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ABSTRACT Compared to contact-mode atomic force microscopy (CMAFM), tapping-mode atomic force microscopy
(TMAFM) has the advantage of allowing imaging surfaces of macromolecules, even when they are only weakly attached to
the support. In this study, TMAFM is applied to two different regular protein layers whose structures are known to great detail,
the purple membrane from Halobacterium salinarum and the hexagonally packed intermediate (HPI) layer from Deinococcus
radiodurans, to assess the faithfulness of high-resolution TMAFM images. Topographs exhibited a lateral resolution between
1.1 and 1.5 nm and a vertical resolution of ~0.1 nm. For all protein surfaces, TMAFM and CMAFM topographs were in
excellent agreement. TMAFM was capable of imaging the fragile polypeptide loop connecting the transmembrane a-helices
E and F of bacteriorhodopsin in its native extended conformation. The standard deviation (SD) of averages calculated from
TMAFM topographs exhibited an enhanced minimum (between 0.1 and 0.9 nm) that can be assigned to the higher noise of
the raw data. However, the SD difference, indicating the flexibility of protein subunits, exhibited an excellent agreement
between the two imaging modes. This demonstrates that the recently invented imaging-mode TMAFM has the ability to
faithfully record high-resolution images and has sufficient sensitivity to contour individual peptide loops without detectable
deformations.

INTRODUCTION

The atomic force microscope (AFM) (Binnig et al., 1986) ments of the preparation techniques (Karrasch et al., 1993;
has several features that are attractive to the biologist. Mod¥liller et al., 1997a; Czajkowsky et al., 1998b; Wagner,
importantly, biological structures can be observed in theirl998; Scheuring et al., 1999) and imaging conditions¢Mu
native state in buffer solution. The high signal-to-noiseler et al., 1999a) made it possible to contour native proteins
(S/N) ratio of the AFM allows imaging of whole cells as at a lateral resolution 0f-0.5 nm and a vertical resolution
well as their components, such as proteins or nucleic acidsf ~0.1 nm (Miller and Engel, 1999; Mier et al., 1999Db).
(Drake et al., 1989). The AFM can further be used toHowever, contact mode imaging turned out to be less suit-
capture dynamic aspects of individual biological moleculesaple for weakly immobilized structures, as single macro-
(Bezanilla et al., 1994; Kasas et al., 1997;IMuet al.,  molecules are often pushed away by the AFM stylus during
1997b; Shlyakhtenko et al., 1998; Engel et al., 1999|léfu  raster scanning of the surface (Karrasch et al., 1993). To
and Engel, 1999) and their interactions with the enViron-overcome this disadvantage' tapping_mode atomic force
ment (Butt, 1992; Radmacher et al., 1994a,b), providingnicroscopy (TMAFM) has been developed (Zhong et al.,
new insights into how macromolecules may work on the1993; Hansma et al., 1994; Putman et al., 1994). In tapping
nanometer scale. Recent and ongoing developments of negyode, the stylus oscillates, touching the sample only at the
scanning probe microscopes (Wiesendanger, 1994; Coltoghg of its downward movement, which reduces the contact
et al., 1998; Haber et al., 1998) aim at imaging the high- {ime and the friction forces compared to contact-mode AFM
resolution topography of a biological molecule while simul- (CMAFM). Thus a variety of macromolecules have been
taneously revealing intrinsic properties sm_Jch as flexibility 5pserved (Bezanilla et al., 1994; Radmacher et al., 1994b;
(Mdiller et al.,, 1998) and surface potentials Mu and  pyjt; et 41, 1995a,b; Martin et al., 1995; Dunlap et al., 1997:
Engel, 1997; Czajkowsky et al., 1998a). - , Kasas et al., 1997; Lyubchenko and Shlyakhtenko, 1997;
Until now, high-resolution images of native proteins WETe ghivakhtenko et al., 1998) that could not be imaged with

exclrlljsivelly acqui_red with r:he AIFM in the contact mOd‘T CMAFM. Despite this advantage, TMAFM lacked the res-
(Hoh et al., 1993; Karrasch et al., 1993, 1994; Yang et a dlution achieved by CMAFM.

