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Abstract

The active site of the Haloalkane Dehydrogenase (HaloTag) enzyme can be covalently attached to
a chloroalkane ligand providing a mechanically strong tether, resistant to large pulling forces.
Here we demonstrate the covalent tethering of protein L and 127 polyproteins between an AFM
cantilever and a glass surface using HaloTag anchoring at one end, and thiol chemistry at the other
end. Covalent tethering is unambiguously confirmed by the observation of full length polyprotein
unfolding, combined with high detachment forces that range up to ~2000 pN. We use these
covalently anchored polyproteins to study the remarkable mechanical properties of HaloTag
proteins. We show that the force that triggers unfolding of the HaloTag protein exhibits a four-fold
increase, from 131 pN to 491 pN, when the direction of the applied force is changed from the C-
terminus to the N-terminus. Force-clamp experiments reveal that unfolding of the HaloTag protein
is twice more sensitive to pulling force compared to protein L, and refolds at a slower rate. We
show how these properties allow for the long-term observation of protein folding-unfolding cycles
at high forces, without interference from the HaloTag tether.

Introduction

Specific covalent tethering of proteins to surfaces is of great importance in single molecule
force spectroscopy techniques such as atomic force microscopy (AFM), where the
attachment determines the direction and range of applicable forces. A typical AFM
experiment consists of pressing a cantilever onto a thin layer of engineered polyproteins
adsorbed on a surface 1-9. Under these conditions polyproteins adhere to the AFM tip and
the surface by an unknown mechanism 1. Extension of a polyprotein generates a
characteristic fingerprint, revealing the sequential unfolding of its domains 1. The
polyproteins are randomly pulled from any two points along their length, resulting in a high
variation of the number of unfolding domains from trace to trace 10. The uncertainty in the
number of domains that are probed increases the difficulty in analyzing the data, requiring
order statistics and controls that reduce the effectiveness of the technique 1112, Moreover,
this weak anchoring leads to a high probability of detachment, limiting the observation time
and the range of forces that can be utilized 2. Hence, it is highly desirable to develop
attachment chemistries that specifically tether single proteins between an AFM cantilever

and a surface using covalent bonds. This attachment should allow a protein to be anchored at
perfectly controlled points and to be mechanically pulled at high forces for extended periods
of time.
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To achieve such a goal we used thiol chemistry in combination with HaloTag, an engineered
Haloalkane Dehalogenase capable of forming an ester bond with a chloroalkane-
functionalized surfacel3. Attachment of proteins using HaloTag is becoming a popular
approach to covalently anchor proteins to surfaces. For instance, fusion proteins with
terminal HaloTag have been successfully used for purification of proteins with high yield
and increased purity!4-15 and for labeling live cells'6-19, Furthermore, HaloTag has been
successfully employed in single molecule force spectroscopy measurements to immobilize
poly 127 polyprotein to mica surfaces2? and poly Filamin to beads through DNA spacers?X.

In contrast to non-specific or antigen-antibody interactions, covalent anchoring has the
advantage of high detachment forces and extended lifetime 2223, The attachment strength
can increase the range of forces to which a single molecule can be exposed and can also
extend the possible tethering time under force. However, since little is known about the
mechanical properties of HaloTag, its potential applications in single molecule experiments
are limited. HaloTag is a protein that can denature under certain conditions. This feature
poses both advantages and challenges. Contrary to other covalent attachment
techniques24-27, HaloTag has the advantage of a mechanical fingerprint provided by its
unfolding and extension up to its chloroalkane anchoring point. The response of HaloTag to
denaturing forces must also be closely related to the direction of the pulling force and to the
number of amino acids trapped within the protein fold. The main disadvantage of this
attachment technique might come from possible interference of the HaloTag on the studied
process. HaloTag might unfold at similar forces or might hinder the collapse and refolding
of the protein under investigation.

Here we report several methods to attach proteins using HaloTag-chloroalkane anchoring
and thiol chemistry and investigate the effects of HaloTag on the unfolding and refolding of
two model proteins. To this end, we developed analytical tools to verify the specific
HaloTag attachment to chloroalkane-functionalized surfaces. We study the unfolding
mechanics of HaloTag pulled from different points using force-extension and force-clamp
AFM. Based on these mechanical properties, we demonstrate the usage of HaloTag to
investigate mechanical properties of other proteins by decoupling its unfolding and refolding
from these proteins of interest. Below we also provide a roadmap for how to successfully
employ covalent attachment of polyproteins though HaloTag anchoring and measure folding
of HaloTag fused polyproteins.

