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Chemical treatment of mica for atomic force microscopy can
affect biological sample conformation
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Abstract

An important aspect in the preparation of substrate materials to use in atomic force microscopy lies in the question
of interactions introduced by treatments designed to immobilize the sample over the substrate. Here we used a mica
substrate that was chemically modified with cationic nickel to immobilize actin filaméRiactin. Chemical
modification could be followed quantitatively by measuring the interaction force between the scanning tip and the
mica surface. This approach allowed us to observe polymeric F-actin in a structure that resembles an actin gel. It
also improved sample throughput and conferred sample stability as well as repeatability from run to run.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction also proven to be advantageous for obtaining high
resolution at a molecular level, since it yields

Atomic force microscopy(AFM) is a useful imgges in air as well as under physiologicgl_con-
tool for elucidating the surface topography of d|t|ons_[4]. Nevertheless, one of the most difficult
biomolecules, including proteinkl]. In addition,  Steps in preparing samples for AFM is to immo-

it has begun to be used for force spectroscopy bilize the molecules on a flat surface, so that they
measurements based on tip control, which reveals €&" be visualized or manipulated without detaching

further surface properties such as elasticity and them.

adhesivenesk2]. The forces measured with AFM _ Mica is commonly used as a substrate for AFM
range from piconewtons to nanonewtds It has ~ 1Maging at molecular resolution due to its atomi-
cally flat surface. However, it is notoriously diffi-
*Corresponding author. Tel+55-21-2562-6575; fax+55-  Cult to immobilize negatively charged samplé,
21-2280-8193. because binding to the substrate is not strong
E-mail address: gilberto@biof.ufrj.br(G. Weissrriulley. enough to avoid moving the samples or sweeping
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them entirely away with the scanning tip. In order
to increase its affinity for negatively charged sam-

ples, mica has been chemically treated with diva-

lent cations, such as nickéNi%*) [6—8]. This

treatment has been used successfully in preparingCI

DNA for AFM imaging, resulting in greater sta-
bility and no apparent change in conformation.
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2. Materials and methods
2.1. F-actin purification and polymerization

G-actin was purified from chicken skeletal mus-
e and polymerized to F-actin from acetone pow-
der following the method described by Pardee and
Spudich[18]. F-actin was stored as a pellet at 0

Other authors attached genetically engineered his-o~ overnight and just before use was resuspended

tidine tags to a specific molecular region in an

at ~10 mg/ml in actin buffer(20 mM imidazole-

elegant but time-consuming procedure that made ¢ pH 7.0, 5 mM MgC}, 0.5 mM K EGTA, 2

it possible to immobilize IgG in a homogeneous
orientation on Ni* -treated micg].

Actin is a highly conserved protein found in
every eukaryotic cell studied so far, and is a major
component of the cytoskeletdd0,11. The func-
tional form of actin in cells is a double-stranded,
filamentous polymer containing multiple copies of
the globular actin(G-actin monomer with ADP
and Mg* or C&" bound to the hydrophobic core
[12]. In the presence of specific actin-binding
proteins, actin filament§F-actin form a 3D net-
work [13] in which the linear polymer becomes a
mechanically rigid gel because of interpolymer
junctions that link the filaments in an infinite
network. Actin alone can mediate motility through
controlled polymerization or through gel—sol struc-
tural transitions[14]. Molecular models of the
filament structure have been investigated by AFM
[15,16. However, actin filaments could be imaged
on freshly cleaved mica only at pH 6 or lower,
and after stabilization with phalloidifiL7]. Stable

mM Na,K,ATP, 6.5 mM KCI, 1.5 mM NaN and

1 mM dithiothreito). Dilution to working concen-
trations(see Figure legendisvas carried out using
Millipore-filtered buffer (0.22 um pore size. The
concentration was determined by the biuret reac-
tion [19]. In SDS-PAGE on 12% acrylamide gels
stained with Coomassie blue a single band was
observed, without contamination by other proteins
(not shown.