1993, 1994; Schabert et al., 1995). Continuous improve- Here we demonstrate that by optimizing imaging param-

eters TMAFM produces faithful high-resolution images of

native protein surfaces and, in theory, could be applied to a
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et al., 1996; Kimura et al., 1997) and their surfaces haveninimal forces. The amplitude signal was used to activate the feedback
been investigated by CMAFM (Karrasch et al., 1994 I1Mu loop. Imaging at low magnification (frame size 1 um) was performed,

: : cquiring the height and amplitude signal simultaneously. Both the noise of
ler et al., 1995a, 1996a,b, 1999b). Bacteriorhodopsin, thﬁle topograph and the amplitude signals were minimized by optimizing

major constituent of the purple membrane, exhibits a Cyto'gains and scan speed. As a general rule, gains and scan speed were about
plasmic peptide loop connecting transmembrarigelices  a factor of 4 smaller than the typical values used in CMAFM. At high

E and F that can undergo a force-induced conformationahagnifications the topography was simultaneously recorded in the trace
change (Mller et al., 1995a, 1999b). This E-F loop remains and the retrace directions to observe scan artifacts. The raw data presented

in its extended state as |0ng as the force applied to the AFmre height images recorded in the tapping mode. The scan speed was
roughly linear to the scan size, 1-2 lines/s for lower magnifications and

Stylus 1s=100 pN, bemg reverS|ny bent toward the protein 2—-4lines/s for higher magnifications (frame sizel um). High resolution
surface at higher forces. Hence, purple membrane is mosfas achieved by using drive amplitudes between 25 and 250 mV, corre-
suitable for testing the sensitivity of TMAFM. Standard sponding to 1-8 nm of amplitude. Imaging at high resolution required
deviation maps calculated from aligned high-resolution to_compensa}tion for thermal drift. 'I"herefore, the getpoint wgs gorref:ted
pographs of individual protein complexes allow their vari- manually in steps of 0.001 V. Typical va!ues for hlgh—r_esolutlon imaging

. . were between 0.03 and 0.3 V, depending on the drive amplitude. The
able surface regions to be located (Muet al., 1998). We difference between the setpoint of jump in and the setpoint adjusted to
have compared these regions with those revealed fromchieve high-resolution topographs wa€.02 V, corresponding to a
high-resolution contact-mode topographs and demonstrat&mping of~1 nm of the free amplitude. Interestingly, the best topo-
here that TMAFM produces faithful images of individual 9raphic contrast was obtained when the ratio of drive amplitude and

polypeptide domains without detectable deformation. setpoint was close to 1.

Imaging using contact-mode atomic force microscopy
MATERIALS AND METHODS

High-resolution CMAFM topographs were obtained using the microscope

Atomic force microscopy setup, sample preparation, and cantilevers as described in the TMAFM
section. To reveal subnanometer resolution, the electrolyte was adjusted to
Instrumental set-up control the tip-sample interactions (Mer et al., 1999a). Imaging at low

. o magnification (scan size> 500 nm) was performed in the error signal
A commercial TMAFM (Nanoscope llla; Digital Instruments, Santa Bar- mode. Acquisition of the deflection and height signals was simultaneous

bara, CA)Jequped Wltze't[]er a Jan s(cj:ar;per_éE—sI::ar?tr;]er)tor aém (Futman et al., 1992). The deflection signal was minimized by optimizing
scannerznr (I scgnrl;erf) ?n a ?ﬁpng r_réo e” ‘qui cle \r/]wdou_ﬂ;ar;] rr::nﬁds_eﬁntegral and proportional gains and scan speed. At high magnification (scan
was employed. .e ore u§e € fiquid cell was cleaned wi ormal distize < 200 nm) topographs were scanned simultaneously in the trace and
cleaner, gently rinsed with ultrapure wateri8 M(/cm; Branstead,

Boston, MA), cleaned with ethanol, and finally rinsed with ultrapure water retrace directions. The scan speed was roughly linear to the scan size, 4-8
. . : ! “lines/s for lower magnifications (512 pixels/line and frame size
Muscovite Mica (Mica New York Corp., New York, NY), punched to a 9 ( P Y5