Materials and Methods

Protein Expression and Purification

For our experiments we used several polyprotein constructs inserted in a pPFN18A vector
(Promega). Three polyproteins had the HaloTag at the N-end, followed by a specific
polyprotein inserts (a construct with eight protein L domains — denoted Halo-Lg-Cys, one
with eight 127 C47/63A domains — denoted Halo-127g-Cys, and one with a GFP domain —
denoted Halo-GFP-Cys), and terminated at the C-end with the (His)g tag and one cysteine
amino acid. One Halo-127g-Cys construct had a cysteine and the (His)g tag at the N-end,
followed by eight 127 domains and the HaloTag at the C-end. E.coli ERL cells transformed
with the DNA vector were grown at 37 °C until ODggg ~ 0.6 in 400 mL LB broth in the
presence of appropriate antibiotics. Polyprotein expression was induced with 1 mM IPTG at
25 °C overnight. Cells were harvested and resuspended in 50 mM sodium phosphate buffer
pH 7.0, 300 mM NacCl, 10 % glycerol, 0.03 mM TCEP or 0.5 mM DTT, and lysed using a
French press. The lysate was centrifuged at 30,000 g for 40 min and purified using Ni2*-
NTA His GraviTrap affinity columns (GE Healthcare), by washing with the same
resuspension buffer containing 7.5 mM imidazole and eluting with 250 mM imidazole (both
buffers with 10% glycerol, 0.03 mM TCEP or 0.5 mM DTT). The proteins were further
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purified using a Superdex 200 fast protein liquid chromatography column (FPLC,
Amersham Biosciences) with elution buffer (10 mM HEPES pH 7.2, 150 mM NaCl, 10%
glycerol, 1 mM EDTA). Typical protein concentrations varied between 10 and 20 uM.

Preparation of Chloroalkane Surfaces

Clean glass and cantilevers were activated using oxygen-plasma (Harrick Palsma) and
silanized with (3-aminopropyl)triethoxysilane (Sigma-Aldrich), as further described in the
Supplementary Information. These amine-terminated surfaces were then reacted for 1 hour
with 10 mM NHS-PEG-Maleimide Crosslinker (SM(PEG),4, Thermo Scientific) dissolved
in 50 mM Borax buffer pH 8.5. After washing with double-distilled water, the surfaces were
further reacted overnight with 7.5 mM Thiol-PEG,4-Chloroalkane ligand (HaloTag Thiol O4
ligand, Promega) dissolved in 50 mM Borax buffer pH 8.5. The reaction was quenched with
50 mM 2-mercaptoethanol (Sigma-Aldrich).

Single Molecule AFM Experiments

The AFM instrument was custom-made and described elsewhere 28, For each condition 4-
10 different experiments were performed. The solution containing the polyproteins was left
in contact with the chloroalkane or gold surface for ~30 min. The surface was then washed
with HEPES buffer (10 mM HEPES pH 7.2, 150 mM NaCl, 1 mM EDTA) to remove non-
specifically bound protein, and the measurements were performed in the same buffer.
During a typical experiment the surface was moved laterally over 500 nm? to insure that
several surface sites were probed. The cantilevers were calibrated using the thermal noise
method based on the equipartition theorem. Standard silicon nitride and chloroalkane
functionalized cantilevers had spring constants of 16 £ 1 pN/nm, and gold coated cantilevers
had a slightly higher constant of 17 + 2 pN/nm. Force-extension traces were acquired at a
rate of 400 nm/s. Traces showing one HaloTag unfolding fingerprint were used to estimate
the mechanical properties of the proteins and the strength of the attachment.

Results and discussion

While covalent anchoring is often assumed after a given protocol has been followed,
distinguishing a specific from a non-specific attachment can be a challenging task.
Furthermore, a clear fingerprint is often missing to indicate with certainty if the
experimental data report on the protein or process under investigation. Here we implemented
two approaches to probe the formation of covalent attachment between HaloTag and
chloroalkane-functionalized surfaces. These approaches are needed to verify that the surface
functionalization protocol has been successful and that the HaloTag terminated proteins are
active. To this end, we constructed polyproteins that included a recognition site for Tobacco
Etch Virus (TEV) protease (EDLYFQS). This site was inserted between HaloTag and the
other protein domains. In a first approach, two drops containing HaloTag-GFP were
adsorbed to a chloroalkane surface. TEV protease was added to one of the drops. As shown
in Figure 1A, both drops showed strong fluorescence due to the presence of the GFP linked
protein. Washing the surface removed unbound proteins. The region where the HaloTag-
GFP was adsorbed alone displayed a strong fluorescence signal, while most of the GFP was
cleaved from the surface and washed away in the region where TEV was added. Very little
non-specific adsorption can be seen after a first wash, with the surface where TEV was
absent being ~16 times brighter than the one where TEV was present. In a second
experiment, we adsorbed a HaloTag-(127)g polyprotein construct to the chloroalkane
surface. After extensive washing for 1-2 h, to remove all non-specifically adsorbed proteins,
we incubated the surface with TEV protease and collected the released proteins. As seen in
SDS-PAGE gels (Figure 1B), the collected protein from the surface wash showed a band at
~ 82 kDa, which corresponds to the (127)g alone. The HaloTag-(127)g control showed a
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molecular mass of ~117 kDa, while TEV migrated to ~ 27 kDa. The lane corresponding to
the reaction in solution between HaloTag-(127)g and TEV showed the (127)g and TEV band,
together with a third band at ~ 35 kDa, characteristic for the HaloTag. These two
experiments prove that the attachment is highly specific and takes place at the HaloTag end
of the polyprotein construct. These fluorescence and gel-based methods provide an easy
assay to evaluate the success of the chloroalkane surface chemistry.