2.2. Mica treatment

Mica (Plano Gmbh, Wetzlar, Germahywas
prepared according to a modification of a protocol
already described in Ref$5,2d. Freshly cleaved
mica films were immersed in 1 mM NigK\Vetec
Quimica Fina Ltda., Rio de Janeiro, Brazand
left at room temperature overnighfi2 h). The
films were removed from the salt solution and
ultrasonicated three times for 10 min in fresh lots
of de-ionized watefMilli-Q resins from Millipore
Corp., Bedford, MA to remove excess salt. After

images were also obtained using cryoatomic force qrying under a vacuum at room temperature, the

microscopy; to prevent depolymerization, fila-
ments were labeled with phalloidifi5]. Another
means of immobilizing actin was to use lipid
bilayers on the mica surfadd.6]. This procedure

was successful for imaging actin paracrystals, but

not for individual filaments.
In this work, we used mica chemically treated
with Ni2* (Ni-mica) to increase the affinity

between mica and F-actin. However, when F-actin

suspended in buffer is applied to Ni-mica, the

films were stored in a desiccator until used.
2.3. Deposition of F-actin

Each sample was deposited on treated or untreat-
ed mica film over an area of~1 cn¥. After
several trials, this procedure was standardized, so
that approximately 4.l F-actin was applied to the
film. After 5 min, the sample was analyzed with
AFM.

structure resembles an actin gel. This gel is stable 3 4 Aomic force microscopy

and does not appear to be altered by the probe

scan. We are not aware of any previous AFM
studies of actin gels in aqueous solution.

Both images and force curves were recorded
using a homemade AFM. Coverslips were glued
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using 0.1 M phosphate buffefPBS and actin
A (a) buffer, both pH 7.0.
25 All the images were processed usiRgH imag-
ing software, and the force curves were analyzed
using Icor 4.03 software (Wavemetrics Inc.,
Oregon.
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3. Results and discussion

[l [1

T T T Although the chemical treatment with nickel
e ar Forl;?(m % &gy does not modify the surface structure of mj24],
force spectroscopy used to measure interaction
35 between the tip and Ni-mica in phosphate and
®) actin buffers revealed a larger dispersion of these
interactions in comparison with untreated mica
(Fig. 1). Furthermore, the interaction force with
207 Ni-mica was slightly greater than that with untreat-
15 ed mica. According to the model proposed by
10| Souza et al[22], this reflects differences in di-
5 electric exchange forces that occur when the nickel
1 B . atoms on the mica surface modify the double-layer
' ‘ ' | g properties at the mica surface. Force measurements
0.0 0.5 1.0 15 2.0 25 3.0x10 . . .
Force (N) collected from different points on the mica surface
yield a more disperse histogram because of an
Fig. 1. Force—frequency histograms of tip—substrate interac- inhomogeneous nickel distribution.
tion, comparing untreated micégray lines and Ni-mica We also noted that the interaction between the
(black line3 in actin buffer(a) and in PBS(b). tip and the substrate in phosphate buffEig. 1b)
was less than that in actin bufféFig. 18, which
) ) may be a result of the higher ionic strength in the
to magnetic stainless-steel punches and moumedphosphate buffer. All of the images shown were
in a fluid cell, without using an O-ring. Samples  ptzined using actin buffer.
were scanned in contact error mode at room  The first protein images were obtained by depos-
temperature using a standard silicon nitride tip jting F-actin on freshly cleaved, untreated mica
(Digital Instrum_ents Inc., Santa Barbara, Lwith without rinsing (Fig. 2). Image acquisition was
a 4p.m? pyramidal base mounted on a V-shaped ynsyccessful due to low stability of the deposited
cantilever of spring constant 0.06/M. The can-  sample. During the scans the samples were swept
tilever was cleaned by placing it under a mercury away, and only a few particles remained. Their
UV light (UVP Pen-Ray for 30 min before use.  dimensions(2—6 nm were consistent with those
This vapor lamp produces intense UV irradiation of actin monomers(3.5—-6 nm [23], suggesting
and ozone. The combination of UV irradiation and that at least part of the F-actin depolymerized
ozone effectively vaporizes organic debris that when it was diluted from 10 mgml to 5 pg/ml.
accumulates on silicommitride surfaced21]. Scan  Rarely, it was possible to observe some filaments
rates were approximately 10 misand scan forces in the first scan(Fig. 3).
were maintained below 1 nN, which was high Using Ni-mica as substrate, a completely differ-
enough to achieve good contrast. The force curvesent image was observetFig. 4). The samples
(Fig. 1) were obtained under the same conditions, prepared by depositing actin droplets on Ni-mica
before imaging. These experiments were done produced an irregular network of ridges and val-
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Fig. 2. After deposition of F-actir{5 pg/ml in actin buffer 6.5 mM KC) on untreated mica, scanning revealed only scattered

particles. The profile along the vertical line shows that such particles have dimensions similar to those of G-actin. Scale bar is 200
nm.

