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ABSTRACT We use single-protein atomic force micros-
copy techniques to detect length phenotypes in an Ig module.
To gain amino acid resolution, we amplify the mechanical
features of a single module by engineering polyproteins com-
posed of up to 12 identical repeats. We show that on mechan-
ical unfolding, mutant polyproteins containing five extra
glycine residues added to the folded core of the module extend
20 A per module farther than the wild-type polyproteins. By
contrast, similar insertions near the N or C termini have no
effect. Hence, our atomic force microscopy measurements
readily discriminate the location of the insert and measure its
size with a resolution similar to that of NMR and x-ray
crystallography.

Proteins are responsible for a wide variety of mechanical
functions (1-7). Recent experiments have demonstrated that
the Ig and fibronectin type III domains are extensible (8—13).
The mechanical properties of these domains are thought to
play an important physiological role when they are placed
under mechanical stress (8—12, 14). A wide variety of muta-
tions target these domains (15-18). Although some of the
mutations and amino acid sequence variations observed in
these domains alter their ligand-binding properties (15-18), it
is likely that they also alter the mechanical properties of the
domains, creating mechanical phenotypes. However, mechan-
ical phenotypes in proteins have, to our knowledge, never been
studied or observed before. Here we use single-protein atomic
force microscopy (AFM) techniques (10-13) to examine the
mechanical topology of an Ig module and to detect length
phenotypes with single amino acid resolution. For our studies,
we use a well characterized Ig-like module: the 127 module of
human cardiac titin. The three-dimensional structure of the
127 module has been determined by NMR (19, 20) and shown
to be 89 aa long, folding into a characteristic B-sandwich with
seven strands (Fig. 14). Molecular dynamics simulations of the
mechanical unfolding of the 127 module (21) predict that a
patch of hydrogen bonds between the A’ and G B-strands
creates a point of high mechanical resistance that must be
ruptured to trigger unfolding. The steered molecular dynamics
observations predict that a folded 127 module will contain a
mechanically isolated region that includes the amino acids that
are placed behind the point of high mechanical resistance in
the A’'G overlap. While the protein is folded, these amino acids
do not experience the applied force. However, these “hidden”
amino acids are predicted to become exposed on module
unfolding. To test these predictions with AFM, we have
created a series of 127 mutants by inserting Gly residues in
locations either inside the “hidden” region or outside this
region near the N or C termini. The AFM techniques measure
the length of a polymer with Angstrom resolution (10-13). By
measuring the protein length before and after unfolding, we
could readily detect the relative position and the length of the
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Gly inserts and explicitly examine the mechanical topology of
the 127 module. The approach demonstrated here can reveal
mechanical phenotypes and may be used to study the effect of
mutations in the mechanical properties of a wide range of
proteins.

MATERIALS AND METHODS

Protein Engineering. Recombinant DNA techniques were
used to synthesize and express direct tandem repeats of the 127
monomer, as described before (13). 127 cDNA with flanking
Aval sites was amplified by PCR. Five Gly insertions were
generated by PCR by using mutagenic primers, Pfu DNA
polymerase (Stratagene), 5% DMSO as a cosolvent and a
denaturing temperature of 98°C. The PCR products were
verified by sequencing. Directional DNA concatemerization
was done by self ligation of the sticky ends of the nonpalin-
dromic CTCGGG Aval restriction site. After self ligation, the
concatemers were cloned into a custom-made expression
vector by using Sure-2 Escherichia coli cells (Stratagene). The
engineered polyproteins are: 127, (12 repeats of the wild-type
127 module); 127;¢::75Glys (10 repeats of a mutant 127 module
containing a five-Gly insert in position 75); 1275::89Glys (five
repeats of a mutant 127 module containing a five-Gly insert in
position 89); and 127,::7Glys (nine repeats of a mutant 127
module containing a five-Gly insert in position 7). The
polyproteins all have different numbers of repeats because we
cannot control the extent of polymerization during the engi-
neering of the cDNA concatemers by bulk ligation; however,
we always take the longest possible clone. The polyproteins
were expressed in the recombination-defective strain
BLR(DE3) (Novagen), purified by Ni>*-affinity chromatog-
raphy and kept in PBS/5 mM DTT.