. ; ) and 8-16 lines/s for higher magnifications (frame sze200 nm). All
d|am.e_ter of~5_mm, or a small square-( x 5 mm) of highly oriented CMAFM topographs were recorded at applied forces=d00 pN, which
pyrolitic graphite (HOPG) (Advanced Ceramics, Cleveland, OH) was, < corrected manually to compensate for thermal drift.
glued with water-insoluble epoxy glue (Araldit; Novartis AG, Basel, Swit-
zerland) to a Teflon disc. Its diameter of 25 mm was slightly larger than the
diameter of the supporting steel disc. The steel disc was required tg,. .
magnetically mount the sample on the piezoelectric scanner. For high(-hl("loglc"’]I samples
resolution imaging the TMAFM was placed on a vibration-isolated stonetne Hp| layer fromDeinococcus radioduransa kind gift of Dr. W.
plate. Baumeister, was extracted from whole cells (strain SARK) with lithium

dodecyl! sulfate and purified on a Percoll density gradient (Baumeister et
al., 1982). A stock solution (1 mg/ml protein) was stored in ultrapure water
Imaging using tapping-mode atomic force microscopy at 4°C.
Purple membranes dfalobacterium salinarunstrain ET1001, a kind
High-resolution imaging using the TMAFM required its operation at drive gift of Dr. G. Bildt, were isolated as described by Oesterhelt and Stoeck-
frequencies close to 8.% 0.5 kHz. This resonance peak of the TMAFM  enjus (1974). The membranes were frozen and stored 74°C. After

liquid cell immersed in buffer solution (fluid drive spectrum; Sffaeet  thawing, stock solutions (10 mg protein/ml) were kept in ultrapure water at
al., 1996) was particularly suited to operation of the TMAFM because itgec.

was close to and within the range of the natural resonance frequency of the

cantilever immersed in aqueous solution (89 kHz), as determined by

the thermal noise spectrum (Butt and Jaschke, 1995; Salapaka et al., 199§ample preparation

The resonance frequencies of the cantilevers mounted in the fluid cell had

a full width at half-maximum of=0.5 kHz. Activating the cantilever within ~ We found that TMAFM was extremely sensitive to contamination of

this frequency range ensured that the cantilever response was optimizedimple and tip. To minimize contamination of surfaces, mica was cleaved

(Schidfer et al., 1996). To achieve an efficient coupling between the driveimmediately before use, and buffers were made with ultrapure water. The

voltage and cantilever amplitude response, the cantilever was brought t@tter is superior over conventional bidistilled water in that it contains

the sample within a distance of @n. The 120pm-long V-shaped canti-  fewer hydrocarbons and fewer macroscopic contaminants, all of which can

levers purchased from Olympus Ltd. (Tokyo, Japan) had a force constardistort the imaging process. Chemicals were grade p.a. and purchased from

of k = 0.1 N/m and oxide sharpened,;Nj, tips. Sigma Chemie AG (Buchs, Switzerland). The buffers used were Tris-
Before engaging, scan size and offset of the microscope were set to 0 tnydroxymethyl)-aminomethane (from pH 10.2 to 7.2). The biological

minimize sample deformation and contamination of the stylus. To engagsamples were routinely checked before use in the AFM by conventional

the AFM stylus, the piezo drive amplitude was set to 100 mV, resulting innegative stain electron microscopy (Bremer et al., 1992).

a ~0.5-V amplitude (corresponding to16 nm with~4 nm/125 mV) of The samples were diluted to a concentration of 5p80ml in buffer

the cantilever. Before the sample was scanned, the setpoint was adjusteddolution (pH 8.2, 20 mM Tris-HCI, 300 mM KCI) before adsorption to
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freshly cleaved mica. After an adsorption time of 10-60 min at roombeen characterized biochemically (Baumeister et al., 1982),
temperature, the samples were gently washed with the respective imagirgnd structurally by electron microscopy (Baumeister et al.,
buffer (see figure legends) to remove weakly attached membrandke(Mu 1986) by atomic force microsco (Karrasch et al. 1994

et al., 1997a). This allowed imaging at low electrolyte concentrations, > ~ =/’ y pY ” o !
where samp|es adsorb Sparse|y to mica. MU”er et al., 19963), and by Scannlﬂg tunﬂe“ng mICrOSCOpy
(Guckenberger et al., 1989; Wang et al., 1990; Amrein et
al., 1991; Stemmer et al., 1991). Assembled from a single
protein (M, 107,028; Peters et al., 1987) that forms hexam-
Topographs (51 512 pixels) of the protein layers were selected by the ers of M, 655,000 (Engel et al., 1982), the HPI layer is a

crystal order and by comparison of the height profiles acquired in the tracthexagonm lattice with a unit cell size of 18 nm. A three-

and the retrace directions. For image processing, the raw data were trang- . . s
ferred to a Digital Equipment workstation and analyzed with the SEM- almenSIOnal model has been derived from the electron mi

