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The mechanical properties of proteins are crucial in living
cells as proteins serve as basic units in cells to constantly
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sense, generate, and bear mechanical forces.? Outside the
cell, nature exploits the mechanical features of proteins and
produces a variety of materials with superb mechanical
properties (e.g. spider dragline silk™®*) which often outper-
form man-made materials. Studies of the mechanics of
proteins are not only important in understanding fundamen-
tal biophysical principles underlying various biological pro-
cesses,”! but they also underscore the great potential in
engineering protein-based advanced materials and using
proteins as building blocks for the bottom-up construction
of functional nanomechanical devices.®

Despite the great significance of mechanical proteins, the
investigation of the mechanical design of these proteins at the
single-molecule level was not possible until the development
of single-molecule force spectroscopy techniques a few years
ago."™ Since then, single-molecule atomic force microscopy
(AFM) has become the workhorse in the field of protein
nanomechanics.'> Initial single-molecule AFM studies
focused on naturally occurring mechanical proteins that are
placed under stretching force under physiological conditions,
such as the immunoglobulin (Ig) domains of the giant muscle
protein titin and the fibronectin type III domains from
fibronectin and tenascin.-'*111¢1°l Recently, non-mechanical
proteins have also been studied by single-molecule force
spectroscopy in the search for mechanically stable protein
folds and to expand the toolbox of mechanical proteins.[2
With the increasing understanding of the relationship
between protein structure and protein mechanical stability,
scientists have attempted to engineer or modify the mechan-
ical properties of proteins. Such efforts are limited to site-
directed mutagenesis.'”?2% With the advent of nanobiotech-
nology, it is desired to engineer novel multifunctional
mechanical proteins that combine desired mechanical proper-
ties with other functional properties, such as enzymatic
activity. Site-directed mutagenesis may not suffice for such
challenges. Here, we demonstrate the feasibility and the first
attempt towards engineering novel mechanical proteins
through DNA-shuffling-based recombination.

Recombination is an important mechanism for proteins to
acquire novel functions. Recombination offers the advantage
of combining beneficial mutations from multiple parents into
a single offspring and has been exploited extensively by
nature during evolution in improving protein traits such as
enzymatic activity. This method has also been used exten-
sively in the directed-evolution of proteins in the laboratory
and has become one of the most important strategies in
engineering proteins with novel functions.’”* Recombina-
tion is based on DNA-shuffling of proteins sharing high
sequence homology and identity. Recent developments have
extended this method to proteins that are distantly related
and share low sequence homology.’*?) Here, as a proof of
principle, we demonstrate the feasibility of using this power-
ful method to engineer proteins with novel mechanical
stability. This will serve as the first step towards engineering
multifunctional proteins in which mechanical stability is
combined with desired additional functionality.

We used the 27th and 32nd immunoglobulin domains (127
and 132, following the nomenclature by Labeit®) from
human cardiac titin as the parent model proteins to construct
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hybrid proteins by recombining different fragments from the
two parents. 127 and 132 are good model systems for
mechanical proteins and have been studied extensively by
single-molecule AFM.7':1¢21 Tt was shown that 127 unfolds
at a force of ~200 pN while I32 is mechanically more stable
and unfolds at a force of ~ 300 pN.""'%! The big difference in
their mechanical stability may have interesting ramifications
for the mechanical properties of hybrid recombinant proteins.

