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ABSTRACT

We have created hybrid devices consisting of nanoscale fabricated inorganic components integrated with and powered by a genetically
engineered motor protein.! We wish to increase the assembly yield and lifetime of these devices through identification, measurement, and
improvement of weak internal bonds. Using dynamic force spectroscopy, we have measured the bond rupture force of (histidine)s on a
number of different surfaces as a function of loading rate. The bond sizes, lifetimes, and energy barrier heights were derived from these
measurements. We compare the (His)s—nickel bonds to other bonds composing the hybrid device and describe preliminary measurements of
the force tolerances of the protein itself. Pathways for improvement of device longevity and robustness are discussed.

Introduction. Biomolecular motors have characteristics that ., ,,, Syhis Crstis Cos i Cystis Cre i Ni rod
conventional micro- and nanoelectromechanical systems i

(MEMS and NEMS) cannot match at present: moving parts Biotin Cys-GGSGGS-(His)s

nanometers in size, operation at speedsl00 Hz for Streptavidin Biotin

thousands of cycles without losing a single atom, and the '\ S o
treptavidin

ability to be produced routinely in micromole quantities in
‘\ Biotin

the laboratory. However, these motors pose constraints in

_mater?al compos_ition (protein _only), they cannot be p!aced Cys on y subunit

in arbitrary locations, and fueling and control are achieved

through diffusion. Combining biomotors with micro- and

nanofabricated systems may utilize the strengths of both.
Shown in Figure 1 is a depiction of a nanodevice made in T Nicap

our laboratory consisting of the biomolecular rotary motor SiO.. post
Fi-ATPase mounted on a nickel-capped Si@st with a — P
nickel rod attached to the rotéiThe inorganic components

of the device were fabricated using electron beam lithography
and thermal evaporation. The protein was genetically engi-

nge_re_d to contain a. single cyst(flne onnt;hand exprgss nanodevice powered by the biomolecular rotary moteAFPase.
histidine tags extending from the “bottom” of tfiesubunits. e device is sequentially self-assembled, resulting in a number

Histidine tags are commonly used in affinity purification with  of bonds in series. Each of these bonds has a characteristic lifetime,
nickel nitrilotriacetic acid (NFNTA) and have been quali-  which decreases exponentially with force. The shortest bond lifetime
tatively shown to adhere to nickel metal as viélhe devices ~ effectively determines the lifetime of the device.

self-assembled through the sequential addition of the com-

ponents: the motors, after biotin maleimide was attached toinjected into the chamber and the device assembly was
the cysteine on the rotor, were flowed into a chamber complete. Using light microscopy, the rods were observed
containing the fabricated glass slide, and the (Hdisjgs on to rotate at~7 Hz following the addition of ATP.

the motor base attached to the nickel-capped posts. Following Knowledge of the failure modes and rates is crucial in
a rinse step, streptavidin was introduced to the chamber,the engineering of any device. The multiple injection and
bonding to the biotin. Separately, the nickel rods were rinse steps in the device assembly exert viscous drag forces;
functionalized with biotin after incubation with a short these forces are also present during operation of the device.
peptide sequence having (Hig)n one end and cysteine The bonds holding the device together may not rupture
biotin on the other end. These functionalized rods were immediately upon the introduction of these forces, but forces
decrease bond lifetime exponentiall§As the device yield

Blotm

'_'_'_'_‘_‘_—‘[3 subunit-(His)g

Figure 1. Exploded depiction and bonding scheme of the hybrid
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lifetimes were determined solely by a “weak link” in the incubated in 1 mg/mL BSA in PBS overnight. All measure-
bonding scheme shown in Figure 1. Knowledge of the ments were performed in PBS.
binding strengths between different materials on the molec- A second control was performed in PBS at pH 7.5 using
ular level would allow strengthening of the weak links of g glass slide incubated overnight with-NXTA conjugated
this hybrid device and others and also enables rational devicewith horseradish peroxidase (NTA-HRP) (Qiagen). Force
design. measurements between this substrate and the g(Kjs)