Single-Protein AFM. Our custom-made single-molecule
AFM apparatus, as well as its mode of operation, is identical
to those that we have recently described (11, 13, 22).

The AFM was constructed by using a Digital Instruments
(Santa Barbara, CA) AFM detector head (AFM-689) mounted
on top of a Physik Instrumente (Waldbronn, Germany) single-
axis piezoelectric positioner. The positioner has a capacitative
sensor resulting in a z-axis resolution of 0.1 nm (P-732.ZC).
The data acquisition (force) and the voltage control of the
movement of the piezoelectric positioner (Azp; Fig. 1B) are
done by means of a PC-mounted data-acquisition board (AT-
MIO-16X; National Instruments, Austin, TX) and controlled
by custom-made LABVIEW (National Instruments) software.
The spring constant, k., of each individual AFM tip (SizNy tips,
Digital Instruments) is calibrated in solution before each
experiment by using the equipartition theorem as described
(23). k. varies between 30 and 120 mN/m. The force is
measured by the deflection of the cantilever, and the extension
is calculated from the travel of the piezoelectric actuator. To
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Fic. 1. Single-molecule AFM measurements of the contour length
of engineered polyproteins. (4) Structure of the 127 Ig-like module and
location of the five Gly insertion sites. The N and the C termini of 127
are antiparallel and come in close apposition over the A’G strands. A
mechanical linkage is thought to be present in the A’G overlap,
providing continuity of force between the N and C termini of the
folded module. Rupture of this linkage exposes the amino acids that
are hidden in the fold, extending the contour length of the protein. We
constructed polyproteins based on the wild-type (I127) and mutant
forms of the 127 module with a five-Gly insert in the FG hairpin loop
at position 75 (127::75Glys), in the N terminus region at position 7
(I27::7Glys), and after the C terminus at position 89 (127::89Glys). (B)
Cartoon of the sequence of events during the stretching of a polypro-
tein engineered with identical repeats of an 127 module. Stretching the
ends of the polyprotein with an atomic force microscope sequentially
unfolds the protein modules, generating a saw-tooth pattern in the
force-extension relationship that reveals the mechanical characteris-
tics of the protein (C; 10-13). 1, an anchored polyprotein composed
of four Ig domains. The protein is relaxed; 2, stretching this protein to
near its folded contour length, LY, requires a force that is measured as
a deflection of the cantilever; 3, the applied force triggers unfolding
of a domain, increasing the contour length of the protein and relaxing
the cantilever back to its resting position; 4, further stretching removes
the slack and brings the protein to its new contour length L!. (C)
Idealized force-extension curve that results from stretching a poly-
protein. The numbers correspond to the stages marked in B. The
dashed lines are fits of the WLC model of elasticity to the force-
extension curves leading up to each force peak The increase in contour
length resultlng from module unfolding is calculated from the fits as
A=Ll-LY

make single-protein measurements, the poly-127 proteins were
suspended in PBS buffer at a concentration of 10-100 ug m1~!
and allowed to adsorb onto freshly evaporated gold coverslips.
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Then, the coverslips were mounted onto the piezoelectric
actuator of the AFM apparatus and brought into contact with
the AFM tip to pick up a polyprotein.

Contour Length Measurements. Fig. 1B shows a hypothet-
ical sequence of events during the mechanical unfolding of a
polyprotein. The first section shows an anchored but relaxed
polyprotein composed of four Ig domains. Stretching first
causes the protein to straighten to near its folded contour
length, LY. Further stretching causes the unfolding of a domain
and elongates the contour length to L.. This pulhng sequence
results in a characteristic saw-tooth pattern in the measured
force-extension relationship (Fig. 1C). The force peaks ob-
served in the force-extension curves obtained by AFM have
been shown to correspond to true unfolding events of the
individual protein domains (13). The 1ncrease in contour
length observed on domain unfolding, A = Li— LY is a
measure of the number of amino acids that were packed into
the hidden core of the domain. However, contour lengths can
be reached only at high force. Because unfolding is typically
triggered at 100-300 pN of force, the actual contour lengths
need to be estimated by using models of polymer elasticity.

