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Measuring changes in membrane thickness
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We investigated the feasibility of using the scanning tunneling microscope (STM) as a morphometric tool to measure
the thickness of biomembranes. Planar monolayers of oriented purple membrane (PM) were prepared, nitrogen-dried or
freeze-etched, and coated with metal. PM thickness was quantified by STM and transmission electron microscopy.
STM calibration and the effect of contamination-mediated surface deformation on measurements of PM thickness were
evaluated. The thickness of PM attached to mica and glass and the effect of papain on PM thickness were also
examined. The apparent thickness of enzymatically modified PM increased after papain treatment. The mean thickness
of both nitrogen-dried PM on mica and freeze-etched PM on glass was 4.6 nm. After papain treatment PM thickness on
mica increased to 4.8 nm and on glass to 5.4 nm. These results demonstrate that STM analysis of metal-coated planar
membrane monolayers can be used to measure changes in average membrane thickness at sub-nanometer resolution.

Introduction

Methods for evaluating biomembrane and model
membrane thickness include averaging techniques, such
as X-ray diffraction [1], ellipsometry [2], and electrical
capacitance [3], and non-averaging methods, such as
light and electron microscopy. An optical leptoscope
was developed in an early study to measure the thick-
ness of the erythrocyte membrane by comparative re-
flectance [4]. Transmission electron microscopic (TEM)
methods have utilized negative staining and grid sec-
tioning [5], metal shadowing, and thin-sectioning of
chemically fixed and stained [6] or frozen and unstained

Abbreviations: bR, bacteriorhodopsin; ES, membrane extracellular
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sulfate; SMM, single membrane monolayer; STM, scanning tunneling
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microscopy; z, vertical position of STM tip relative to sample plane.
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[7] samples. All techniques, whether averaging or not,
face variables in membrane composition and sample
preparation and are subject to limitations in instrumen-
tation and interpretation. The present study examines
the feasibility of using the STM as a morphometric tool
to study membrane thickness, and specifically to
evaluate the thickness of purple membrane (PM) before
and after enzymatic modification with papain.

PM isolated from Halobacterium halobium is an ideal
membrane for STM studies. PM has been extensively
studied and is composed of non-glycosylated lipids and
a single non-glycosylated protein, bacteriorhodopsin
(bR), organized in a paracrystalline lattice [§-11). The
primary sequence of bR is known [12-14], and the
structure of the membrane-spanning region has been
determined to 0.28 nm resolution [15]. The size and
shape of PM fragments are appropriate for STM ex-
amination. The thickness of PM has been studied by
low-angle X-ray diffraction and electron microscopy.
Dry membranes examined in early low-angle X-ray
diffraction studies showed a stacking periodicity of 4.9
nm [16,17], and TEM micrographs of dried shadowed
PM on mica revealed oval sheets 5.0 nm thick [16]. A
later X-ray diffraction study showed that the axial spac-
ing of stacked, dried PM ranged from 4.8 to 5.5 nm as a
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function of pH [18). A recent cryo-TEM study of frozen
PM has determined that the phosphate headgroups are
separated by 4.2 nm [19], consistent with the calculation
that two, fully extended, 16-carbon acyl chains would
span 4.0 nm [17]. Thermodynamic studies of PM have
calculated an average thickness of 4.35 nm {20].

The goal of most biological STM studies has been to
exploit the atomic resolution of the STM to gain greater
detail about surface topographies [21,22]. STM analyses
of biological specimens have focussed on either metal-
coated samples, where resolution is limited by metal
grain size, or thin, uncoated samples on conductive
substrates, where lack of sample rigidity and conductiv-
ity limit resolution. To date, however, the goal of atomic
resolution has not been met for biological samples,
primarily due to difficulties in sample preparation
(briefly reviewed in Ref. 23). Nevertheless, STM is
exceptionally sensitive to displacements in z, i.e., has
potentially high vertical resolution, suggesting its appli-
cation to measuring the heights or thicknesses of mem-
branes attached to and flattened against planar surfaces.

