 134 using the MATLAB script radialcenter.m, available at
the Parthasarathy group’s page.

Magnetic trap calibration Bacteriophage λ genomic DNA (48502bp) was labeled at one
end by ligating the oligonucleotide 5Phos LAMBDA 3Bio using T4 ligase for ninety min-
utes at room temperature. The opposite was labeled with digoxigenin by end-filling us-
ing Klenow Fragment (3’→5’ exo-) and digoxigenin-11-dUTP (Roche #11093088910) at
37°C for two hours. The reaction was purified by repeatedly diluting and re-concentrating
the product using a 100K MWCO spin filter. The final retentate was diluted to 500pM &
heated @ 55°C, 5:00. The product was examined for integrity on an agarose gel.

Single-particle traces were analyzed to determine the variance in the position, which
was used to calculate the applied force using the inverted pendulum model derived by
Strick et al. 135:

F =
kBT × l
〈σ2〉

where kBT = 4.1pN nm and l = 16.4µm for λ -DNA. Image analysis and calculations
were performed in MATLAB.

https://pages.uoregon.edu/raghu/particle_tracking.html
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Supplement to Chapter 2

Amino acid sequences of HUH-tags

DCV Rep protein from Muscovy duck circovirus
UniProt D2JZX8
MAKSGNYSYKRWVFTINNPTFEDYVHVLEFCTLDNCKFAIVGEEKGANGTPHLQG
FLNLRSNARAAALEESLGGRAWLSRARGSDEDNEEYCAKESTYLRVGEPVSKGRS
S

FBNYV Master replication protein from Faba bean necrotic yellows virus (isolate SV292-
88)
UniProt O39828
PDB 2HWT
MARQVICWCFTLNNPLSPLSLHDSMKYLVYQTEQGEAGNIHFQGYIEMKKRTSLA
GMKKLIPGAHFEKRRGTQGEARAYSMKEDTRLEGPWEYGEFVP

miniMobA Minimal relaxase domain of mobilization protein A from Escherichia coli plas-
mid R1162
UniProt P07112
PDB 2NS6
MAIYHLTAKTGSRSGGQSARAKADYIQREGKYARDMDEVLHAESGHMPEFVERP
ADYWDAADLYERANGRLFKEVEFALPVELTLDQQKALASEFAQHLTGAERLPYT
LAIHAGGGENPHCHLMISERINDGIERPAAQWFKRYNGKTPEKGGAQKTEALKPK
AWLEQTREAWADHANRALERAGH
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https://www.uniprot.org/uniprot/D2JZX8
https://www.uniprot.org/uniprot/O39828
http://www.rcsb.org/structure/2HWT
https://www.uniprot.org/uniprot/P07112
https://www.rcsb.org/structure/2NS6
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NES Nicking enzyme from Staphylococcus aureus plasmid pLW1043
UniProt Q53632
PDB 4HT4
MAMYHFQNKFVSKANGQSATAKSAYNSASRIKDFKENEFKDYSNKQCDYSEILLP
NNADDKFKDREYLWNKVHDVENRKNSQVAREIIIGLPNEFDPNSNIELAKEFAESL
SNEGMIVDLNIHKINEENPHAHLLCTLRGLDKNNEFEPKRKGNDYIRDWNTKEKH
NEWRKRWENVQNKHLEKNGFSVRVSADSYKNQNIDLEPTKKEGWKARKFEDETG

PCV2 Replication-associated protein from Porcine circovirus 2
UniProt Q8BB16
PDB 2HW0
SPSKKNGRSGPQPHKRWVFTLNNPSEDERKKIRDLPISLFDYFIVGEEGNEEGRTPH
LQGFANFVKKQTFNKVKWYLGARCHIEKAKGTDQQNKEYCSKEGNLLMECGAPR
SQGQR

RepB Replication protein B from Streptococcus agalactiae plasmid pMV158
UniProt P13921
PDB 3DKY
MAKEKARYFTFLLYPESIPSDWELKLETLGVPMAISPLHDKDKSSIKGQKYKKAHY
HVLYIAKNPVTADSVRKKIKLLLGEKSLAMVQVVLNVENMYLYLTHESKDAIAKK
KHVYDKADIKLINNFDIDRY