Extensive single-molecule atomic force microscopy stud-
ies,[11:2628.34331 ip conjunction with steered molecular dynamics
simulations,** ! revealed the critical importance of the A’
and G f strands (referred to as the A’G patch) to the
mechanical stability of the 127 domain. When 127 is stretched
from its N and C termini, a shear force is applied to the
hydrogen-bonding network in the A’G patch, which forms the
force-bearing parts of 127 and constitutes the strongest
mechanical resistance to unfolding. This shear topology of
the hydrogen-bonding network seems to be a common feature
among stable mechanical proteins,'?>2%! and suggests that
mechanical stability may be a rather local phenomenon.
Hence, it seems possible to modulate the mechanical proper-
ties of 127-like proteins by shuffling the A’G patch among 127
homologous proteins. Here, we show that, by interchanging
the force-bearing A’ and G strands or the presumably non-
force-bearing C, D, and E strands between 127 and 132, we can
successfully generate mechanically stable, hybrid proteins. To
the best of our knowledge, this is the first successful
recombination approach to impart novel mechanical proper-
ties to proteins.

127 and 132 share a high sequence homology (identity
42 % , similarity 57 % , according to the program CLUSTALW,
Figure 1 A). Although the three-dimensional structure of 132
has not yet been determined, co-evolution and similar
functional properties suggest that 132 shares high structural
homology with 127. Structural homology modeling using the
web-based package Swiss-Model by First Approach Mode
(URL.: http://swissmodel.expasy.org/) showed that 132 adopts
a B-sandwich structure (Figure 1B, green) that is similar to
that of 1271 (Figure 1B, yellow). The hybrid proteins were
designed such that they contain both A’ and G 3 strands from
the same parent (Figure 1B) to have minimal disruption of
interactions between these two strands, which are presumably
important for the mechanical stability. Crossover points were
selected at the loops to minimize the interference of the
packing of the B-sandwich structure. Using this approach, we
shuffled the fragments of both proteins (see the Experimental
Section) and constructed four hybrids, 127-A'G-132, 132-A'G-
127, 127-CDE-I32 and I32-CDE-127, where the force-bearing
A’ and G strands (for the first two hybrids) or non-force-
bearing C, D, and E strands (for the latter two hybrids) are
interchanged between 127 and I32 (Figure 1B). 127-A’G-132
stands for a hybrid protein in which A" and G strands come
from 132, while the rest come from parent protein 127. 127-
CDE-I32 stands for a hybrid protein in which the C, D, and E
strands come from I32, and the remaining come from 127. The
other two hybrid proteins are named accordingly (Figure 1B).

To efficiently screen and test the mechanical properties of
the hybrid proteins, we constructed a polyprotein containing
the recombined hybrid Ig domain flanked by four tandem
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Figure 1. Engineering novel mechanical proteins by recombination of
protein fragments from 127 and 132. A) Sequence alignment between
parent proteins 127 and 132 shows high sequence homology (57 %
similarity) between the two proteins. Gray shading indicates homology,
inverse text (white on black background) indicates identity.

B) Designed hybrid Ig domains. Middle column shows the three-
dimensional structures of 127 (Protein Database code: 1TIT,*% yellow)
and 132 (green). 132 structure was obtained by homology modeling
(see text). By interchanging the A" and G f strands between 127 and
132, we designed hybrid proteins 127-A’G-132 and 132-A'G-127 (left
column). Interchanging the C, D, and E {3 strands between 127 and 132
resulted in hybrid proteins 127-CDE-132 and 132-CDE-127 (right
column). In the hybrid proteins, the fragments coming from the wild-
type 127 are shown in yellow, while those from wild-type 132 are shown
in green.

GB1 domains at the N and C termini (Figure2A), as
described in the Experimental Section. The well-character-
ized GB1 protein®! serves as an internal caliper for identify-
ing single-molecule stretching events*! as well as pinning
down the mechanical signature of the hybrid Ig domains. A 1-
pL droplet of the purified polyprotein solution (= 100 ng)
was deposited on a clean glass cover slip, and the polyprotein
was stretched between an AFM tip and glass substrate in
phosphate-buffered saline (PBS).