Cell monolayer and single-membrane monolayer
(SMM) techniques, originally developed for electron
microscopic and biochemical studies [24-30], seemed
potentially well-suited to morphometric analysis by
STM, especially since methods for selectively exposing
the extracellular surfaces or cytoplasmic surfaces of PM
had been developed [25,26,31]. SMM surfaces are com-
posed of closely-packed, non-overlapped single mem-
branes microscopically flat over square centimeter areas.
In a preliminary study of PM thickness we reported a
value of 5.3 nm [32]. In the present study conditions for
calibrating the STM for use as a quantitative tool in
membrane thickness studies were investigated, and fur-
ther PM analyses yielded lower values of average thick-
ness.

We also evaluated the feasibility of using STM to
measure the effect of enzyme treatment on the apparent
thickness of planar membranes. In PM studies, papain
has been used to evaluate the topography of bR and is
known to cleave at least 17 amino acids from its C-
terminus [33-35]. An unexpected finding of the present
study was that the apparent thickness of PM increased
several Angstroms after removal of 17-22 amino acids
from the C-terminus of oriented bR.

Materials and Methods

Preparation of planar monolayers of oriented PM
Growth of Halobacterium halobium cultures and iso-
lation and purification of PM were as previously de-
scribed [37]. Briefly, PM was isolated from H. halobium
by hypotonic lysis, purified on sucrose density gradi-
ents, and washed with appropriate buffers. For oriented
planar monolayer preparations it was important that

PM be fresh, not contaminated with bacteria, and not
stored frozen in sucrose. Polylysine-treated glass (PLG)
was prepared and rapidly dried with N, [25]. Poly-
lysine-treated mica (PLM) was prepared from 11 mm X
22 mm strips of mica (Ted Pella, Inc. Redding, CA)
freshly cleaved with a razor blade or by tape peel.
Polylysine was applied for 30 s, rinsed, and dried rapidly
with N, [23]. PM at a concentration of 3-4 mg bR /ml
in 10 mM buffers, pH 3, 5, or 7, was applied to PLG or
PLM while gyrating the sample for 30 s to coat its
entire surface quickly (0.15 pl PM suspension /mm?).
Oriented PM monolayers with cytoplasmic surfaces (PS)
exposed (> 99% PS) were prepared by applying PM in
10 mM maleic acid buffer (pH 3.0). For a mixture of
orientations, with both cytoplasmic and extracellular
surfaces (ES) exposed, light-adapted PM was applied in
10 mM acetate buffer (pH 5.0) for 50% ES orientation,
or in 10 mM phosphate buffer (pH 7.0) for 70-90% ES
orientation. PM monolayers were briefly sonicated,
washed, and stored under water until needed [25].

Papain treatment of PM monolayers

Papain (Sigma Chemical Co., St. Louis, Mo, 10 mg,
14.2 units/mg) was added to 100 ml of papain activat-
ing buffer, PAB (0.01 M EDTA, 0.06 M B-mercapto-
ethanol, 0.05 M cysteine-HCl, 1 M NaCl, pH 6.2) and
equilibrated to 37°C for 5 min with constant rotary
shaking. Oriented PM monolayers in v-racks [25] were
placed in PAB with and without papain and incubated
with shaking for 30 min. The reaction was stopped by
rapidly overflowing reaction vessels with several volumes
of distilled water, sonicating each glass for 15sin 1 M
NaCl (pH 9) to remove adsorbed papain, and rinsing
with distilled water for 30 s.

For gel electrophoresis, SMM were stored in distilled
water prior to solubilizing in sample buffer. For mi-
croscopy, SMM were either dried with a burst of nitro-
gen gas or frozen in Freon-22 and stored in liquid
nitrogen until being coated or shadowed with metal
[25].

SDS-polyacrylamide gel electrophoresis

Three SMM (11 X 22 mm) were blotted with filter
paper and incubated in 500 pl SDS-PAGE sample
buffer [38] at 75°C for 3 min and cooled. Samples (50
pl) were applied to a 3.5% stacking gel overlying a
12.5% separation slab gel, electrophoresed, fixed,
washed, and silver-stained [39].