In this paper, we show results of experimental studies of yielded data consistent with published valééghe effects
the bonds forming this device. The bonds in this device may of pH on this bond were explored by repeating this
be characterized in several distinct groups: covalent bonds,experiment at pH 6. Adhesion measurements betweeng(His)
biospecific bonds, metal affinity (chelation), and the multiple and glass slides coated with 15 nm of nickel and gold
aggregate van der Waals and hydrogen bonds which dictatg(electron beam evaporated ove 5 nmadhesion layer of
secondary and tertiary protein structure. Within this very chromium) were performed in PBS at pH 7.5. Bonding
rough schema we can order the bonds of our device. Covalenbetween the His tags and the surface was observed and
bonds have been shown to be the strongekerefore, in measured for both.
this work we have focused our attention on the biospecific ~ Analysis. Each force data point was represented by
bond of biotin-streptavidin and the metal affinity bond of ~ Gaussians of unitary area with widths corresponding to the
(His)s—nickel and also (Hig)-Ni—NTAand (His}—gold for measurement uncertainty @0 pN). These Gaussians were
comparison. We have used dynamic force spectroscopy tothen summed, and the resulting distribution was used to
explore bond rupture force as a function of bond loading determine the peak force. The theory of Evans was used to
rate. Using Evans’ theordave have used these measurements analyze the peak rupture force dat&or simple probe
to calculate the characteristic bond length and lifetime as aligand linkages, the peak force is related to the loading rate

function of force. by the expression
Experimental Section. The force spectroscopy experi-
ments were performed using a Topometrix Explorer AFM, ke T toiXs
using SiN, cantilevers (Topometrix) with nominal spring f:x_ﬁ ’In(ksut) + |n(m) 1)

constants of 3264 pN/nm. The spring constant of each
cantilever was measured using its thermal specfrdihe
adhesion strengths between ligands on the tip and variousvhereksT is thermal energyx; is the characteristic bond
surfaces were determined by bringing the tip into contact length, ks is the spring constant of the probe,is the tip
with the surface and retracting it at various speeds, measuring’€locity, andto is the bond lifetime at zero force. The
the force at which the bond to the surface ruptured. Hundredsproduct ofks and v is the loading rate. If the ligand is

of these rupture forces were measured for each loading rateattached to the probe through two flexible linkers in series,
and sample and plotted as histograms. the spring constant in the above expression is force dependent

As a control, the biotir-streptavidin force was measured. and IS replaced by

The tip and a glass coverslip were incubated in 1 mg/mL

biotinylated-bovine serum albumin (biotin-BSA) (Sigma) in 1 X X, keT [ 8%, X,

PBS (20 mM phosphate, 150 mM NaCl, pH 7.5). The k. to O+ (0 + - y(f)Jr?(f)
coverslip was then incubated with 1 mg/mL streptavidin = k(f) = ant P > (2)
(Sigma) in PBS for 2 h. All force spectroscopy experiments (A + %(f) 4 a_xz(f))

were performed in PBS. Incubation of the streptaviein Keant  Of of

biotin-BSA surface with free biotin resulted in the loss of

binding between the tip and the surface. The rupture force wherek,, is the spring constant of the probe aid/af (f)

measurements were consistent with previously reportedis the force-dependent compliance of the first flexible linker,

values and established a baseline for comparison with the gnd so on. We use Evans and Ritchie’s interpoldtinna

(His)s adhesion measurements that followed. functional form for the extension-dependent force of the
In subsequent experiments the cantilevers were function-Freely Jointed Chain (FJC) model:

alized as follows: after washing with acetone, alcohol, and

water, the cantilevers were further cleaned and freshly X 2%

oxidized in a plasma cleaner (Harrick) for3 min. The kT L_[3 - L_]

tips were then functionalized with (aminopropyl)triethoxy- f(x) ~ o p—xp (©))
silane (Sigma) at 2% in acetone. A bifunctional cross-linker 1- L_

of N-hydroxysuccinimide-poly(ethylene glycol)-maleimide p

(MW 5400, Shearwater Polymer, Huntsville, AL) was

attached to the silane by incubation with the cantilever at 3 whereb is the persistence length ahglis the fully stretched
mg/mL in acetone with 0.5% triethylamine for 1.5 h. Finally, length of the polymer. Poly(glycine) has been shown to
the peptide CGGSGGSHHHHHH (Bio-Synthesis, Inc.) was exhibit behavior consistent with the FJC moéfelThe
attached to the linker at 1 mg/mL in PBS. To reduce persistence length of PEG is 3.6'8and that of the peptides
nonspecific adhesion of the tip to the substrate, the tip wasis 3.8 A1° L, of the MW 5400 PEG was calculated to ke
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Figure 2. Plot of the peak rupture force versus loading rate for Hig}h various substrates: NINTA at pH 7.2 (), Ni—NTA at pH
7.5 ©), Ni-=NTA at pH 6.0 @), Ni at pH 7.5 @), and Au at pH 7.5%). Also shown are measurements of bietstreptavidin at pH 7.2
(—). Measurement uncertainties are due primarily to spring constant measuremegii%. The data of (Hig)on Ni—NTA at pH 7.2 are
taken from ref 8, and the dashed line shows biestreptavidin data taken from ref 7.