Having the certainty of the specific attachment of our HaloTag terminated proteins to the
chloroalkane functionalized surfaces, we used AFM to investigate the mechanics of
polyproteins containing eight repeats of either protein L or 127, terminated with a HaloTag
protein at one end and a cysteine at the opposite end (Halo—Lg—Cys and Halo—-127g—-Cys). In
a first configuration, the Halo—Lg—Cys polyprotein construct was attached covalently to the
surface through the HaloTag—chloroalkane reaction (Figure 2A and Figure S1). A gold-
coated cantilever tip was then pressed onto the protein layer for ~ 1 s. Retracting the tip with
an attached molecule led to the sequential unfolding and extension of the component
domains of the polyprotein. The unfolding events result in a saw-tooth pattern of the
measured force, while the final detachment peak represents the failing of the weakest
anchoring bond. Unlike other covalent attachments, HaloTag produces an unfolding
fingerprint by partially unraveling under force. In most cases, the unfolding of HaloTag
protein preceded that of the other proteins in the construct (Figure S3). Alignment of the
force-extension curves with the final unfolding event shows a narrow contact point
distribution with a spread of ~ 40 nm (Figure 2B). This spread in length is likely the result of
different attachment points of the polyprotein to the tip of the cantilever, which has a radius
of 20-60 nm (ref. 29). Hence, tethering of polyproteins to the ends of the construct showed a
narrow variation, which can be attributed to the physical dimensions of the cantilever.

Force leads to the unfolding of HaloTag protein, followed by the immediate extension of the
previously trapped amino acids between its chloroalkane attachment point and the
neighboring proteins. By changing the position of the HaloTag from the N-end of the
polyprotein construct to the C-end, we are exposing different regions inside this protein fold
to force (Figure 3 and Figure S4). When placed at the N-end of the construct, the part of the
HaloTag between the chloroalkane site and the C-terminus of the protein was exposed to
force. In this case, HaloTag displayed an unfolding fingerprint given by a contour length
increase of 66 + 2 nm (s.d., n = 436) and an unfolding force of 131 + 31 pN (Figure 3). This
change in contour length closely reflects the number of amino acids under force 20. Force-
extension curves of Halo—-127g-Cys with C-terminus of the HaloTag protein under force
showed the unfolding of HaloTag, followed by eight 127 domains, which are mechanically
more stable (Figure 3). Placing the HaloTag at the C-end of the construct exposed a smaller
part of the protein to force, from its N-terminus to the chloroalkane site. In this case N-
terminus HaloTag had a contour length increment of 26.5 + 0.6 nm (s.d., n = 359) and an
unfolding force of 491 + 129 pN (Figure 3 and Figure S2). This increase in mechanical
stability was obtained solely by exposing different parts of the HaloTag protein to force and
can be exploited to investigate proteins with a wide range of mechanical stabilities. In the
case of C-terminus HaloTag, force is applied between residues 106 and 296, while N-
terminus HaloTag has the residues 1 to 106 exposed to force. We30 and others31:32 have
shown that the mechanical stability of a protein strongly depends on the points where the
force is applied. HaloTag protein showed an increase in mechanical stability from ~131 to
~491 pN when the direction of the applied force was changed from the C to the N-terminus.