Transmission electron microscopy

Nitrogen-dried SMM were shadowed at room tem-
perature (approx. 20° C). Frozen SMM were transferred
from liquid nitrogen to a cold stage in a Varian VE-61
vacuum evaporator, freeze-dried (deep-etched) at
—80°C and shadowed at about —60°C. Pt-C was



evaporated by resistance heating at <2-107° Torr at
an angle of 21°. Replicas were stripped from the glass
or mica by floating onto HF, washed, transferred to
grids and examined with a Siemens 101 electron micro-
scope calibrated with crystalline catalase.

Thicknesses of control and papain-treated SMM were
determined from micrographs printed at a calibrated
magnification of about 350000 X . The widths of elec-
tron-transparent shadows cast by single membranes at
edges normal to, and distal from, the shadowing source,
were measured using a 7 X ocular comparator, smallest
scale divisions =0.1 mm. Widths were corrected for
grain size.

Scanning tunneling microscopy

Nitrogen-dried SMM were metal coated at an angle
of 90° at room temperature (approx. 20°C), and
freeze-etched monolayers coated at —60°C. Pt-Ir-C
[40,41] was evaporated by resistance heating at <2-
10¢ Torr in a Varian VE-61 vacuum evaporator.
Metal-coated SMM on PLG and PLM were examined
in air and in situ (left attached to the substrate) with a
modified piezoelectric tube type STM [42].

Several STM tips were evaluated for bio-STM studies
including etched tungsten wire with and without gold
plating, and cut wire tips of Pt-Rh, Au, and Pt. Our
routine tip was formed from 1.0 mm diameter Pt Rh,,
thermocouple wire (Engelhard, Carteret, NJ) cut with
diagonal cutters.

The STM piezoelectric transducer (PZT) was
routinely calibrated in the horizontal x and y planes by
scanning freshly cleaved crystals of highly oriented py-
rolytic graphite, HOPG (Union Carbide, Grade ZYB).
Linear displacement of the PZT in the vertical (z) plane
was calibrated by several methods. A microinch posi-
tion measuring system, Model KD-2810 (Kaman Instru-
mentation Corp, Colorado Springs, CO), was used to
measure z displacement both statistically and dynami-
cally. For static calibrations, KD-2810 sensor position
and output were calibrated against a micrometer-driven
target, and regions of linear output determined. PZT
measurements were taken at two voltages, —12 V and
+246 V; at least three PZT measurements were taken
at each of several microinch output voltages. Dynamic
calibrations were obtained by modulating z with a pulse
generator and recording KD-2810 output on a storage
oscilloscope. Other dynamic calibrations were achieved
by laser interferometry for both broad (e.g., 750 nm)
and narrow (e.g., 50 nm) displacements. For internal
standards, 4.9 nm colloidal gold (Jannsen Life Sci. Div.,
Piscataway, NJ) was applied to PLG and PLM, washed,
nitrogen, dried, and metal shadowed or metal coated.
Contamination-mediated surface deformation of PM on
PLG was evaluated by monitoring current (/) versus tip
position (s) [43] for tips positioned over PM and over
substrate.
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Data were acquired in the constant current (topo-
graphic) mode [44]. Unless otherwise noted, tunneling
current was 3 nA and the sample was biased at +0.2 to
+1.0 V. Typically we obtained 1 um X 1 pm images of
128 lines at 256 points/line in about 6 min. For height
analyses STM data was collected with a DEC LSI
11/73 computer and images corrected for average z-
drift, rotated to an average flatness, and transferred to a
Tektronics 6130 computer with 4129 display for analy-
sis. Programs were written to select areas of membrane
and substrate (PLG or PLM) by cursor positioning, and
to calculate membrane heights by least squares fitting of
two parallel planes representing membrane and sub-
strate. STM and TEM data were evaluated using Stu-
dent’s r-test.

Results

TEM and STM of planar PM

TEM observations of PM on PLG were as previously
reported [25,31}. Sonication removed most overlapped
and folded PM producing a closely-packed single mem-
brane monolayer (SMM). TEM observations revealed
PM surfaces that ranged from smooth after freeze-dry-
ing (Fig. 1a) to cracked or pitted after nitrogen drying,
representing extracellular surfaces (ES) and proto-
plasmic surfaces (PS), respectively [31]. Application of
PM suspended in pH 3 buffer produces SMM with
highly oriented PM. Previous quantitative TEM studies
of air-dried shadowed SMM showed pitted membrane
[25] with 99% of the ES bound, PS free. Application of
PM at pH 7 produced SMM with PS preferentially
adsorbed to PLG, and TEM of air-dried, shadowed
SMM showed a mixture of pitted and cracked mem-
brane. Glass and PLG surfaces were consistently rougher
than mica and PLM surfaces.