leys. These samples had the appearance of an actilNi-mica, we infer that Ni* itself favors cross-
gel rather than F-actin. The association between linking between actin filaments, as described for
filaments can increase due to cross-linking and experiments carried out in solutid@4—24.
bundling when minute quantities of actin-binding In order to correlate the effect of Ni  deposited
proteins such as filamins are present, so that theon the mica surface with the extent of actin gel
whole filament network becomes stiffef13]. formation, we compared actin images obtained
However, since the gel was observed only with using three different actin concentrations, without
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Fig. 3. After deposition of F-actif5 wg/ml in actin buffer 150 mM KCJ on untreated mica, scanning revealed few F-actin
polymers. Scale bar is 400 nm.

(Fig. 5a—0 and with (Fig. 5d—f) treatment of the  substrate. The surface charge on mica in the
mica with 1 mM NP . absence of counterions is two negative charges per
The images clearly show a progressive increase nm? [20,27. Taking into account the mica film
in density of the actin gel structure as the actin area of ~1 cn? covered by the sample in actin
concentration is increased from 3 to {u@/ml on buffer (4 wl), we can estimate the number of

Ni-mica, different from the images of scattered negative charges at approximately 20*4. Pro-
monomers obtained using freshly cleaved mica as longed treatment with an excess of2Ni  should
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Fig. 4. F-actin(5 wg/ml in actin buffer 6.5 mM KC) deposited on Ni-mica. Scale bar is 200 nm.

saturate these sites, and after the sample is deposactin and Ni-mica. The importance of Ni  in

ited onto the mica the Ri  should re-distribute stabilizing the actin—mica attachment may lie in

between the surface sites and the sample buffer,its ability to form coordination complexes with

where it can bind to the actin and promote gel nitrogen and oxygen atoms; many of these com-

formation. The upper limit for the concentration plexes are octahedral or tetragodaB]. Further-

of Ni?* in the sample droplet is 210*/10%= more, nickel has a high ionization potential, which

2x10° mol in 4ul, or 0.5 mM. Miki and Wahl would favor formation of stable coordination com-

[28] have shown that the critical protein concen- plexes between the negatively charged mica sur-

tration for polymerization of actin decreases sharp- face and the negatively charged actin.

ly with this concentration of Ni* , which is more Although no sample movement was observed

than enough to saturate a class of low-affinity sites during scans on Ni-mica, rinsing the deposited

on G-actin(Kd ~60 wM) [25] that promote actin  samples with water or buffer removed all of the

gel formation. protein, indicating that the strength of the actin—
Additional evidence for a greater stability of Ni-mica bond is limited.

actin adsorbed to Ni-mica was shown by repeata-

bility from run to run over the same area. The 4. Conclusions

second image was essentially unchanged by the

scanning procedurénot shown. These observa- AFM imaging requires sample immobilization

tions indicate that Ni* provides a bridge between on a flat substrate. Mica is the most suitable



Fig. 5. F-actin(in actin buffer 6.5 mM KCJ} deposited on mic&a) 3 wg/ml; (b) 5 wg/ml; (c) 10 wg/ml; and deposited on Ni-micéd) 3 wg/ml; (e) 5 wg/ml; (f)
10 pg/ml. All scale bars are 400 nm.
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[9] C.R. lll, V.M. Keivens, J.E. Hale, et al., A COOH-

substrate for obtaining AFM images with molec-

ular resolution. Nevertheless, visualization of neg-
atively charged samples on mica requires specific
approaches to stabilize them by modifying either
the sample environment or the mica surface to
increase sample stability during the tip scan.

In this report we have adapted a method of
preparing Ni-mica that appears to increase the
affinity of mica for actin. However, actin filaments
appear on Ni-mica as an actin gel, possibly due to
a tendency for Ni*  to promote polymerization of
G-actin and side-to-side aggregation of F-actin
filaments.

Additionally, force spectroscopy suggests that
this treatment promotes a modification in the
double-layer properties of mica film, resulting in
an increase in interaction between tip and Ni-mica.
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