PER image processing system (Saxton et al., 1979). For correlation avefl0SCoOpy data (Bal*'m_]eiSter et al., 1986), Wh_iCh shows that
aging, a well-preserved unit cell was selected from the raw data an®ach hexagonal unit is composed of a massive core enclos-
cross-correlated with the topograph (Saxton and Baumeister, 1982). Thgyg a pore. The subunits have spoke-like protrusions that

unit cells were then extracted according to the correlation peak coordinateémar.late from the core and provide connections to adjacent
and averaged. Simultaneously, the standard deviation was calculated for

each pixel of the unit cell (Schabert and Engel, 1994). The resultingumts' This arrangement exhibits relatively large openings
correlation average was used as a reference for refinement cycles. Corraround the sixfold axes.

lation-averaged unit cells and their standard deviations were finally sym- HPI layers adsorbed onto freshly cleaved HOPG were
metrized. imaged with TMAFM in buffer solution. Topographs were
stable through multiple scans (Fig. A-C) and clearly

RESULTS represented the structural features of the hexagonal units
that had previously been observed by 3-D electron micros-
copy and by CMAFM (Karrasch et al., 1994). Occasionally,
The HPI layer, a bacterial surface layer, is composed of theingle protomers were missing from the hexameric cores, a
major cell envelope protein of the radiotolerant eubacterideature that has often been observed by CMAFM (Karrasch
D. radiodurans(Baumeister et al., 1982). The HPI layer haset al., 1993; Miler et al.,, 1996a, 1998). Submolecular

Image processing

Reproducible observation of protein subunits

-

FIGURE 1 Repeated imaging of the outer surface of the HPI layer by TMARYIR@w data obtained in 200 mM KCI, pH 7.8, 20 mM Tris-H@ (

andC) Same surface area imaged after 8 and 16 min, respectiiBlixfold symmetrized correlation average from 97 unit cells (10.8% root mean square
(RMS) deviation from sixfold symmetry)E] Sixfold symmetrized standard deviation map) Averaged topograph of the outer HPI layer surface, recorded

by CMAFM. The correlation average was sixfold symmetrized=(79; 2.8% RMS deviation from sixfold symmetry; NMer et al., 1998). G) Sixfold
symmetrized standard deviation mapFofFull gray-level ranges: 4 nmAEC) and 3 nm D andF). Minima and maxima of the standard deviation were

0.62 nm and 0.95 nm fd€ and 0.11 nm and 0.34 nm f@. Scale bars: 20 nnA-C) and 10 nm E andG). TMAFM imaging conditions: HPI layer adsorbed

onto HOPG, original scan size 185 nm, scan frequency 3.8 Hz, drive frequency 9.3 kHz, drive amplitude 244 mV, setpoint 311 mV. The CMAFM topograph
was recorded in buffer solution at applied forces~af00 pN.
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details of the TMAFM topographs became more pro-High-resolution tapping-mode topographs of
nounced after correlation averaging and sixfold symmetripurple membrane

zation (Fig. 1D). The emanating arms connecting adjacent
hexamers had a width of 58 0.3 nm, the height difference
to the V-shaped units was 17 0.3 nm, and the maximum