Preparation of PM monolayers on PLM was less
reproducible than on PLG. Although areas were similar
to PM on PLG, i.e., closely-packed and non-overlapped,
other areas on PLM were either devoid of membrane,
minimally covered, or contained aggregated mem-
branes. In addition, the surface morphology of PM
attached to PLM (Fig. 1b) often differed from that of
PM on PLG. Whereas nitrogen-dried PM on PLG was
essentially smooth, nitrogen-dried PM on PLM was
often pitted or finely cracked.

STM imaging of metal-coated samples was facilitated
by scanning large (1 pm X 1 pm) areas. When scans
were limited to 0.1 pm X 0.1 pm, sample recognition
was difficult. Identification of sample and substrate was
also facilitated by the thin, plate-like shape of PM (Fig.
1c¢). Moreover, PLM samples that were nitrogen dried
occasionally showed pitted and cracked patterns similar
to those seen in TEM micrographs of PLG samples
after slow air drying [31]. Even without such drying
artifacts, however, PM profiles could be easily and
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Fig. 1. TEM (a, b) and STM (c, d) images of purple membranes (PM) attached to polylysine-treated glass (a, ¢) and mica (b, d,). Samples on glass

were freeze-dried, samples on mica nitrogen-dried. For TEM samples were shadowed with Pt-C at an angle of 21°, for SEM coated with Pt-Ir-C at

an angle of 90°. Pt-Ir wire wrapped on a carbon electrode was evaporated by resistive heating and deposited at < 2-10~% Torr on sample surfaces

at 20°C. (c) STM image: computer processed, top-view, gray-scale representation where black = lowest point, white = highest. (d) STM image
showing pitted and cracked PM surfaces. TEM shadow direction, bottom to top; STM scan direction left to right. Bars = 200 nm.

routinely recognized in projected and top-view STM
images (Fig. 1c, d). Highly pitted and cracked mem-
branes were not used for membrane thickness measure-
ments.

Gel electrophoresis of papain-treated oriented PM mono-
layers

The orientation of adsorbed PM was evaluated bio-
chemically by SDS gel electrophoresis. Silver-stained

gels showed no differences in relative mobility between
PM in suspension (Fig. 2a) and PM adsorbed to PLG
after incubation in papain activating buffer for 30 min
at 37°C (Fig. 2b, d). No differences were detected for
PM oriented by application from pH 3 buffer to expose
cytoplasmic surfaces (Fig. 2b) or from pH 7 buffer to
expose a mixture of cytoplasmic and extracellular
surfaces (Fig. 2d). Papain treatment of pH-oriented
samples produced two patterns (Figs. 2c, €). Samples



SURFACE: PS ES + PS

PAPAIN: — = 4+ =— 4

bR —-—

a b ¢ d e

Fig. 2. SDS-polyacrylamide gel of free PM and oriented PM mono-
layers illustrating the effect of papain treatment on bacteriorhodopsin
(bR). (a) PM suspension, 300 ng, showing a single bR band. The faint
triplet bands at the top of the gel are artifacts associated with the
silver-stain technique. (b,c¢) PM attached to PLG with the cyto-
plasmic surface (PS) or bR exposed, incubated with papain activating
solution for 30 min at 37°C without papain (—) and with papain
(+). (c¢) The lower molecular weight band represents papain-cleaved
bR. (d, &) PM attached to PLG with a mixture of extracellular (ES)
and PS surfaces adsorbed. (d) Unmodified bR. (e¢) bR plus its clea-
vage products. Lanes b-e: three 11X22 mm PM monolayers were
blotted dry, added to 500 pl of sample buffer at 75° C, heated for 3
min, and cooled. Aliquots (50 ul) were applied to each lane of a 12.5%
0.75 mm thick slab gel, polypeptides separated by 5.5 h electrophore-
sis, and gel washed and silver stained.