Before unfolding, a mechanically stable protein extends under force up to its mechanical
transition state 3334, The measured contour length increment is given by the length of the
polypeptide released by unfolding from the mechanical transition state structure to the fully
extended chain. The transition state of most stable proteins involves parallel beta stands with
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hydrogen bonds perpendicular to the pulling direction 3936, HaloTag is an alpha-beta
protein that has at its core six parallel beta strands and the ligand-binding site at the end of
the third parallel beta strand (amino acid number 106; Figure S4). An unfolding contour
length increment of 26.5 + 0.6 nm for N-terminus HaloTag suggests that a mechanically
stable transition state forms roughly between beta strands B and C of the protein (Figure
S4). Rupture of such a transition state would release amino acids 35 through 106 upon
unfolding with a resulting contour length increase of ~27.1 nm, which is close to the
measured value of ~27 nm (see Supplementary Information). Most proteins studied with
force spectroscopy have a number of amino acids that “peel off” at low force, before the
extending protein encounters its transition state structure at its beta sheet core. Similarly, in
this case amino acids 1-35 do not contribute to the contour length increase of unfolding
(Figure S4). In the case of C-terminus unfolding, the experimental change in contour length
is ~66 nm. This value is consistent with a mechanically stable transition state clamp
somewhere between beta strands C — F, which would release amino acids 106 through 270
upon unfolding, resulting in a contour length increase of ~64 nm, in close agreement with
our experimental observations (see also Supplementary Information). The large difference in
the mechanical stability of these two pulling geometries must arise from the particular
transition state structures involved. Detailed molecular dynamics studies of the transition
state structures of the HaloTag protein will be necessary before we fully understand these
differences.

Attachment at the opposite end (from the HaloTag) of our polyprotein constructs was done
using thiol chemistry, as detailed below. Covalent attachment is essential to obtain end-to-
end tethering which can withstand high-pulling forces. The extension of covalently anchored
polyproteins should manifest in several ways: the extended polyproteins should fully unfold
(9 peaks in the present case), extend up to the same length, and detach with a high force. Our
data closely fulfills these criteria. The majority of the traces containing the HaloTag
unfolding fingerprint had a total of nine unfolding peaks with the expected contour length
increments, marking specific covalent attachment to the termini (Figure 2-5 and Figure S5).
These peaks include the unfolding of the HaloTag protein plus that of eight protein L or 127
domains. The contact point distribution was narrow and in the range of our cantilever radius
(Figure 2B). Finally, we measured high detachment forces, different for different
chemistries, as further discussed below.

Figure 4 shows a summary of the results from similar experiments using alternative
attachment strategies. We only included for further analysis traces that show unfolding of
the C-terminus HaloTag protein, which is marked by a ~66 nm contour length increase,
which unambiguously identifies covalently attached polyproteins to the chloroalkane
functionalized surface 29, What we call specificity refers to the percentage of recordings
showing the full end-to-end polyprotein unfolding fingerprint (nine unfolding events) out of
the traces that showed HaloTag unfolding (Figure S1).

Uncoated silicon-nitride cantilevers, which are standard in AFM force spectroscopy
experiments, showed low detachment forces as well as low specificity of attachment (Figure
4A). Furthermore, the number of unfolding events had a large variation and sometimes
exceeded nine peaks, probably due to the presence of dimers linked through a disulfide
bond. Repeating the same experiment with cantilevers coated with freshly evaporated gold
yielded a large increase in the specificity of attachment to the termini, varying from 78% for
Halo—127g-Cys (Figure S5) to 86% for the Halo-Lg—Cys (Figure 4B, lower panel). A
histogram of the detachment forces reveals a broad distribution with a value of 535 + 245
PN (s.d., n = 222) for the Halo-Lg—Cys polyproteins and 533 = 375 pN (n = 260) for the
Halo—127g-Cys. Given the high specificity observed in this configuration, it is tempting to
conclude that we are observing the actual detachment forces of a single thiol, bonded to the
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gold surface. While this detachment force seems low for a covalent bond, the detachment of
a bonded thiol from a gold covered surface is a complex process. This process is now known
to be dependent on the disposition of adsorbed atoms (adatoms) and vacancies, resulting in a
high level of complexity with unknown effects on its mechanical properties 2337,
Furthermore, similarly low values were measured for gold-methylsulfide 38 and ferric-
thiolate bonds 2. Interestingly, the inverse configuration of attachment — with the proteins
adsorbing to a gold coated surface and picked-up by chloroalkane functionalized cantilever
—yielded higher detachment forces of 1013 + 347 pN (n = 195, Figure 4C), albeit at a lower
specificity of 66%. It is possible that these differences of the measured detachment forces
are the result of the different reaction times allowed for the gold-thiol reaction 49 and/or the
different structures of the gold adatoms on the evaporated surfaces 3. Zhang and
collaborators have calculated the breaking force of the gold-thiol junction before and after
the hydrogen atom leaves the complex and predicted rupture forces of 600 + 200 pN and
1500 # 200 pN respectively 1. Furthermore, the strength of the S-Au bond was predicted to
be higher than the Au-Au bond itself, leading to nanowire extrusion of Au atoms upon
pulling #2. The force measured in this second configuration agrees with the value calculated
for breaking the Au-Au bond, of ~1200 pN “2. Finally, polyproteins added to a maleimide-
covered surface showed similar specificity and the highest detachment forces (Figure 4D).
Thiols react with maleimide groups, forming stable thioether bonds. Of all the approaches
examined, the maleimide-thiol chemistry led to the highest observed average detachment
force of 2001 £ 585 pN (n = 108) and a similarly high specificity of 86%. However, while
initially high, the success rate of the maleimide-thiol experiments rapidly decayed over time,
yielding fewer recordings after ~ 1h of measurement. All three covalent-based attachments
showed high specificity toward tethering the HaloTag-fused polyproteins to exactly their
ends. The measured detachment force from ~530 to ~2000 pN suggests, at least for the low
force detachment, that the bond at the thiol-end of the construct was being broken.