Purple membrane consists of 75% (w/w) bacteriorhodopsin
and 25% lipids (Kates et al., 1982). Bacteriorhodopsin oli-

height of the protrusion was 1.9 0.3 nm (Fig. 1D). The gomerizes into trimers that assgmble _into a 2-D trigonal
symmetrized standard deviation map (Fig)had maxima lattice @ = 6.2 nm). Each subunit consists of seven tra_ns-
(0.95 + 0.1 nm) between adjacent HPI cores, and the SDmembranea-he_Ilces _(Henderson et al., 1990) su_rroundmg
was found to be enhanced (0.780.1 nm) at the V-shaped the photoreactl\{e retinal (9ubb et aI.Z 1984). The first atomic
topographic protrusions and at the center of the hexamerigodel of bacteriorhodopsin was derived from electron crys-
core. tallography to a resolution of 0.35 nm (Henderson et al.,
These TMAFM data were compared to the analogous sek990). Since then, five atomic models of bacteriorhodopsin
obtained by CMAFM (Fig. 1F andG) (Miiller et al., 1998). have been solved by electron (Grigorieff et al., 1996;
In the latter, the donut-shaped hexamers clearly featured sisimura et al., 1997) and by x-ray crystallography (Pebay-
V-shaped protrusions and spokes that form the intermoled€eyroula et al., 1997; Essen et al., 1998; Luecke et al.,
ular links (Fig. 1F). These emanating arms had a width of 1998).
4.5 + 0.3 nm, the height difference to the V-shaped units TMAFM topographs of the extracellular purple mem-
was 2.2 nm= 0.3 nm, and the maximum height of the brane surface exhibited trimeric structures protruding0.4
protrusion was 2.7 0.3 nm. The SD map exhibited max- 0.1 nm i = 161) above the lipid bilayer (Fig. 2). The
ima (0.34 nm) between the spokes (FigGL trimers were arranged in a trigonal lattice of 6:20.2 nm
The TMAFM topographs exhibited a similar lateral res- side length. However, the noise limited further details of the
olution and a good correlation to structures obtained bymage to be recognized, and correlation averaging was
CMAFM, but the heights were-25% smaller than those required to enhance the signal-to-noise ratio (FigB)2
from CMAFM. However, the SD map obtained from After this, a major and a minor trimeric protrusion arranged
TMAFM topographs exhibited enhanced minimum andon equilateral triangles could be distinguished. The major
maximum values and showed a morphology quite differendomains (height 0.4 nm) were separated by 2.8 nm, and the
than that from CMAFM. three minor domains (height 0.1 nm) were 1.7 nm apart. The

FIGURE 2 TMAFM topograph of the extracellular purple membrane surfaeRéw data obtained in 300 mM KCI, pH 7.8, 10 mM Tris-HQR) (
Threefold symmetrized correlation average<( 35; 16.3% RMS deviation from threefold symmetnyQ) (Threefold symmetrized SD maD) Averaged
topograph of the extracellular purple membrane surface, recorded by CMAFM. The correlation average was threefold symmetB826¢d§.1% RMS
deviation from threefold symmetry; Mer et al., 1999b). ) Threefold symmetrized standard deviation maofThe asterisk marks the center of the
bacteriorhodopsin trimer. Full gray-level ranges: 1.5 i) ¢ nm B andD). Minima and maxima of the SD maps were 0.09 nm and 0.15 nrfand

0.07 nm and 0.12 nm fdE. Scale bars: 10 nmAj and 5 nm C andE). TMAFM imaging conditions: purple membrane adsorbed onto mica, original scan
size 50 nm, scan frequency 5.8 Hz, drive frequency 8.8 kHz, drive amplitude 25 mV, setpoint 21 mV. The CMAFM topograph was recorded in buffer
solution at applied forces of 100 pN.
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symmetrized SD exhibited minima (0.09 nm) over the mi-minimum and maximum of the SD map calculated from
nor domains, reflecting the relative stiffness of this structureTMAFM topographs were-25% higher.

(Fig. 2 C). Larger height fluctuations occurred at the outer

edges of the major protrusions, resulting in a standard

deviation of 0.15 nm.