with cytoplasmic surfaces exposed (applied at low pH)
were uniformly cleaved producing a single lower molec-
ular weight band (Fig. 2¢). In addition, in some sam-
ples, especially on PLM (data not shown) there was a
reduction in the total amount of membrane recovered
after papain treatment. However the gel patterns of PM
attached to PLM were the same after papain treatment
as those of PM attached to PLG. Mixed orientation
samples showed a mixed population of unmodified,
nicked, and cleaved molecules (Fig. 2¢). No bands other
than bR or its papain cleavage products were observed,
indicating the absence of papain or other membranes or
proteins adsorbed to the surfaces of shadowed mem-
branes and substrates.

TEM and STM of papain-treated oriented PM
TEM (Figs. 3a, c) and STM (Figs. 3b, d) images of
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papain-treated samples were qualitatively similar at low
resolution to untreated samples. In some instances,
however, papain-treated PM appeared ‘smoother’, i.e.,
had fewer pits and cracks than untreated PM (compare
Fig. 3b to Fig. 1b).

TEM and STM of glass and mica substrates

TEM of metal-shadowed replicas of cover glasses
and mica from several sources revealed that glass (Fig.
4a) was consistently rougher than mica (Fig. 4b). STM
of metal-coated glass and mica also showed differences
in roughness especially apparent in single line scans
(Figs. 4c, d). The granularity observed with the STM
was often variable, however, a function not only of
substrate, but also of coating thickness and substrate
temperature during metal condensation. Lower temper-
ature surfaces produced smaller grains. Although mica
surfaces were much smoother in both TEM and STM
images, the effect of surface roughness and metal thick-
ness on average membrane thickness measurement was
minimal. Polylysine (PL) treatment of glass and mica
did not significantly alter the images of those surfaces.

STM calibration of z displacement

Both static and dynamic methods were used to
calibrate the vertical displacements of the PZT. Of the
calibration procedures used, static measurements with
the microinch position measuring system were the most
variable and gave the lowest nm/V values; e.g., for the
present study 2.5 nm/V. Operating the microinch sys-
tem dynamically at 1 Hz gave values of 2.9 nm/V.
Other dynamic measurements using laser interferometry
at higher frequencies, e.g., 10 kHz, were 3.0 nm/V, and
3.1 nm/V.

Methods for using colloidal gold as an internal
standard for height measurements were evaluated by
TEM and STM. TEM was used to quantify the surface
and size distribution of uncoated 4.9 nm colloidal gold
on conductive substrates such as HOPG and Pt-C-
coated mica. When TEM verified dense packing of
colloidal gold, however, STM seldom showed particle
images. But if IgG-coated gold was applied to PLM and
coated with Pt-Ir-C, single particles and aggregates were
imaged routinely by STM. Routine calibration of z was
necessary during the present study since calibration
decreased from 4.4 nm/V to 3.0 nm/V over a period of
about 4 months.

Contamination-mediated surface deformation was
evaluated from curves of tunneling current versus tip
position. I/s curves taken with the STM tip positioned
over metal-coated membranes were qualitatively similar
to, and could be superimposed on, I/s curves taken
from adjacent areas of metal-coated substrate. We con-
cluded that deformation did occur but was comparable
on sample and substrate and thus did not contribute
significantly to errors in height measurements.
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Fig. 3. TEM (a, b) and STM (c, d) images of PM on glass (a, ¢) and mica (b, d) after papain treatment. Sample preparation as in Fig. 1. Bars =
200 nm.

Quantification of PM thickness by STM

The thicknesses of PM adsorbed to PLG and freeze-
dried, and to PLM and N,-dried, before and after
treatment with papain, were evaluated by STM and
TEM. Apparent differences in membrane thickness were
detected both qualitatively and quantitatively. Fig. S
shows an STM line-scan image of PM on PLM, N,-dried,
before (Fig. 5a) and after (Fig. 5b) treatment with
papain. The single line scan images (Figs. 5c, d) are
selected from the images in Figs. Sa and 5b, respec-
tively. Although single scans from a single membrane
were variable, there was a reproducible difference be-

tween the apparent heights of scans of untreated versus
treated PM. The upper surfaces of papain-treated mem-
branes were consistently farther from the substrate (Fig.
5d) than the untreated membrane (Fig. 5c).