Our preferred method is to adsorb HaloTag containing polyproteins onto a chloroalkane
coated glass surface and pull them with a gold-coated cantilever. This method results in a
very high specificity of attachment (~86 %) obtained with a remarkably high pick-up
frequency (see also Figure S1). In this configuration, detachment forces average at ~530 pN,
sufficient to probe the majority of proteins studied to date 43. Furthermore, functionalization
of glass slides is much simpler than that of cantilevers and all experiments are free of laser
interference. Therefore, we chose this method to investigate the unfolding kinetics of Halo—
Lg—Cys polyproteins. In force-extension mode, the Halo—Lg—Cys construct showed similar
unfolding forces for protein L (~140 pN) and HaloTag (~130 pN) and a preferential order of
unfolding of the HaloTag as the first protein to denature at the used pulling rate of 400 nm/s
(Figure S3). In force-clamp mode, this polyprotein was exposed to a constant pulling force,
and each unfolding domain displayed a step increase in the measured extension. The
measured size of each step directly reflects the number of amino acids released when that
single domain unfolds. As shown in Figure 5A, the measured extension showed steps of ~16
nm, characteristic to unfolding of protein L, and of ~ 58 nm, characteristic to denaturation of
HaloTag. The pulling force was varied between 60 and 160 pN. The variations in the
mechanical stabilities of protein L and HaloTag with force were different and crossed in the
measured force range at 120 pN. At forces below 120 pN HaloTag was mechanically more
stable than protein L. At forces above 120 pN this trend reversed (Figure 5A). This variation
in force-dependency reflects on both the unfolding order and the unfolding rate of the
measured proteins. Histograms of the unfolding order measured at different constant forces
mark the 120 pN value as a crossing point where both HaloTag and protein L have equal
probabilities to unfold (Figure 5B). Below 120 pN protein L unfolded first, while above this
point HaloTag denatured first. Figure 5C shows the rates of unfolding of HaloTag and
protein L, extracted from the same traces. The final extension of the averaged unfolding
traces of eight protein L domains or a HaloTag increased with force, as predicted by the
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worm-like-chain model for polymer elasticity 4. The unfolding rate and the error of the
measurement were evaluated assuming a single exponential behavior and applying
bootstrapping 4°. The measured unfolding rate of protein L as a function of force
superimposes on the measured rate for the same protein alone (Figure 5D, blue and grey
circles). The unfolding rates in the absence of force were estimated by assuming a simple
two-state process: k(F) = kg - exp(— FAx/kgT), where k(F) is the measured rate at the
applied force F, kg is the rate in the absence of force, Ax is the distance to transition state, kg
the Boltzmann’s constant, T the temperature. The extrapolated rates in the absence of force
are 5.9-1072 s~ for protein L and 1.0-10~4 s71 for HaloTag, while the measured distances to
transition state were Ax = 1.6 A for protein L and Ax = 3.6 A for HaloTag. These two values
of Ax were measured from two different proteins within the same polyprotein construct,
where they were exposed to the same pulling force simultaneously, eliminating the
possibility of errors arising from the calibration of the cantilevers 4647 These results show
that protein L and HaloTag respond differently to force and that choosing a certain force and
exposure time can lead to the unfolding of only one of the two proteins.

We took advantage of the different force dependency of HaloTag and protein L to separate
their folding. As seen in Figure 5D, at 80 pN protein L unfolded on a higher rate than
HaloTag. When Halo—Lg—Cys construct was exposed to 80 pN of force for 5 s, only protein
L unfolded (Figure 6A). We then quenched the force to 0 pN for varying periods of time.
When the force was ramped back up, we observed unfolding of protein L domains that
refolded during the quench time, followed by the HaloTag protein — a signature for covalent
attachment. For low quench times we also observed formation of stable collapsed states, a
precursor of the folded state 48. Applying a procedure described elsewhere 49, we estimated
the folding rate by comparing the number of folded domains as a function of quench time.
For protein L, we found a folding rate of 1.4 + 0.8 s~1 (Figure 6B). This experiment
demonstrates how the different force-sensitivities of protein L and HaloTag can be used to
effectively study the folding properties of mechanically weak proteins, such as protein L.