Again, TMAFM and CMAFM topographs were com-
pared to assess whether the former faithfully represented th&’hen imaged by TMAFM at minimal forces, the cytoplas-
structure of bacteriorhodopsin (Fig. R,andE) (Miller et  mic purple membrane surface also revealed three peripheral
al., 1999b). The extracellular surface consisted of tripartiteorotrusions (Fig. 3A) that became distinct after correlation
protrusions arranged on a trigonal lattice (FigDR with a  averaging of 307 unit cells (Fig.B). As shown previously,
maximum height difference between the protein and thehe protrusions arise from the loop connecting transmem-
lipid membrane of 0.5+ 0.1 nm fi = 320). As reported branea-helices E and F (Miler et al., 1995a). Their in-
previously (Miller et al., 1999b), the major protrusion of tertrimeric distance in the symmetrized correlation-aver-
this surface represents the antiparaBestrand connecting aged topograph corresponds-+@.5 nm, and their height
transmembranex-helices B and C of bacteriorhodopsin. above the lipid bilayer was 0.8 0.2 nm @ = 37). The
The elongated minor protrusion represents the loop connectrinimum SD of the averaged topograph was 0.22 nm, and
ing a-helices F and G of bacteriorhodopsin. The SD mapthe major protrusions exhibited a maximum SD of 0.33 nm
had maxima (0.12 nm) at the rim of each major protrusion(Fig. 3 C). This protrusion was not present in TMAFM
where the flexible N-terminus of bacteriorhodopsin is lo-topographs recorded at higher applied forces as previously
cated (Fig. 2E). observed by CMAFM. However, this deformed the bacte-

Although TMAFM topographs of the extracellular purple riorhodopsin surface by the interaction with the scanning
membrane surface exhibited a lower resolution, they can bstylus rather profoundly, hindering reproducible submo-
correlated to averages obtained from the contact-mode tdecular resolution of the shorter loops connecting transmem-
pographs (Fig. D; Miiller et al., 1999b). In agreement with branea-helices (data not shown) (Mar et al., 1995a).
the SD calculated from contact mode topographs (Fig, 2 In comparison, CMAFM topographs of the cytoplasmic
botton), the maximum of the SD map was located at thepurple membrane surface revealed bacteriorhodopsin trim-
outer rim of the major topographic protrusion. However, theers with three peripheral protrusions of G:80.1 nm height

Sensitivity of tapping-mode imaging

FIGURE 3 TMAFM topograph of the cytoplasmic purple membrane surfaeRéw data obtained in 100 mM KCI, pH 7.8, 10 mM Tris-HQRB) (
Threefold symmetrized correlation average< 307; 13% RMS deviation from threefold symmetnyg) (Threefold symmetrized SD ma@) Averaged
topograph of the cytoplasmic purple membrane surface recorded using CMAFM. The correlation average was threefold syniopetize848; 9.2%

RMS deviation from threefold symmetry; Mer et al., 1999b). ) Threefold symmetrized standard deviation majofThe asterisk marks the center of

the bacteriorhodopsin trimer. Full gray-level ranges: 1.5 Ain L nm B andD). Minima and maxima of the SD maps were 0.22 nm and 0.33 nntfor

and 0.08 nm and 0.17 nm f&. Scale bars: 10 nmAj and 5 nm C andE). TMAFM imaging conditions: purple membrane adsorbed onto mica, original

scan size 180 nm, scan frequency 4 Hz, drive frequency 8.5 kHz, drive amplitude 95 mV, setpoint 11 mV. The CMAFM topograph was recorded in buffer
solution at applied forces of 100 pN.
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(Fig. 3 D). Fig. 3 E displays the SD map, which showed However, an important prerequisite is a good coupling
pronounced maxima (0.19 nm) located at the positions obetween the fluid cell oscillations and the cantilever. There-
the topographic protrusions (Fig.C®, whereas the minima fore, spectra of the cantilevers and cell should exhibit an
(0.1 nm) indicated the lipids. overlapping region at the tapping frequency used (8eha