Stretching (GB1),-127-A'G-132-(GB1), results in force—
extension curves having a characteristic sawtooth pattern like
those in Figure 2 B. Individual force peaks correspond to the
mechanical unraveling of the individual protein domains
being stretched.'!l The last force peak corresponds to the
stretching of the fully unfolded polypeptide and its subse-
quent detachment from the surface of the glass substrate or
AFM tip. Fits according to the worm-like chain model
(WLC)¥! of polymer elasticity are shown as dotted lines
(Figure 2B).

If we observe five or more unfolding events of GB1 in one
force—extension curve, we are certain that one 127-A'G-132
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Figure 2. Mechanical properties for the hybrid 127-A’G-132 protein.
A) Representation of the chimera polyprotein (GB1),127-A'G-132-
(GB1), being stretched between the AFM tip and glass substrate.
B) Two representative force—extension curves for stretching chimera
polyprotein (GB1),-127-A'G-132-(GB1),. Dotted lines correspond to
WLC fits to the force-extension data. Contour length increments AL,
between consecutive unfolding events are indicated between WLC fits.
The force peaks corresponding to the mechanical unfolding events of
GB1 are in gray, while the unfolding event with AL ~28 nm corre-
sponds to the unfolding of the folded hybrid 127-A’G-132 protein (in
black). C) Histogram of AL for the unfolding of the hybrid 127-A’G-
132, which corresponds to the events in black in Figure 2B. A Gaussian
fit to the histogram shows an average AL, of 28.14+0.7 nm, confirming
that 127-A’G-132 acquires a folded structure similar to that of the wild-
type 127. D) Unfolding force frequency histogram for the recombined
127-A’G-132 shows an average unfolding force of ~178 +-44 pN

1

(n=149) at a pulling speed of 400 nms™".

domain has been stretched, since 127-A’G-I32 is flanked by
(GB1), on both termini. The unfolding events of GB1 can be
readily recognized®' by their characteristic contour length
increment (AL.) of ~ 18 nm. Similarly, the unfolding of 127-
A’G-I32 can be identified by its own characteristic AL value.
The contour length increment is an intrinsic structural
parameter of a folded protein and can be used to infer
structural information about a protein.P**! 127-A'G-132
comprises 89 amino acids (aa) and is 32 nm long when it is
fully stretched (89aa x 0.36 nm per aa =32 nm), the same as
wild-type (wt-) 127 and wt-132. If the hybrid protein folds into
a stable three-dimensional structure similar to that of 127 and
132, the distance between the N and C termini of the hybrid Ig
domain in the folded state will be also similar to that of 127
and 132, which is ~4.3nm.*" The complete mechanical
unfolding of the hybrid protein will result in AL .~28 nm
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(32nm — 43 nm=27.7 nm), similar to that of 127 and 132
(Table 1). Therefore, the mechanical unfolding of the folded
hybrid Ig domain will manifest itself in the force—extension
curve as an unfolding event with AL ~ 28 nm. Indeed, in the

Table 1: Mechanical properties of the recombined hybrid proteins.

Unfolding force Contour length increment

(£SD) [pN] (&SD) [nm]
wt-1278 204 (+26) 28.1+0.2
wt-13281 298 (424) 28
127-A'G-132 178 (£44) 28.1(4+0.7)
127-CDE-132 212(+£35) 27.9(+£0.6)
132-A'G-127 229(+87) 28.0(£0.6)
132-CDE-127 147 (£40) 28.1(40.6)

[a] Reference [11]. [b] Reference [16].

force—extension recordings of (GB1),-127-A'G-132-(GB1),
having more than five GB1 unfolding events (AL.~ 18 nm),
we always observe one unfolding event with contour length
increment of ~28 nm, in good agreement with the polypro-
tein we constructed. A histogram of AL, for these events
shows an average of 28.1 nm for AL, (Figure 2 C). Therefore,
these events correspond to the mechanical unfolding of 127-
A’G-I32, indicating that 127-A’G-I32 is folded and mechan-
ically resistant. An unfolding force histogram shows an
average unfolding force of ~ 178 pN (n=149) (Figure 2D).