Exposing the Halo-127g-Cys with N-terminus HaloTag (placed at the C-end of the construct)
to force-clamp conditions led to unfolding steps of 25 nm, specific for 127. These steps were
followed by a final extension of ~22nm, specific for the denaturation of the HaloTag protein
(Figure 7). In order to denature the N-terminus HaloTag, the force was ramped up either
after a given dwell time or all the way from the beginning of the trace. This attachment
geometry could allow measuring of more stable proteins such as 127, without interference
from the HaloTag protein. Nevertheless, the high unfolding force of N-terminus HaloTag
prevented us from seeing its unfolding fingerprint in all traces, which is a direct proxy for
covalent attachment to the C-end of the construct (see also Figure S2).

The proven high mechanical strength of HaloTag anchoring and gold-thiol covalent
attachments increases the life-time of the tethers under force. We have developed a protocol
for AFM force-clamp to continuously unfold and refold a single polyprotein chain. We
managed to record several long traces and, most often, instrumental drift rather than
detachment of the tethered molecule was the limiting temporal factor. For example, we
exposed a single Halo—Lg—Cys polyprotein to alternating pulling cycles of 100 pN for 2.5 s
and pushing cycles for 4.5 s, which led to the unfolding and refolding of the proteins from
the construct (Figure 8). In the chosen pull time, the same polyprotein displayed full or
partial unfolding of the component protein domains. When the force was quenched, some
protein L domains refolded. Interestingly, the measured fraction of folded domains of 0.6 £
0.2 is close to the value measured from individual force-quench experiments (Figure 6B).
This resemblance suggests that the folding of the HaloTag protein does not significantly
interfere with the refolding of protein L domains. To the best of our knowledge, these traces
are also the longest recorded for such high pulling forces. These long traces of the same
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polyprotein repeatedly undergoing a biophysical process or a chemical reaction under force
offer unique prospects by expanding the possibilities of force spectroscopy to gather data not
only from a large number of molecules, but also from a single molecule probed over a long
period. This approach eliminates a source of heterogeneity given by sampling several
molecules, which might reflect on different local environment, different attachment sites and
pulling geometries 1, or different posttranslational modifications of proteins 0.

Conclusions

We have demonstrated covalent tethering of HaloTag-fused polyproteins, sensitive to the
placement of the HaloTag protein in the construct and to used thiol chemistry. The
chloroalkane surfaces to which HaloTag terminated proteins were attached were obtained
after following a four-step protocol, prone to errors. We have implemented fluorescence and
gel-based assays to verify the chloroalkane surfaces, which will become standard in
experiments using HaloTag attachment. We have developed HaloTag-fused polyproteins,
which provided an exclusive mechanical fingerprint embedded in their molecular design.
This mechanical fingerprint was marked by the unfolding of the proteins in the engineered
construct, with specific contour length change and unfolding force. Our experimental design
revealed novel characteristics specific to single molecule measurements. The end-to-end
attachment showed a variation of ~40 nm in the initial extension measured before the
unfolding of the first protein in the construct. The physical dimensions of the cantilever and
the geometry of attachment are likely responsible for this variation in initial extension,
which is often used as a proxy for mechanically unstable proteins. Unlike other covalent
tethering methods, attachment of HaloTag to chloroalkane ligand showed a specific
mechanical fingerprint. This fingerprint consisted of the partial unfolding of the HaloTag up
to its attachment point to the surface. This fingerprint was given by a contour length
increment of ~ 66 nm at a force of ~131 pN when the C-terminus part of the HaloTag
denatured under force and of ~27 nm and ~491 pN when N-terminus HaloTag unfolded. N-
HaloTag unfolding is distinguished by its contour length increase of ~26 nm and high
unfolding force. In the majority of the traces, we observed the N-HaloTag fingerprint,
followed by detachment (e.g. Figure 3B). Detachment takes place after a given lifetime, and
since it is probabilistic, it does not occur at a single, predetermined force. Hence detachment
can take place at a force lower than that of the N-HaloTag (e.g. traces in Figure 3B). In
about a third of the traces containing the full unfolding fingerprint of eight 127 domains, the
molecule detached without showing N-HaloTag unfolding, suggesting the failure of the
attachment before N-HaloTag had a chance to unfold. In these cases, N-HaloTag may have
been much more stable than we were able to measure. Such events result in an
underestimate of the average N-HaloTag unfolding force. Thus, the unfolding force of 500
pN or higher of N-terminus HaloTag is higher than most of the stable proteins studied to
date 35, This extraordinary mechanical stability can be exploited to unfold and study other
proteins under force without interference from the HaloTag.