Although the resolution of the TMAFM was lower, there et al., 1996).
was a good correlation to the surface structures obtained Surprisingly, thermal drift had a major influence deter-
from CMAFM topographs. Interestingly, the two SD maps mining whether high-resolution TMAFM topographs could
were similar, although that calculated from TMAFM topo- be achieved. The compensation for the thermal drift was
graphs exhibited higher minimum and maximum values. adjusted manually by correcting the setpoints (see Materials
and Methods). The correction of the setpoint had to be made
in very small steps (0.001 V). In the near future, the setpoint
DISCUSSION will be automatically adjusted at the end of every scan line
Our results demonstrate that resolution, S/N ratio, and serio compensate for drift in the direction.
sitivity of tapping-mode atomic force microscopy are In contact mode, high-resolution topographs can be ob-
clearly sufficient to resolve submolecular details of pro-tained by exploiting electrostatic interactions to balance the
teins. The first topographs of the HPI layer recorded byoverall forces between the stylus and the fragile biological
TMAFM revealed little information beyond the 18 mm sample (Mlier et al., 1999a). In this way, the force applied
lattice (Schabert and Rabe, 1996). The averages calculatéd the cantilever can be distributed over a larger area, and a
from the TMAFM topographs of HPI layer and purple small protrusion on the stylus can contour submolecular
membrane exhibited a lateral resolution between 1.1 and 1 &ructures, using small deviations of the applied force for the
nm, which is close to the range achievable with CMAFM feedback of the servo system. If the electrolyte is adjusted
(Table 1). Although the lateral resolution achieved withproperly, friction, wear, and deformation are minimized,
CMAFM on purple membrane is higher, there is a goodallowing reproducible subnanometer resolution of native
structural correlation between the topographs recorded iproteins. We have attempted to determine whether the elec-
the two imaging modes. However, comparison of SD valuegrolyte has an influence on the resolution of TMAFM.
calculated from TMAFM and from CMAFM topographs Unexpectedly, the type of electrolyte and its concentration
shows that the minimum SD of TMAFM topographs was had no detectable influence on the quality of the topographs.
higher. The minimum of the SD represents to some extent The sensitivity of the TMAFM imaging process was best
the noise of the topograph resulting from the instrumentatiemonstrated on the cytoplasmic surface of purple mem-
set-up. Interestingly, the differences between maximum antirane, as we were able to image the most prominent
minimum SD are about the same in TMAFM and CMAFM polypeptide loop-connecting transmembrasénelices E
(Table 1). In other words, the protein flexibility appears to and F. The energy required to bend this loop-i2 kd/mol,
be independent of the imaging mode used. corresponding to an applied force ofL00 pN (Muler et

The TMAFM scanning parameters given in the Materialsal., 1999b). This result is the strongest indication so far that
and Methods were found to be optimal for the purposes o MAFM is capable of faithfully imaging individual peptide
this study. They strongly depend on the quality of thesegments. However, it was not possible to image the shorter
support, sample cleanliness, the adjustment of the microeytoplasmic loops on the bacteriorhodopsin molecule. At
scope, and, most importantly, the type of cantilevers usedsetpoints (amplitude damping) corresponding to forces that
Changing the cantilever type often required a change of thdisplace the EF loop, the oscillating stylus deformed the
drive frequency. To achieve high-resolution images, we hagbrotein surface, making it impossible to image the smaller
to individually adjust the tapping and scanning parametersoops. Under such enhanced forces the interaction time
(drive amplitude, drive frequency, gains, scan frequencybetween stylus and sample increases (Garcia et al., 1995).
setpoint). Our conclusion is that high resolution can beAs a consequence, the harmonic oscillation of the cantilever
achieved even if different cantilever types are used thatequired for high-resolution imaging might be significantly
possess different resonance frequencies and force constantsluenced, precluding proper tracking of the sample. We

TABLE 1 Comparing heights, standard deviations (SDs), and the resolution revealed by TMAFM and CMAFM

TMAFM CMAFM
Sample Height (nm) SD (nm) Resolution (nm) Height (nm) SD (nm) Resolution (nm)
Outer HPI layer surface 17 0.3* 0.62-0.95 ~15 2.2+ 0.3* 0.11-0.34 ~1.5
Extracellular purple membrane surface 6.9.1* 0.09-0.15 ~1.1 0.5+ 0.17* 0.07-0.12 =0.5
Cytoplasmic purple membrane surface 6.0.1" 0.22-0.33 ~1.2 0.8+ 0.7 0.08-0.17 =0.5

*Height difference measured from V-shaped protrusions to the emanating arms.

“Height difference of the maximum protrusion over the lipid bilayer.

The lateral resolution of all topographs was determined by the spectral signal-to-noise ratio (Unser et al. 1989) and by the spatial frequaiocy correl
(Schabert and Engel, 1994). Resolutions presented in the table represent the lower values found by either one of both criteria.
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