Similarly, we observed unfolding events with AL ~28 nm
(Figure 3A, C, and E) in force—extension curves of all other
three recombined hybrid Ig domains. These events corre-
spond to the mechanical unfolding of the designed hybrid Ig
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Figure 3. Typical force—extension curves and unfolding force histo-
grams for the recombined hybrid Ig domains: A), B) for 127-CDE-I32,
Q), D) for 132-A'G-127, and E), F) for 132-CDE-127. In A), C), and E) the
unfolding events of hybrid Ig domains are in black, while the unfolding
of GB1 domains are in gray. Approximations by the WLC model are
shown as dotted lines. The average unfolding force is 212+ 35 pN
(n=1293) for 127-CDE-132, 229 £ 87 pN (n=255) for 132-A'G-127, and
147 £40 pN (n=107) for 132-CDE-127.
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domains. The unfolding force histograms of the three hybrid
proteins are shown in Figure 3B, D, and F. These results
confirmed that all the three recombined hybrid Ig domains
are folded and mechanically resistant. The fact that the
contour length increment (see the Supporting Information) is
similar to that of the wt-I127 and wt-132 indicates that these
three hybrid Ig domains acquired three-dimensional struc-
tures that are similar to those of the wild-type domains. The
mechanical properties of the four hybrid Ig domains are
summarized in Table 1. It is evident that the four hybrid Ig
domains show novel and diverse mechanical stability, with
unfolding forces ranging from = 150 pN to 230 pN, which is
different from that of the parent wt-I127 and wt-132. The
distribution of the unfolding forces for the hybrids (127-A’'G-
132, 127-CDE-132, and 132-CDE-127) is slightly broader than
that of wt-127 and wt-132. This broadening may have resulted
from the fact that the loading rate for the stretching of hybrid
Ig domains varies due to the unfolding of the fingerprint GB1
domains in the construct. However, the unfolding force
distribution of 132-A’G-127 is significantly broader, suggest-
ing its uniqueness to 132-A'G-127.

To ensure that such a broad distribution for 132-A’G-127 is
not an artifact caused by the AFM methodology we used, we
have constructed a polyprotein chimera [GB1-(I32-A'G-
127)], (see the Supporting Information) and carried out
single-molecule AFM measurements. The use of GB1 in this
polyprotein chimera allows us to identify the mechanical
unfolding events of 132-A’'G-I127 unambiguously. (The force—
extension curves of this polyprotein chimera, as well as the
unfolding force histogram of 132-A’G-127, are shown in the
Supporting Information.) The unfolding force histogram of
132-A'G-127 shows a broad distribution, which is in close
agreement with the result shown in Figure 3D. This result
corroborates that the broad distribution of unfolding forces is
indeed an intrinsic property of the recombined 132-A'G-127
domain. However, its molecular origin remains unknown.
Much more in-depth experimental and simulation efforts will
be required to find a molecular-level explanation for such a
broad distribution. These efforts will involve the illustration
of the three-dimensional structure of the protein, detailed
molecular dynamics simulation of the mechanical unfolding
process, and site-directed mutagenesis.

Our conclusion that all four engineered hybrid Ig domains
are folded is further corroborated by structural evaluation
using far-UV circular dichroism (CD) spectroscopy. Figure 4
shows the far-UV CD spectra of the four isolated hybrid Ig
domains, which were expressed as individual monomers (see
the Experimental Section). The CD spectra of the four
engineered Ig domains are characteristic of a predominantly
B-sheet secondary structure and are similar to that of the
parent protein 127 reported previously.*! In addition, CD
measurements (see the Supporting Information) on the
polyprotein chimera [GB1-(I132-A'G-127)], showed that the
flanking of recombined Ig domain with GB1 does not change
the secondary structure of Ig domains. These results confirm
that the engineered hybrid domains are indeed folded into
structures similar to those of the wild-type parent proteins
and that the novel mechanical properties of the engineered
proteins indeed result from recombination.
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Figure 4. Far-UV CD spectra for the recombined hybrid |g domains.
Spectra were obtained using a cuvette (path length 0.2 cm) at a scan
rate of 20 nmmin~". Each curve was obtained by averaging three
scans. CD spectra of all four designed hybrid proteins are typical of -
sheet proteins.