We used gold-thiol and maleimide-thiol chemistry to attach the opposite end of the
polyprotein construct. Breaking these tethers took place after unfolding the proteins in the
constructs and at large separations between cantilever and surface, without interference
coming from other short-ranged interfacial forces 23:27, Covalent tethering was characterized
by a 66 to 86 % specificity of attachment to exactly the two ends of the polyprotein
construct. Furthermore, depending on the thiol chemistry, the detachment forces averaged
between 530 and 2000 pN, forces much higher than that measured for non-specific
detachment. This variation in anchoring strength also implies that, at least in the low force
case, the bond formed at the thiol-end of the construct was the one braking.
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Kinetic measurements reporting on the unfolding of HaloTag and protein L were obtained
using force-clamp AFM. Due to the different force sensitivities of Ax = 1.6 A for protein L
and Ax = 3.6 A for HaloTag, the unfolding rates of these two proteins crossed at 120 pN.
This difference in Ax allowed us to unfold only protein L from the Halo—Lg—Cys construct
and study its refolding kinetics. Mechanically weak proteins such as protein L could be
studied at forces where C-terminus HaloTag unfolds slowly, while stronger proteins such as
127 required the use of the more stable N-terminus HaloTag. In this case, 127 was the first
protein to unfold, but some traces lacked the N-terminus HaloTag fingerprint, which
occurred at forces comparable to the detachment from the cantilever.

The reported covalent anchoring allowed tethering of proteins at high forces for long
periods. We have exposed single HaloTag-fused polyproteins to repeated unfolding-
refolding cycles and have found little interference from HaloTag in the folding behavior of
protein L.

The methods described here will have a significant impact on single protein force-
spectroscopy by opening new vistas in single molecule experiments, where a protein can be
tethered covalently to exactly its ends at high forces and for extended times, and unfolded
and refolded repeatedly under force. These recordings will allow to construct folding energy
landscapes of proteins, to study dynamic disorder of folding, to probe intermediate folding
states and to expose the same polyprotein to different interacting molecules and study their
influence on the mechanical behavior of the substrate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Verification of HaloT ag anchoring to glass surfaces functionalized with chloroalkane
A) Fluorescence assay: two drops of HaloTag-GFP fusion protein solution deposited on a
glass surface functionalized with the chloroalkane ligand in the presence and absence of
TEV protease. Washing the glass surface removes unbound proteins, leaving a layer of
surface anchored GFP (left) that was absent when TEV was added to the solution (right).
The inset on the left shows a diagram of the HaloTag-GFP construct, the location of the
TEV cleavage site, and the attachment point to the glass surface. B) SDS-PAGE gel assay:
lane 1 — HaloTag-(127)g protein digested with TEV in solution shows (127)g at ~82 kDa,
HaloTag at ~35 kDa and TEV at ~27 kDa; lanes 2 and 5: HaloTag-(127)g control ~117 kDa;
lane 3 — molecular weight marker; lane 4: TEV control ~27 kDa; lane 6 — protein collected
by washing four glass coverslides functionalized with chloroalkane, and reacted with
HaloTag-(127)g polyprotein. The wash solution contained 2 mg/ml TEV protease. The wash
contains (127)g at ~82 kDa and TEV at ~27 kDa and does not contain HaloTag protein
which remains covalently anchored to the surface. The inset on the left shows a diagram of
the HaloTag-(127)g experiment.

J Am Chem Soc. Author manuscript; available in PMC 2014 August 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Popa et al.

Page 13

100 pN

50 nm
HaloTag

short

protein L

Force (pN)

# Counts

; G 1 T Ll 1
0 40
Extension (nm) Contact Point (nm)

Figure 2. Mechanical fingerprint of covalently anchored polyproteins

A) Several superimposed force-extension traces of single HaloTag—Lg—Cys polyproteins.
Unfolding of each chloroalkane-anchored HaloTag shows a characteristic increase in
contour length of ~66 nm. In all cases we observed eight protein L unfolding events
identified by contour length increases of ~19 nm and unfolding forces of ~140 pN. A high
detachment force of 535 * 245 pN is measured, indicating successful thiol-gold anchoring.
The unfolding of the HaloTag can occur at any position along the sawtooth pattern (Figure
S3). However, for the sake of simplicity, only curves where HaloTag unfolds first were
included in this figure. B) Perfectly anchored polyproteins should all have exactly the same
length when pulled vertically. However, given that thiol-gold anchoring can occur at random
locations throughout the AFM tip, we observe a variation in length of up to ~40 nm, from
the longest trace (marked as zero), in excellent agreement with the radius of curvature of
AFM cantilevers.
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Figure 3. The mechanical strength of the HaloT ag-chlor oalkane molecule depends on the
direction of the applied force