Table 1: Measured Bonding Parameters between @Hsd
Four Substrates and Also BiotitStreptavidin at Low (L) and
High (H) Loading Rates

Ni—NTA Ni—NTA

biotin—

pH 7.2 pH 6.0 Ni Au streptavidin
xa(R) 21 2.3 26 40 (L)54,(H)11
torr(Sec) 9.6 5.6 1.7 .51 (L) 164, (H) 0.066
AAEu(keT) —2.8 -34 —46 -58 (L)O,(H)-7.8

26 nm, andL, of the peptides calculated as the length of
CGGSGGS~ 2.6 nm.

The peak force data are plotted versus loading rate in
Figure 2. In the case of polymer linkers, the loading rates
were self-consistently calculated from compliances at the
rupture force using eqs-13. Previous data measuring the
unbinding of (His}—Ni—NTA and biotin—streptavidin are
shown for comparison and agree well. All data show a linear

dependendence on the logarithm of the loading rate, con-

sistent with the theory at these forces, with the slope of the

imidazole rings of the (Hig)are protonated at a pH of 6, as
opposed to>90% deprotonation at pH 7.5. This protonation
prevents an unbonded lone pair of electrons on the double-
bonded nitrogen of the imidazole ring from bonding to the
Ni%*. The NTA itself is unaffected by this pH range, with
pKa ~ 2.212 Unbinding and rebinding may be a possible
mechanism responsible for the decreased lifetime at lower
pH. If, following unbinding, the free histidines bound pro-
tons, the possibility of immediate rebinding to the NTA
would be eliminated. If a sufficiently long time elapses before
the His rebinds to the NTA, the ligand may diffuse away
and is effectively permanently unbound. Obviously, is possi-
ble at all pH values, but is more likely and frequent at lower
pH, explaining the shorter lifetime but similar bond lengths.

The data also show that (Hig)onds to nickel, albeit more
weakly. The bond length of (His)nickel is greater than
(His)s—Ni—NTA, reflecting the change from sterically
accessible and charged?Nions to a neutral planar metallic
film. In comparison, the rupture force measurements and

line related to the characteristic bond length and the interceptPond characteristics of (Higygold are sufficiently different

related to the bond length and zero force lifetime. This

to show that these bonds are not explained merely by a

relationship breaks down when the forces are on the ordernonspecific interaction with a solid surface or an element-

of kg T/xg and the probe stiffness is much greater than polymer
stiffness.

The two free parameters of the above theogyand tof,
were obtained from fits of the peak force data to eg81

independent His/metal bond.

The bond strengths may be ranked in a relative order based
on the magnitudes of their lifetimes: the low loading rate
regime of biotin-streptavidin is the strongest, followed by

These parameters are shown in Table 1. Many conclusions(His)s—Ni—NTA at pH 7.5, (His}—Ni—NTA at pH 6,
can be drawn from these data: the characteristic bond length(His)s—nickel, (Hisy—gold, and the high loading rate regime

of (His)s—Ni—NTA at pH 6 is slightly larger than pH 7-2
7.5. However, the zero force lifetimgg, of the bond at pH

6 is significantly less, indicating a lower barrier height and
a weaker bond. The poly(HisNi—NTA bond consists of
two of the histidines coordinating around the?Nion held

in place by four bonds to the NTA. The pf histidine is
6.0-6.52 implying that, on average, 50%/5% of the
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of biotin—streptavidin. For the bonds considered, at low
forces the weak link is the (Hig)nickel interface and at
high forces the weak link is biotiastreptavidin. A Boltz-
mann activation above the energy barrier forming the bond
results in a force-dependent lifetime t@fime = tor € "/keT.

At this point, the average lifetime of the device when
subjected to various forces should be calculable.



However, the theory applied here and the experiments are
. . . S X 6.5 -
valid only in a highly nonequilibrium regime where the force WWWWWWN
7.5 -

and velocity applied to the bond are sufficiently great that

rebinding does not occur. At such large forces and loading Z 85"

rates, smaller outer energy barriers are immediately over- 2 gs

whelmed. At zero force, these barriers may prevent full s

unbinding or present a low barrier toward rebinding. 195 -

Therefore, the zero force lifetimes derived from these  -115 -

measurements are not expected to be comparable to the _, .

lifetimes at equilibrium. This can readily be seen through 50 70 %0 110 130
the comparison of the 12 s lifetime measured for (ktis) Piezo Retraction Distance (nm)

Ni—NTA to common affinity chromatography using the
same system which can last many hours. Further, measureFigure 3. Four forcejdistance curves measur_ing rupture f_OI’CG of
ments in solution of biotirstreptavidin have indicated bound Fi-ATPase at a loading rate of 75 nN/sec (displaced horizontally
lifetimes greater than 50 houtsPrevious experiments have and vertically for clarity). The proteins were attached to a gold-