STM thermal drift, vibration, and tip/surface irregu-
larities required that data be processed to remove :z
drift, flatten, and rotate images, prior to height analyses.
In addition, images of isolated PM were selected for
PM totally surrounded by substrate so that the average
substrate plane could be calculated across the width of
the membrane. Some STM images were cylindrically
curved. For such images PM thickness data were repro-
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¥ig. 4. TEM images (a, b) and STM single line scans (c, d) of glass and mica surfaces used in the present study. TEM samples were shadowed at an
angle of 21° and STM samples coated at an angle of 90°. (a, b) TEM replicas of clean glass (a) and freshly-cleaved mica (b); bars =100 nm. (c, d)
Representative line scans of glass (c) and mica (d). Horizontal bars =100 nm; vertical bars =1 nm.

ducible only if adjacent regions of PM and substrate Table I summarizes the results of the PM thickness
aligned with the long axis of the cylinder were evaluated. measurements. STM revealed that untreated PM at-
Distorted images were not evaluated, nor were PM tached to PLG and PLM was 4.6 nm thick both after
surfaces or substrates that were contaminated, or PM freeze-etching and after nitrogen drying. After treat-
that was highly pitted or cracked after N, drying. ment with papain, apparent mean membrane thickness

Fig. 5. STM line scan images of PM on PLM untreated (a) and treated (b) with papain. (c, d) Selected single line scans, highlighted in (a) and (b)
respectively, showing signal noise in unfiltered images. Note the slight apparent increase in height (thickness) of the membrane after treatment with
papain (d). (a, b) 1 pm X1 pm area. (¢, d) Horizontal bars =100 nm; vertical bars = 2 nm.
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TABLE 1
Measurements of purple membrane thickness

PM were attached to polylysine-treated glass or mica, incubated in
papain activating buffer for 30 min at 37 ° C with and without papain,
either freeze-etched (F.E.) or dried with a nitrogen gun (N,dry), and
metal-coated for STM or metal-shadowed for TEM. STM thickness
values were determined from calibrated average vertical displacements
of z; TEM values from lengths of shadows cast by distal edges of PM
normal to the shadowing source. Units are in nm given as the
mean + one standard deviation. Numbers in parentheses are number
of membranes measured for each data set.

Tunneling microscopy Electron microscopy
glass-F.E.  Mica-N,dry glass-F.E. Mica-N.dry

—Papain 4.6+04(4) 4.6+0.6(19) 48+04(14) 45+0.6(13)
+Papain 54+03(7) 4.8+06(12) 57+0.5(13) 53+0.5(21)

increased to 5.4 nm and 4.8 nm respectively. Student’s
t-distribution evaluation revealed that the increase from
4.6 nm to 5.4 nm was significantly different at the 90%
confidence level. We are less than 80% confident that
there is a significant difference between 4.6 nm and 4.8
nm. TEM of identical samples, shadowed at an angle of
21°, showed a thickness of 4.8 nm on PLG and 4.5 nm
on PLM. Roughness of the glass surface made accurate
TEM determination of the edge of the membranes and
width of the shadows difficult. This uncertainty is re-
flected statistically in the large standard deviation of
measurements of PM on glass. TEM confirmed that
PLG and PLM samples were thicker after papain treat-
ment: 5.7 nm and 5.3 nm, respectively. Student’s ¢-dis-
tribution evaluation revealed that the increases from 4.8
nm to 5.7 nm and from 4.5 nm to 5.3 nm were both
significantly different at the 99.9% confidence level.

Discussion

We have used STM to measure protease-induced
changes in the apparent thickness of PM adsorbed to
planar substrates. Several features of sample prepara-
tion and STM calibration were investigated. These in-
cluded determining the feasibility of routinely imaging
PM by STM, calibrating vertical movement of the STM
tip, measuring PM thickness on glass and mica sub-
strates after freeze-gtching and nitrogen drying, and
measuring the effect of papain on oriented PM mono-
layers by gel electrophoresis, TEM, and STM.