A) Cartoon diagrams of the force distribution throughout the structure of the HaloTag-
chloroalkane molecule when force is applied through the C-terminus (top, red) or the N-
terminus (bottom, red). B) Force extension traces of a single covalently anchored Halo-127g-
Cys polyprotein, with the HaloTag placed at the N terminus of the polyprotein (top) or at the
C terminus (bottom). C) An immobilized HaloTag protein unfolds at 131 + 31 pN when
force is applied to its C terminus, increasing to 491 + 129 pN when force is applied through
its N terminus. D) We observe unfolding contour length increases of 66 + 2 nm when force
is applied to its C terminus, decreasing to 26.5 + 0.6 nm when force is applied through its N
terminus.
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Figure 4. Histograms of detachment for ces of covalently tethered Halo—-L g—Cys polyproteins
Several attachment configurations were investigated using Halo—Lg—Cys polyprotein. A)
Polyproteins attached to the surface through HaloTag — chloroalkane chemistry and pulled
with silicon-nitride cantilevers show a detachment force distribution toward low forces (top)
and a variable number of unfolding peaks (bottom). B) Same surface attachment as in in the
previous configuration, but pulled using gold coated cantilevers, which are reactive toward
the terminal cysteine. We observe a distribution of detachment forces of 535 + 245 pN. In
this configuration, 86% of the selected traces show nine unfolding peaks, characteristic of
the specific attachment at the termini. C) Polyproteins attached to the surface through gold—
thiol reaction and pulled through the HaloTag — chloroalkane chemistry. This arrangement
has a detachment force of 1013 + 347 pN and a specificity of 66%. D) Polyproteins attached
to the surface through maleimide—thiol reaction and pulled using the HaloTag —
chloroalkane chemistry. This arrangement shows the highest detachment force of 2001 +
585 pN and the measured specificity is 86%. The inserts represent schematics of the
considered attachment configurations. The black lines are Gaussian fits to the data.
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Figure 5. Unfolding kinetics of protein L and HaloTag probed with for ce-clamp

A) Unfolding at constant force of the Halo—Lg—Cys construct results in stair-case like
increase in the measured length of ~16 nm for protein L (blue part of the traces) and ~58 nm
for HaloTag (magenta part of the traces). The lower black traces show the measured force
under feed-back control. B) Normalized histograms of the unfolding order for the
component proteins. HaloTag is the last protein to unfold at low forces (LgH) and the first to
unfold (HLg) at high forces. C) Averaged (Protein L)g (blue) and HaloTag (magenta)
unfolding time courses obtained at different constant stretching forces. The black lines
correspond to single exponential fits assuming a two-state model. D) Semi-logarithmic plot
of the rate of unfolding of (Protein L)g (blue circles) and HaloTag (magenta squares) as a
function of force and measured from the same traces. The gray points represent the

measured unfolding rate for protein L from a stand-alone construct, as reported by Liu et
al*4,
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Figure 6. Measuring protein folding in HaloTag tethered proteins

A) Force-quench traces showing first the unfolding of covalently tethered Halo—Lg—Cys
polyproteins at a constant force of 80 pN. All eight protein L domains unfold during the five
second pulse to 80 pN. The force was then quenched to 0 pN for a variable time, At. We
measured the refolded fraction by counting the number of protein L unfolding steps (N, 16
nm steps) measured during a force-ramp. B) Plot of the refolded fraction N/8 as a function
of At. The solid line is an exponential fit that measures a folding rate of 1.4 + 0.8 s™1. In all
traces, the HaloTag protein does not unfold during the five-second pulse to 80 pN. The
HaloTag protein in these traces unfolds last, at a higher force during the final force-ramp
(red). This experimental protocol allows for the study of refolding, without interference of
an unfolded HaloTag protein.
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Figure 7. N-terminus anchoring allows for high force unfolding of a polyprotein under force-

clamp conditions, without HaloT ag interference

A) Force-clamp trace of unfolding at 200 pN, of eight mechanically stable 127 domains
without interference from N terminus anchored HaloTag, which unfolds only when the
forces rises to ~400 pN during the final ramp of this protocol. B) Similar experiment using a

force ramp.
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Figure 8. Thirteen minutes long folding-unfolding recording from a single covalently tethered
polyprotein

A) Force clamp trace of length as a function of time for 82 unfolding and refolding cycles of
a single Halo—Lg—Cys protein. The force pulse protocol consisted of repeated cycles of a 100
pN pulse to unfold the polyprotein (B, 2.5 s) followed by a negative force of =50 pN to
contact the surface to verify and correct for drift, while allowing the protein to fold. B)
Three unfolding traces, shown at an expanded time scale, corresponding to the regions
marked by the dashed lines in (A). In some of the unfolding staircases we observed the
unfolding of the HaloTag protein (magenta) and of protein L (blue), indicating that the
proteins refold during the pulse protocol.
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