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ABSTRACT In this study, we apply a dynamic atomic force microscopy (AFM) technique, frequency modulation (FM)
detection, to the mechanical unfolding of single titin I27 domains and make comparisons with measurements made using the
AFM contact or static mode method. Static mode measurements revealed the well-known force transition occurring at 100–120
pN in the first unfolding peak, which was less clear, or more often absent, in the subsequent unfolding peaks. In contrast, some
FM-AFM curves clearly resolved a force transition associated with each of the unfolding peaks irrespective of the number of
observed unfolded domains. As expected for FM-AFM, the frequency shift response of the main unfolding peaks and their
intermediates could only be detected when the oscillation amplitudes used were smaller than the interaction lengths being
measured. It was also shown that the forces measured for the dynamical interaction of the FM-AFM technique were significantly
lower than those measured using the static mode. This study highlights the potential for using dynamic AFM for investigating
biological interactions, including protein unfolding and the detection of novel unfolding intermediates.

INTRODUCTION

The reversible unfolding of immunoglobulin (Ig) domains in

the I-band region of the modular protein titin is believed to

function for the passive elasticity of muscle. Along with

other proteins (e.g., barnase) (1), the mechanical unfolding

of the well-defined tertiary structure of the wild-type titin Ig

27 domain (I27) has been studied extensively using atomic

force microscopy (AFM) in the static mode (i.e., the DC-

deflection of a nonoscillating cantilever is measured) (2–6).

By stretching recombinant proteins consisting of multiple

repeats of a single domain using AFM, a suite of information

on protein folding has been revealed, including the mechan-

ical unfolding forces of individual domains, kinetic param-

eters for both unfolding and refolding pathways, determination

of unfolding intermediates, and comparison of forced un-

folding with physiological or chemical denaturant unfolding

(for reviews, see Best and Clarke (7) and Fisher et al. (8)).

Related to this study, an unfolding intermediate due to the

disruption of hydrogen bonds between A and B b-strands of

the I27 domain was initially indicated using steered

molecular dynamic (SMD) simulations (9) and later con-

firmed in AFM measurements (3).

More recently, two major types of dynamic AFM (where

the cantilever is oscillated), amplitude modulated (AM) and

frequency modulated (FM), have been used to study various

biological force interactions, including ligand-receptor inter-

actions (10,11), polysaccharides elasticity (12–14), nucleic

acids/peptides (15,16), and proteins (17–19). These tech-

niques typically involve oscillating the cantilever well

below, or at, the resonance frequency to detect changes in

the amplitude, phase, and/or resonance frequency that occur

in response to changes in the interaction force. Attempts are

then made to quantify the force, though this can be complex

in most cases. In relation to protein unfolding, Okajima et al.

(18) were able to detect a suggested refolding response of the

hydrophobic core in a single monomeric globular protein,

and Janovjak et al. (19) revealed novel unfolding peaks in the

unfolding of bacteriorhodopsin protein from native purple

membrane. Pertinent to this study, Forbes and Wang (20)

used AM-AFM to measure the unfolding response of native

titin from skeletal muscle myofibrils. These authors revealed

the typical periodic sawtooth pattern, though they also de-

tected additional peaks in the stiffness measurements that

were suggested to correspond to structural transitions or in-

termediates during unfolding. Due to the heterogeneity of the

�300 globular domains in the native titin and apparent lack

of correlation between the peaks in the simultaneous stiffness

and force measurements, the assignment of the additional

peaks to specific unfolding intermediates was not feasible.

However, the study importantly highlighted the ability of the

dynamic technique to detect transitions that could not easily

be detected in the force measurements alone. The recent

advance toward polymer pulling experiments using dynamic

methods is due to this possibility of achieving a greater force

resolution and ability to obtain additional information on the

dissipative components of the force.

In contrast, for this study, we use FM detection to in-

vestigate the unfolding of tandem repeats of the I27 domain

and make comparisons to static measurements that are also

performed in the study. As mentioned above, an intermediate

in the first unfolded peak has previously been observed using

static mode AFM (3), though the transition in the force due to
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the intermediate becomes very unclear, or is more often ab-

sent, with subsequent unfolded domains. By performing

dynamic measurements on a well-defined modular protein,

such as titin I27, that has a known intermediate, we were able

to detect corresponding individual unfolding intermediates

for each peak in the force-extension curves. In addition, the

intermediate could clearly be observed in the final unfolded

domain (eighth peak) for an I27 construct with eight do-

mains. This highlights the potential of dynamic techniques

for future studies on protein folding, including the detection

of novel unfolding intermediates.

MATERIAL AND METHODS

Construction of wild-type TI I27 multimer

Recombinant methods used to express and synthesize direct tandem repeats

of wild-type TI I27 consisting of eight individual modules or domains were

performed according to the recent study by Steward et al. (21).