Previous studies have identified that the A’G patch is the
key element that imparts the mechanical resistance to
1271263638451 Owing to the high structural homology between
127 and 132, we expect that the same rule also applies to 132.
The backbone hydrogen bonds linking A" and G f3 strands are
identified to be the main origin of the mechanical strength. If
A'G is the sole region important for mechanical stability, one
would expect that 127-A’G-I132 and I32-CDE-127 will be
mechanically as stable as the wt-132, as the force-bearing A'G
patch of wt-I32 is preserved in both hybrid Ig domains.
Similarly, the mechanical stability of 132-A'G-127 and 127-
CDE-I32 would be similar to that of the wt-I27. However,
both 127-A’G-132 and I32-CDE-I27 unfold at much lower
forces than wt-I32 (178 pN and 147 pN versus the expected
300 pN for wt-132), while 132-A’G-127 is mechanically stron-
ger than wt-127 (229 pN versus the expected 200 pN for wt-
127). These results clearly suggest that the A’G patch may not
be the only structural region responsible for the mechanical
stability of Ig domains. Additional interactions and structures
that are coupled to the A’G patch may also play important
roles in determining the mechanical stability of Ig domains.
For example, the hydrophobic packing of the two 3 sheets
may also be one important factor in determining the
mechanical stability of Ig domains. This finding resembles
those found in recombination-based directed evolution of
enzymes: although the active site of an enzyme is composed
of only a few key residues, structures distant from the active
site as well as those adjacent ones can have a profound effect
on the outcome of the enzymatic activities.?**!

These “unexpected” results reveal richer structural infor-
mation and details that one can utilize to further tailor the
mechanical and other functional properties of proteins
through protein-engineering tools. This perspective offers
great promise for engineering proteins with much more
diverse mechanical stability and functionality from two
parent proteins with well-defined mechanical stability.

In summary, we have demonstrated the first successful
attempt to engineer novel mechanically stable proteins by
shuffling protein fragments among two homologous parent
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proteins. We showed that by recombination the four designed
hybrid Ig domains based on 127 and I32 fold into three-
dimensional structures that are similar to the wild-type parent
proteins. In addition the hybrid Ig domains are mechanically
stable. The methodology demonstrated here is an exciting
new application of the powerful recombination technique in
the field of protein mechanics and opens a new way to tailor
proteins’ mechanical properties. This study also serves as the
first step towards engineering mechanical proteins with
multiple functionalities, which will find useful applications
in bionanotechnology by serving as building blocks for
nanomechanical devices. Future work will involve combining
high-accuracy homology modeling and experimental recom-
bination work to extend the current methodology to a series
of homologous Ig domains with the aim of constructing a
combinatorial mechanical protein library.

Experimental Section

wt-127 and 132, carrying a 5° BamHI and a 3’ Bg/ll and Kpnl
restriction site, were amplified from an Ig8-GFP plasmid?"! encoding
127 to 134 of human cardiac titin and GFP (a generous gift from Dr.
Matthias Rief) using standard PCR techniques and subcloned into
pUCI19 vector to generate pUC19-127 and pUC19-132, respectively.