STM imaging of PM monolayers

TEM examination of shadowed preparations was
especially important to the STM studies. TEM indepen-
dently verified surface coverage and PM morphology
providing confidence that STM images were topo-
graphic representations of membrane bound to sub-
strate. Combining SMM techniques with STM made it
possible to image PM with the consistency necessary for

morphometric analyses; PM were readily identified by
shape and size. The unique shape of each PM also
facilitated identification of ghost images caused by mul-
tiple STM tips. We did not reproducibly image the bR
lattice, the carboxyterminal amino acid chains, or
surface extensions of the bR helices and their intercon-
nections presumably due to the thickness of the metal
coating.

STM as a morphometric tool

The STM has been used to examine both uncoated
[41,45-47] and metal-coated biological samples
[40,48,49]. Although the STM is capable of imaging
uncoated samples, for chemically and physically hetero-
geneous surfaces it has been noted that “measured
vertical displacements cannot be expected to correlate
reliably with physical distances” [47]. Moreover, vertical
displacement of the STM tip in air is a function of
tip-surface distance, work function, bias potential, scan
rate, PZT properties and feedback, and contamination-
mediated surface deformation.

Metal-coated surfaces have several advantages for
STM topographic and morphometric studies including
compositional homogeneity, electrical conductivity, and
immobility. Electrical conductivity is especially im-
portant since electron flux can be 10'° electrons/s (1
nA) in a 0.1 nm’ area [22]. Coating the sample with
metal also prevents tip-sample interactions leading to
sample displacement [41,47]. In addition, for thickness
or height measurements conventional low-resolution
metal coating techniques are routine and convenient.
We have assumed that metal thickness is not critical for
z measurements as long as it is continuous and uniform
in decoration and nucleation. Neither is metal grain size
important if grains overlying substrate and membrane
interact similarly with the STM tip; e.g., similar steric
restrictions on tip penetration into narrow crevices and
similar lateral tunneling between side of tip and edges
of grains. One of the first applications to exploit STM :z
sensitivity was measurement of ripple-phase height in
isolated, inverted freeze-fracture replicas of dimyristoyl-
phosphatidylcholine [48]. Our approach differs in that
we average STM z signals over large areas and examine
metal-coated samples in situ.

Accurate measurement of membrane thickness re-
quired careful calibration of z displacement of the STM
tip. We found dynamic calibration of z using laser
interferometry to be more reproducible than static
calibration using a microinch position detector. Perhaps
more reliable STM vertical calibrations will be derived
from internal standards, such as colloidal gold or ferri-
tin, co-deposited with the sample prior to metal-coating.
Such internal standards have the significant potential
advantage of compensating for adsorbate-mediated
surface deformation of samples deposited on layered
substrates such as HOPG [43]. Our observations of I/s



curves of metal-coated PM on PLG as well as the
comparison of STM with TEM thickness measurements
showed no major influence of deformation on thickness
values.

Measuring PM thickness

Sample preparation is especially important for
quantitative STM studies. PM thickness has been prim-
arily determined by X-ray diffraction and electron mi-
croscopy. A thickness of about 5.0 nm is generally
assumed [16], although reported average values range
from 4.2 nm to 5.8 nm. As has been shown by low-angle
X-ray diffraction, sample preparation methods clearly
influence apparent membrane thickness [18].

In the present study, samples were prepared from
freshly purified PM applied to two polylysine-treated
surfaces, cover glass and mica, either freeze-etched or
nitrogen dried, and shadowed or coated with metal.
Each step of PM preparation can potentially influence
TEM or STM thickness measurements. For example,
PM that has been stored is often contamined with
bacteria. Gels of stored membranes often show multiple
bands and PM applied at different pH to cationic
surfaces no longer attaches selectively and predictably
by one surface. The thickness of PM tethered to poly-
lysine-treated surfaces may be influenced by the electro-
static interaction and/or thickness of polylysine sand-
wiched between substrate and membrane. However, the
adjacent substrate is also polylysine coated and sub-
tracted from membrane plus polylysine. Exposure to
vacuum condensation of evaporated metal may also
alter surface details. For STM we assume that when the
metal coating is thick (e.g., > 2 nm), grain nucleation
and size are not significantly different over membrane
and substrate.