The elasticity of a polypeptide chain is well described by the
worm-like-chain (WLC) model that predicts the relationship
between the extension of a polymer and the entropic restoring
force generated (24, 25). The adjustable parameters of the
WLC model are the persistence length, p, and the contour
length of the polymer, L.. The contour length counts only
force-bearing amino acids, because those that are hidden
within a protein fold do not contribute individually to gener-
ating the restoring force caused by the entropic drive to coil the
polymer. Nonlinear fits of the WLC function to the force-
extension curves that lead to each force peak showed that the
WLC model adequately described the elasticity of the recom-
binant proteins (see Fig. 44).

Geometrical Errors in the Measurements of Contour
Length. Fig. 1B shows the simplest pulling geometry, where the
polyprotein is pulled at a 90° angle with respect to the
substrate. A more realistic pulling geometry is shown in Fig. 2.
We assume that the polyprotelns are 1n1t1ally relaxed and have
a coiled end-to-end length [y given by < [§ > ~ 2pL.(1 — p/L.),
where L. is the contour length and p is the persistence length
(25). When picked up by the AFM tip, a polyprotein is
stretched from its coiled length to near its folded contour
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F1G.2. Geometrical errors in the measurements of contour length.
(A) A relaxed polyprotein with a length /o is picked up by the AFM tip
and stretched by force to a folded contour length L.. The stretched
polyprotein is pulled at an angle 6;. Module unfolding extends the
protein to a contour length L. + A. However, the measured increase,
A™_is a function of ;. (B) We calculate this error as a function of 6;
for a typical polyprotein composed of 10 identical 127 domains with
lp = 8.6 nm; L. = 38 nm and A = 280 nm. Under these conditions, the
maximal error in the measurement of A is less than 1% and occurs at
a 6, = 77°. Molecules that are stretched from higher 6; values have less
error. When 6; = 90°, the error is zero (see Materials and Methods).
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length L. at an angle 6;. Module unfolding extends the protein
to a contour length L. + A. The measured increase, A™, is a
function of 6;, according to:

A" = [2(1 = sin )L A + A [

This equation is derived by using the law of cosines for an
oblique triangle and assuming that the contour length in-
creases because of unfolding and A is much larger than the
initial folded length L. (i.e., A => L.). When the protein is
pulled at an angle of 6; (6; < 90°), the measured increase in
contour length, A™, is always bigger than the actual change in
contour length, A. This geometry introduces an error in the
measurement of A. However, this error is small. For example,
we calculate (A — A)/A as a function of 6, for a typical
polyprotein composed of 10 identical 127 domains. For a
folded contour length L. = 38 nm and a folded persistence
length p = 1 nm, we estimate a coiled end-to-end length of /,
= 8.6 nm. This polyprotein expands by A = 280 nm because of
the unfolding of all its modules. Under these conditions, the
maximal error in the measurement of A is less than 1% (Fig.
2B) and occurs when the coiled protein starts out flat against
the substrate (Fig. 24). Under these conditions, the stretched
but still folded protein will form an angle of at least 6; = 77°
with respect to the substrate. Unfolding of the modules always
makes 6, larger, approaching 90°. Because the proteins are
randomly adsorbed within a layer that is 20- to 50-nm thick, it
is very likely that their starting angles are bigger that the
calculated worst case of 6; = 77°. Polyproteins that are
stretched from higher 6; values have less error (Fig. 2B). When
0, = 90°, the error is zero.

RESULTS AND DISCUSSION

Length Mutations in the 127 Module. Fig. 14 shows the
structure of the 127 module and location of the five Gly
insertion sites. The engineered insertions are placed either
inside the folded domain (I127::75Glys, Fig. 14), before the
folded domain near the N terminus (127::7Glys), or after the
folded domain at the C terminus (127::89Glys).