RepBm Plasmid replication protein from Streptococcus pneumoniae

UniProt A0A0T8A2Q2
MSEKKEIVKGRDWTFLVYPESAPENWRTILDETFMRWVESPLHDKDVNADGEIKK
PHWHILLSSDGPITQTAVQKIIGPLNAPNAQKVGSAKGLVRYMVHLDNPEKYQYSL
DEIVGHNGADVASYFELTA

TraI Multifunctional conjugation protein from Escherichia coli F plasmid
P14565
PDB 1P4D (apo structure), 2A0I (DNA-bound)
MMSIAQVRSAGSAGNYYTDKDNYYVLGSMGERWAGRGAEQLGLQGSVDKDVFT

https://www.uniprot.org/uniprot/Q53632
http://www.rcsb.org/structure/4HT4
https://www.uniprot.org/uniprot/Q8BB16
https://www.rcsb.org/structure/2hw0
https://www.uniprot.org/uniprot/P13921
http://www.rcsb.org/structure/3DKY
https://www.uniprot.org/uniprot/A0A0T8A2Q2
https://www.uniprot.org/uniprot/P14565
http://www.rcsb.org/structure/1P4D
http://www.rcsb.org/structure/2A0I
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RLLEGRLPDGADLSRMQDGSNRHRPGYDLTFSAPKSVSMMAMLGGDKRLIDAHN
QAVDFAVRQVEALASTRVMTDGQSETVLTGNLVMALFNHDTSRDQEPQLHTHAV
VANVTQHNGEWKTLSSDKVGKTGFIENVYANQIAFGRLYREKLKEQVEALGYETE
VVGKHGMWEMPGVPVEAFSGRSQTIREAVGEDASLKSRDVAALDTRKSKQHVDP
EIKMAEWMQTLKETGFDIRAYRDAADQRADLRTLTPGPASQDGPDVQQAVTQAIA
GLSER
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Supplement to Chapter 3

Figure 1: Uncropped gel images from yield assays Gels 1 & 2 were performed on the
same day; gel 3 was performed on the following day. Raw TIFF exports were converted to
8-bit format for display but are otherwise unaltered.
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Supplement to Chapter 4

Polymer physics terms

(return to 4.1.3)

Persistence length (P) The characteristic length under which a polymer can be considered
a flexible beam; above the persistence length a polymer must be treated as a chain.

Given its phosphate backbone DNA is a polyelectrolyte, and the persistence length of
DNA is affected by the ionic strength of the environment. At physiological salt PdsDNA ≈
500Å, which at very low salt concentration rises to ≈ 900Å139. The persistence length of
single-stranded DNA is ≈ 7.5Å127.

Double-stranded DNA can be well described by a simple freely-jointed chain (FJC)
model, in which the polymer is made up of stiff segments of length 2P (known as the Kuhn
length) which are oriented randomly relative to each other. An excellent introduction to the
freely-jointed chain model can be found here, courtesy of Prof. Cory Simon, Oregon State
University

Contour length The length of a polymer at its maximum possible extension. The contour
length of B-form dsDNA is 0.34nm/bp127

A freely-jointed chain of 5 segments

A fully extended chain

2×P or Kuhn length

Contour length

https://en.wikipedia.org/wiki/Persistence_length
https://en.wikipedia.org/wiki/Kuhn_length
https://en.wikipedia.org/wiki/Kuhn_length
https://simonensemble.github.io/statistical%20mechanics/2017/10/06/freelyjointedchain/
https://en.wikipedia.org/wiki/Contour_length
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Table 1: Raw data for fig. 4.3

DNA MobA HRP RLU

+ + +
1046.6593
873.5887
962.4217

+ + -
11.6934
9.3336
13.3691

+ - +
42.7776
38.8705
33.1304

- + +
21.2786
115.0723
86.8769
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a. otDNA / +MobA b. +DNA / +MobA c. +DNA / -MobA

Figure 2: Immobilization of overhang PCR DNA a. MobA protein + PCV2-target DNA
b. MobA protein + MobA-target DNA c. no protein + MobA-target DNA
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Figure 3: Raw traces of mMobA-tethered DNA a. Subpixel traces of tethered beads;
dashed line indicates σ . b. Traces of stuck beads; note axis scale.
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