For STM thickness measurements we assume that
variations in thickness, grain size, and grain shape of
the metal coating, variations in tip/substrate and
tip/membrane interactions, and variations in STM sig-
nal averaging and smoothing are the same over areas of
membrane (sample) and areas of substrate (reference).
This subtractive approach is analogous to the technique
of difference spectroscopy. The similarity of the data
for PM on two surfaces of different roughness support
our assumption.

Leaving the membranes attached to the substrate in
situ avoids the morphometric uncertainties inherent in
TEM examination of replicas. During stripping and
cleaning for TEM examination, replicas often contract
and/or expand and fragment, distorted by air/solvent
surface tensions. Replica perturbation is also possible
during transfer to supportive films and during irradia-
tion by the electron beam. Thickness measurements can
only be made at the edge of the shadowed membrane;
and it is assumed that membrane thickness at its edge is
the same as at its center. Determining which portion of
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the distal edge of the membrane is precisely perpendicu-
lar to the shadowing source is subjective, and the pre-
cise edges of metal grains are obscured by poor focus or
low contrast. Roughness of both membrane and sub-
strate surfaces adds uncertainty to measurements of
shadow width. Substrate roughness undoubtedly con-
tributed to the large data spread, large standard devia-
tions, of the TEM data. Our TEM measured thicknesses
ranged from 4.5 nm to 5.7 nm. Finally, in practice one
obtains relatively few height measurements from a TEM
micrograph compared to the large number of measure-
ments obtained by averaging the data in a single STM
image.

Measuring changes in PM thickness

The minimum thickness of hydrated PM is a func-
tion of the phospholipid bilayer, approx. 4.0 nm. Fur-
thermore, both X-ray and electron diffraction studies
suggest that bR does not protrude significantly from the
surface. X-ray data suggest that if bR is spherical and
similar to myelin in diffraction properties, it could not
protrude by more than about 0.7 nm [18]. Papain treat-
ment for less than 1 h at papain:PM ratios of 1:10
cleaves 17 amino acids from the C-terminus of bR [34].
Papain treatment and polypeptides release would be
expected to reduce the physical thickness of PM. How-
ever, both TEM and STM detect a slight increase in
thickness regardless of conditions of sample preparation
or type of substrate.

Several hypotheses can be proposed to explain the
apparent increase in membrane thickness. Removal of
the carboxyl-terminus from the cytoplasmic surface
and/or papain nicking of bR may induce a conforma-
tional change in bR and apparent thickening of the
polylysine-tethered membrane. Although this could be
examined by low angle x-ray diffraction of papain-
treated PM, polylysine-anchored single PM sheets may
behave differently than centrifuged, stacked, and dried
PM.

A second hypothesis is that PM thickness is minim-
ally altered or even decreased by papain treatment, but
that the separation between the PM and the cationic
substrate is increased. Some evidence weakly supports
this latter hypothesis. Release of carboxyls from the
cytoplasmic surface would make PM more positively
charged, putatively increasing the repulsion between
PM and the cationic substrate. Less bR is recovered on
SDS gels after papain cleavage suggesting that PM is
lost from the PLG during washes after buffer treatment,
i.e.,, is less tenaciously attached. Freeze-etched papain-
treated membranes are apparently thicker than air-dried
membranes, even on identical substrates (data not
shown), suggesting that apparent thickness is a function
of an etchable hydration layer between membrane and
substrate. Finally, the difference in thickness between
treated and untreated PM is less after nitrogen drying
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than after freeze-etching, again suggesting an etchable
hydration layer.

We believe this STM approach for measuring PM
thickness can be applied to other membranes, for exam-
ple, SMM of red blood cell membranes.

Synopsis

We have used the STM as a morphometric tool to
measure small changes in the apparent thickness of PM.
Although high resolution lateral details of PM surfaces
were obscured by thick metal coatings, when z values
were averaged over square micron areas of membrane
and adjacent areas of substrate, high resolution (sub-
nanometer) vertical thickness information was obtained.
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