To examine the length phenotype of these insertions, we
have constructed proteins made of identical tandem repeats
of the wild-type 127 module (13) and of its mutant forms (see
Materials and Methods). We use single-protein AFM tech-
niques (10-13) to stretch these engineered polyproteins.
Stretching a polyprotein with tandem repeats of an identical
protein module generates force-extension curves with a
characteristic saw-tooth pattern that amplifies the features of
the module and allows for accurate measurements of its
length (13).

Length Phenotypes of the 127 Module. Fig. 34 shows a
comparison between the force-extension curves of the wild-
type (I12712) and an insertion mutant protein (127,0::75Glys).
Stretching either polyprotein resulted in force-extension
curves with equally spaced force peaks with an average value
of 200 pN (Fig. 34). The force-extension curves for both
proteins are placed in register at the first unfolding peak. A
difference in peak spacing is only slightly apparent after
unfolding the first module; however, as more modules are
unfolded, the force-extension curves of both proteins become
increasingly out of register. Like in a moiré pattern, the two
records are maximally out of phase after unfolding seven
modules and should become in register again after unfolding
14 consecutive modules (not observed). After unfolding 10
modules, the 127,::75Glys polyprotein is ~19.1 nm longer than
the 127, polyprotein (measured at 600 pN; Fig. 34). Hence,
from this comparison it is evident that the folded core of the
127,0::75Glys protein is 19.1 A per module longer than its
wild-type form. The difference in length amounts to the
five-Gly insert, because each amino acid contributes with 3.8
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FiG. 3. Amplification by polyprotein unfolding captures small
changes in the length of a mutant 127 module. Insertion of five Gly
residues into the FG loop of the 127 module increases the contour
length of the unfolded module by 2 nm. (4) Comparison of the
force-extension curves of a wild-type 127 polyprotein (I27;2; black
trace) and a mutant polyprotein, 127,0::75Glys (red trace). In both
cases, domain unfolding increases the contour length of the proteins
as they are extended. However, the 127;¢::75Glys polyprotein extends
more with each unfolding event. In the example shown, after 10
consecutive unfolding events the mutant polyprotein is 19.1 nm longer
than the wild-type polyprotein (arrows), corresponding to a difference
of 1.91 nm/module. (B and C) The saw-tooth pattern in the force-
extension curves obtained from polyproteins engineered with five Gly
inserts placed either in position 89 (1275::89Glys; red trace in B) or in
position 7 (1279::7Glys; red trace in C) superimpose on the saw-tooth
pattern obtained from the wild-type polyprotein (I127;2; black trace in
B and C).

A to the length of a polypeptide. By contrast, similar mea-
surements made with the 127¢::7Glys and 1275::89Glys mutants
(i.e., with the five-Gly insert placed before or after the folded
domains) showed force-extension curves displaying saw-tooth
patterns that could be superimposed onto the wild-type 127;,
polyprotein (Fig. 3 B and C). This means that these inserts
contribute to the length of the folded polyprotein and do not
contribute to the length of polypeptide exposed by unfolding
domains.

These results demonstrate the remarkable precision attain-
able by combining amplification by polyproteins and AFM
measurements. The advantages of polyprotein construction
are evident here. By stretching a protein made of multiple
repeats of an identical module, the mechanical features of the
module are amplified linearly with the number of repeats.
Higher-precision measurements will be possible with longer
polyproteins.