Static mode force measurements on titin protein

Cleaved round 1 cm mica surfaces on Teflon were coated with titin protein

by pipetting 100 mL of 30 mg/ml protein suspension in phosphate-buffered

saline (PBS) buffer onto the mica surface. The mica surface was immersed

for 15 min to allow for sufficient adsorption of the protein and then washed

by exchanging the protein solution (three times) with fresh PBS buffer. The

protein-coated mica surface was then mounted on the AFM sample stage

and static mode force measurements performed using an Asylum Research

MFP-3D AFM (Santa Barbara, CA). Force measurements were taken using

Mikromasch silicon nitride cantilevers that were calibrated using the plan

view method and had measured spring constants 40–100 pN/nm. Force

measurements were taken with a piezo velocity of 1 mm/s and numerous

force curves obtained on different positions on the protein substrate. Anal-

ysis of the force curves, including worm-like chain model (WLC) fitting to

the elastic response of the extended protein, was performed using the Asylum

Research AFM IGOR Pro software (Wavemetrics, Lake Oswego, OR).

Frequency modulation detection (dynamic)
measurements on titin protein

Preparation of cantilevers for magnetic activation

First, a nanosensor silicon cantilever was calibrated as above and had a

measured spring constant of 1.2 N/m. A glass encapsulated NdBFe

(neodymium/boron/iron) particle was then glued (Epotek 41) onto the

back of the cantilever, directly behind the tip, with the aid of an optical

microscope and micromanipulator. The particle was then magnetized using

an impulse magnetizer (ASC Scientific, Carlsbad, CA), Model IM-IO-ZO)

by positioning the cantilever at an angle of 12� from the normal surface (i.e.,

tip angle in AFM holder) and applying a charging voltage of 300 V,

corresponding to a magnetic field strength of 37.3 kG, for 30 s.

Modification of AFM for frequency modulation detection

Force measurements were taken using a modified Asylum Research MFP-

3D to enable frequency modulation (FM) detection in liquid. This was

achieved by implementing Magnetic Activation Dynamic (MAD) mode

(22–24), whereby the cantilever with attached magnetic particle was

oscillated by applying an external magnetic field via a solenoid positioned

underneath the sample stage. For this setup, the voltage to the coil was

amplified using a homemade ‘coil driver’, and the solenoid replaced the

position of the objective lens in the AFM base. To regulate the FM detection

scheme, we used a Nanosurf (Liestal, Switzerland) Phase-Loop-Lock

controller/detector (PLL). The PLL used two feedback systems to control the

dynamic force measurements. One feedback system kept the oscillation

amplitude of the cantilever constant by varying the driving voltage to the

coil. A second feedback system shifted the phase signal of the lever response

to 90�, which was then used as the excitation signal to keep the lever

oscillating at its fundamental eigenfrequency. By monitoring changes in the

resonance frequency and excitation amplitude required to keep a constant

oscillation amplitude, we were able to measure frequency shift and

dissipation caused by the tip sample interaction. The AFM was controlled

using a modified version of the Asylum Research software (IGOR Pro,

Wavemetrics).

In contrast to previous dynamical techniques (12–14), a DC-deflection

signal was not acquired simultaneously with the frequency shift and dis-

sipation. This was because the FM-AFM technique in liquid required the use

of stiffer levers (i.e., 1.2 N/m) with higher resonant frequencies to reduce

frequency noise and maintain a stable cantilever oscillation. Thus, the in-

crease in the cantilever stiffness dramatically reduced the DC deflection

sensitivity and made obtaining simultaneous DC measurements difficult.

More importantly, by using relatively large oscillation amplitudes (i.e.,

4.5 nm, 6.2 nm, 11.5 nm, 26.5 nm), the DC deflection probes the average

force experienced by the tip during one oscillation cycle, leading to com-

plexity in its interpretation and comparison to standard DC measurements.

Frequency modulation measurements on titin
and data analysis

Titin protein-coated mica surfaces were prepared for AFM, as above. Before

taking measurements, the resonance frequency of the cantilever (18.47 kHz)

in PBS buffer, with attachedmagnetic, was obtained by performing a thermal

power spectrum. Frequency shift curves were taken with a piezo velocity of

1 mm/s and varying oscillation amplitudes of 4.5 nm, 6.2 nm, 11.5 nm, and

26.5 nm. Importantly, physisorption of the protein to the cantilever tip could

be achieved only when the tip was set to dwell for 3–5 s during intermittent

contact with the mica surface before retraction.

Frequency shift (volts) versus extension (nanometer) curves were

obtained and converted to frequency shift (hertz) curves using the sensitivity

value (73.4 Hz/V) of the PLL. To convert the observed frequency shift into

an interaction force FðzÞ; the formulation recently proposed by Sader and

Jarvis (25) was used,

FðzÞ¼2k
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where k is the spring constant, A is the oscillation amplitude of the tip,

VðzÞ ¼ DvðzÞ=vres;vres is the natural resonant frequency of the cantilever

in the absence of an interaction force, and z is the distance of closest

approach between the tip and the surface. Note that FðzÞ is the conservative
component of the interaction force between tip and sample and does not

include any contribution due to dissipative effects. This formula is valid for

any A and requires that the interaction force be continuous throughout the

measurement. However, our curves contained an apparent discontinuity in

the interaction force at the moment of unfolding of each I27 domain (i.e.,

peak-to-trough transition). To satisfy the requirement of the formula, we

investigated only the region where the force was continuous, which cor-

responded to the elastic response of the unfolded polypeptide. Equation 1

also required that the force decay to zero as the tip-surface distance ap-

proaches infinity, which is not the case in our measurements, i.e., the

interaction force increases with increasing separation, with the maximum

attractive force experienced by the tip being on the retract portion of the
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