Plasmid containing the designed hybrid 127-A’G-I32 gene was
generated using the megaprimer method.*” DNA that encodes
residues 15-78 of 127 was amplified using wt-127 as a template.
Forward and reverse primers for this PCR encode the A’ strand
(residues 11-14) and the G strand (residues 79-88) of 132, respec-
tively. Both primers are flanked with sequences of wt-127 (one to four
residues) at their 5’ and 3’ ends. Amplified product was gel-purified
and subsequently used as megaprimer to generate pUC19-127-A'G-
132 using pUC19-127 as the PCR template. Similarly, pUC19-132-
A’G-127 was constructed.

pUC19-127-CDE-132 and pUC19-132-CDE-I27 were generated
as follows: Restrictions sites Apal and Agel were introduced into 127
and 132 after residues 28 and 67, respectively, by site-directed
mutagenesis, leading to plasmids pUC19-127(a-a) and pUC19-132
(a-a). Insert encoding residues 29-66 of 127, which corresponds to the
CDE region along with its adjacent loops, was obtained after
digestion of pUCI19-I127(a-a) with Apal and Agel. The insert was
then ligated into the pUC19-132(a-a) vector, which was linearized by
Apal and Agel restriction enzymes, to produce pUC19-132-CDE-127.
pUCI19-127-CDE-I32 was obtained similarly. All sequences were
confirmed by DNA sequencing.

Protein expression was carried out in pQE8OL expression vector.
(GB1), polyprotein gene was obtained by a procedure similar to that
described previously for (GB1)s."! For expression of 127-A'G-132,
pUC19-127-A'G-132 was digested with restriction enzymes BamHI
and Kpnl. The insert released was subcloned into vector pQES0OL-
(GB1),, which was digested with enzymes Bg/II and Kpnl, to generate
pQESOL-(GB1),-127-A’G-132. (GB1), flanked with BamHI and
Kpnl was further subcloned into pQES80L-(GB1),-127-A’'G-132
digested with Bg/ll and Kpnl. The other three hybrid protein
expression vectors were constructed in a similar fashion. The
expression vector contained an N-terminal six-residue histidine tag
to facilitate purification of expressed proteins. Two additional Cys
residues were included at the 3’ end of the gene. The polyprotein was
expressed in DHS5a strain and purified using Ni-NTA (NTA = nitri-
lotriacetic acid; N,N-bis(carboxymethyl)glycine) affinity chromatog-
raphy. The protein samples were kept in PBS buffer containing
200 mM imidazole with 5 mm 1,4-dithiothreitol to prevent air-oxida-
tion of cysteine residues at 4°C.
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For circular dichroism (CD) studies, individual hybrid Ig domains
were directly subcloned into the pQESOL expression vector using
restriction sites BamHI and Kpnl. Proteins were expressed in DHS5a
strain and purified using Ni-NTA affinity chromatography. Proteins
were eluted in PBS buffer containing 200 mM imidazole. Eluted
proteins were extensively dialyzed against 0.5 xPBS before CD
measurements.

Single-molecule AFM experiments were carried out on a custom-
built atomic force microscope, which was constructed as described
previously.*"! The spring constant of each individual cantilever (Si;N,
cantilevers from Vecco, with a typical spring constant of 40 pNnm ')
was calibrated in solution using the equipartition theorem before and
after each experiment.*** All the force-extension measurements
were carried out in PBS buffer. A 1-uL droplet of the polyprotein
solution (~ 100 ng) was placed on a clean glass cover slip covered by
PBS buffer. It was allowed to absorb for 5 min and was then stretched
between the AFM tip and glass substrate at a pulling speed of
400 nms™'.

CD spectra in the far-UV range were recorded on a Jasco-J810
spectropolarimeter flushed with nitrogen gas. The spectra were
recorded in a cuvette with a path length of 0.2 cm at a scan rate of
20 nmmin~'. For each protein sample an average of three scans was
reported. Data was corrected for buffer contributions. Results are
expressed as mean residue ellipticity (6yrg), calculated according to
Equation (1), where 6, is the observed ellipticity (in deg), d is path
length (in cm), C is concentration of protein samples (M), and n is total
number of amino acids in the protein.

OMRE = (100 Ops)/[d C (n—1)] 1)
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