Length of the Wild-Type and Mutant 127 Polyproteins
Measured with the WLC Model of Elasticity. The analysis
shown in Fig. 3 is model independent and results directly from
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the measurements of distance obtained by the AFM. However,
it is not always possible to compare pairs of force-extension
curves with an equal number of unfolded modules, because the
AFM tip picks up protein fragments of various lengths at
random. Hence, to facilitate the analysis of these data, we also
estimated the contour length of polyproteins by using the WLC
model of polymer elasticity (24, 25). The force-extension
curves of our polyproteins are well described by the WLC
model, which predicts the entropic restoring force generated
on the extension of a polymer. WLC fits to the force-extension
curve that precede the first peak gave a measure of the contour
length of the protein when all its modules are still folded, L.
(the upper index indicates the number of unfolded modules).
Similarly, WLC fits to the force-extension curve before the last
peak measures the contour length of the protein with all its
modules in the unfolded state, L', where m is the total number
of modules in the protein segment. We applied this analysis to
the force-extension curves obtained from the wild-type
polyprotein 1271, (3 = m = 12; Fig. 44). We calculate the
increase in contour length caused by the unfolding of a
wild-type 127 module as A = (L7 — LY)/m = 28.1 + 0.17 nm
(3 =m = 12; n = 18; Fig. 4B). A similar analysis done on the
127,¢::75Glys protein showed a larger A = 30.1 = 0.14nm (3 <
m < 10; n = 23; Fig. 4B). The other mutant proteins, with the
five-Gly insert before or after the folded domains, gave a value
of A that was equal to that of the wild-type 127 (for
1275::89Glys, A = 28.2 = 0.13 nm, n = 23 and for 127,::7Glys,
A =282 * 0.12 nm, n = 27).
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F1G.4. (A) Measurement of the contour length of an 127;, protein
before (LY) and after (L!?) unfolding of its 12 modules. The solid lines
are fits of the WLC model to the data. We measured LY = 92 nm (P =
0.57 nm) and L!*= 436 nm (P = 0.29 nm) and calculate an elongation
per module of A = (L!* — LY%)/12 = 28.7 nm. The average values for
the persistence length in the folded state were 0.87 = 0.11 nm and
0.35 = 0.02 nm in the unfolded state (n = 18). (B) Histogram of the
contour length increment caused by the unfolding of a single module
(A) measured for the wild-type and mutant polyproteins. Gaussian fits
to each histogram are shown as solid lines.
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Hence, we observe that it is only the insertion of five Gly
residues in the FG hairpin loop (Fig. 14) that enlarges the size
of the unfolded module by AA ~ 2.0 nm, which corresponds to
the length of the five inserted amino acids. By contrast, similar
insertions near the N or at the C terminus leave A unchanged.
Because these last two insertions do not change the value of A,
they must be adding to the length of the linker region between
modules and therefore would be expected to change the length
of the folded polyprotein, LY. However, the measurements of
LY have a large error because these measurements are affected
by the variability in the attachment point of the polyprotein to
the gold substrate. By contrast, the differential measurement
of A (Fig. 44) is accurate to Angstrom resolution.

Mechanical Topology of the 127 Module. The measurements
of the contour length changes observed during the extension
of a polyprotein reveal the underlying mechanical topology of
its repeating module. We group the amino acids of a folded 127
module in two categories: hidden amino acids that do not
experience the applied force because they are mechanically
isolated by the A’G patch, and force-bearing amino acids that
support the applied force. The total length of the force-bearing
amino acids corresponds to the contour length of the folded
protein. By contrast, the hidden amino acids become exposed
only after an unfolding event takes place and determine the
contour length increment observed on unfolding, A. Our
measurements readily distinguish between hidden and force-
bearing amino acids and provide an accurate measurement of
A, which reports the mutant length phenotype. Our results
show that A = 28.1 nm, corresponding to ~75 hidden amino
acids. The 127 module is 89 aa long. In addition, we use a GLG
linker, which makes the repeating unit of the polyprotein equal
to 92 aa. Hence, in addition to the 75 “hidden” amino acids,
there are 17 amino acids that are “force bearing” at all times.
This distribution defines the mechanical topology of the folded
modules of our 127 polyprotein.

CONCLUSIONS

It is likely that many mutations that target the Ig modules
affect their mechanical properties. However, mechanical phe-
notypes in proteins have never been studied or observed
before. Here we demonstrate a length phenotype that is
sensitive to the precise location of the mutation with respect
to the mechanical topology of an Ig module. Our results have
a resolution comparable to that obtained by NMR and x-ray
crystallography techniques. However, in contrast to these
techniques, the AFM measurements are made on a single
molecule, in real time, and in a standard saline solution. We
anticipate that these techniques can be used to determine the
mechanical topology of other protein modules and provide a
framework to predict mechanical phenotypes that may play
critical roles in understanding the molecular basis of many
genetic diseases.
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