9 . - P coated tip and gold-coated sample via the cysteine in the gamma
also found 50 to 100,000-fold disparities between force sypunit and additional cysteines added to the ends of the His tags
spectroscopy and solution-based experim&Burther, our on the motor base. Previous work has measured the sigfid
previous experiments with active devices allowed observation rupture force to be 1.4 0.3 nN at a loading rate of 10 nN/Sec
for several hours, an extremely improbable event if the zero- RUPtures shown here could have resulted from the breakage of
f lifeti f’T ble 1 t Au—S bonds, detachment of the protein nonspecifically adsorbed
orce |.e 'me_s of Table 1 are correct. . . to the surface, pulling of thg subunits from the motor, pulling of

Barrier heights may be compared using the following the y subunit out of the motor, or a force-induced denaturing of
equatior’ the protein. Rupture forces ranging from 20 pN to over 1 nN have
been observed. Experiments are in progress.
AAE, ) ke T
T Aln(LoadingRate) o+ Aln{—— | (4) is the lifetime of one bond. If other histidines are bonded to
p the nickel bonds, the protein may not detach from the rod

. . . . . and the unbound histidine has the opportunity to rebind. The
whereAAE; is the difference in barrier height of two bonds reaction force on the peptides in the base is not significant

and is calculated.using the. differepce in characteristic bond when compared to those on the rotor, as the torque radius is
length and the difference in loading rate extrapolated at a gver 10 times greater at the base (resulting in a force of 3
peak rupture force of zero. The computed values are shown\ a4 the base has three sets of peptides securing it.
in Table 1. Taking the strongest bond, bietistreptavidin : .
. : o The strength of the device could be improved through the

at low force, as a baseline, we see that its barrier i&kZI6 L -
larger than that of (Hig)-Ni—-NTA at pH 7.5, 4.6T larger substitution of a stronger bond for Hisnickel. However,

9 (Hig)-Ni pr 7.5, %. 9 only a few peptide/inorganic substrate bonds are known.

E)h:sneéHc;?;:(la(r:kel’b:?rqerszeqnﬁtRaargkmngcsh:; bg;d strength Recent work by Stanley Brown has found short peptide
Conclusions %{)m Iéte kncl)!\;/vled e lcJ>f the fogrce.tolerances sequences that adhere specifically to iron oXitgold, and
' P g chromium!® Angela Belcher and co-workers, using phage-

o our i nanidewices s S ncomplee du o 1 4K cisply echmiques, have volved peptides it acere .
(the rotor) of the motor must be freé to rotate, it is likely cifically and. exclusively to' GaAs(lOO), GaAS(l.ll)A’
that it is the weakest component of the protei,n We have GaAs(lll)B, InP(lOO),_and SI(lO@AS various biological
o . : - NN organisms commonly bind to and direct the growth of many
initiated experiments with the protein; preliminary results different materials, it is likely that an entire library of peptide
may indicate that the protein is the weak link in the device ! - ey y of pep
(Figure 3). The work is ongoing. However, failure due to sequences and inorganic subs_trates can be cr(_aated. T_hese
rotor puIIoth is susceptible only to. forces em,erging from and peptide Imker_s do not necesse_mly nged to be engineered into
normal to the substrate. This situation is not the most aIarger protelln; short heterobifunctional sequences can con-
i nect inorganic particles of heterogeneous composifion.

gg?srggl Sct)#éclzrgifnjrr?;iiﬁn H:J ? ddfﬁ)\cvcﬁé:Sng;jpslinuemfg;?ﬁvleasurements of the binding strengths of these linkers would
y 9 y " aid the design process and expand the range of materials

P ) :
107) and rod rotation predominate. Components of these and structures available, ultimately resulting in stronger de-

force_s r_lormal to the sgbstrate are Ies_s t_han_O.l PN. .If thevices with higher force tolerances and longer functional
protein is not the weak link, the device lifetime is determined lifetimes

primarily by the lifetime of the (His)—nickel bond.

Previous work has indicated that-RTPase rotates with
a constant torque 0£40 pN nmi® Assuming that the rod is
attached at the middle and the force center halfway along
the peptide chain, the reaction force on the (fispstimated  References
to be 35 pN. A constant force has the effect of exponentially

. e . L (1) Soong, R. K.; Bachand, G. D.; Neves, H. P.; Olkhovets, A. G;

reducing bond lifetime; the 35 pN force on the (Hishickel Craighead, H. G.; Montemagno, C. Bcience200Q 290, 1555-
bond reduces the lifetime by a factor of 10. However, this 1558.
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