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ABSTRACT Paired helical filaments (PHF) is an aberrant structure present in the brain of Alzheimer’s disease patients which
has been correlated with their degree of dementia. In order to determine the structure of PHF, several studies have been
performed using atomic force microscopy (AFM). However, those studies have the limitation that they have not been done in
solution and the sample could be far from the real physiological conditions. In this work we present an AFM analysis of PHF in
liquid environment and we compare that analysis with that performed in dry conditions. PHF imaging in liquid was only possible
by using jumping mode AFM as the imaging technique. Jumping mode AFM images of PHF in solution show first, a notable
increase in the absolute values of the height of the filament, and second, a smaller ratio between the height measured at the
upper and at the lower part of the PHF. Direct comparison of the experimental data with structural models has been performed.
From this we conclude that the PHF structure is compatible with two coupled ribbons with an overall height of 20 nm and a width
of 10 nm.

INTRODUCTION

Alzheimer’s disease (AD) is a senile dementia. Histopath-

ological analysis of the brains of AD patients have indicated

the presence of two aberrant structures: extracellular senile

plaques and intracellular neurofibrillary tangles (NFT). The

increase in the number of senile plaques appears to correlate

with patient age whereas the presence of NFT could correlate

with the degree of dementia in AD patients (Arriagada et al.,

1992). NFT are composed of bundles of filamentous

structures (Terry and Wisniewski, 1972) termed paired

helical filaments (PHF) (Kidd, 1963). Several groups have

indicated that the microtubule associated protein tau is the

major component of PHF (Grundke-Iqbal et al., 1986; Kosic

et al., 1986; Wood et al., 1986; Wischik et al., 1988) and that

PHF-like polymers could be assembled under different

conditions by using tau as the unique protein component

(Montejo de Garcini et al., 1988; Wille et al., 1992; Crowther

et al., 1994; Goedert et al., 1996; Perez et al., 1996, 2000;

Wilson and Binder, 1997; Abraha et al., 2000). Knowledge

of the three-dimensional structure of the proteins implicated

not only in Alzheimer’s disease PHF but in other

neurodegenerative disorders is essential for understanding

why and how endogenous proteins may adopt a nonnative

fold (Temussi et al., 2003).

Different analyses have been carried out to look for PHF

structure. The structural characterization of PHF has

improved during the last years thanks to the use of

techniques such as x-ray diffraction (Wiesniewski et al.,

1976) and electron microscopy (Wischik et al., 1985;

Montejo de Garcini et al., 1988; Appelt and Balin, 1993;

Ruben et al., 1999). Atomic force microscopy (AFM)

(Binnig et al., 1986) uses a sharp tip at the end of a flexible

cantilever to scan and sense the topography of a sample

deposited on a flat surface. AFM was used to confirm the

helical nature of PHF and to study its structure (Pollanen

et al., 1994, 1995, 1997; Ikonomovic et al., 1995; Moreno-

Herrero et al., 2001). Pioneer AFM studies were carried out

in air using contact mode AFM (Pollanen et al., 1994; Iko-

nomovic et al., 1995).

The high resolution and the possibility to study biological

systems in their native environment has created an enormous

expectation of AFM as an ideal tool for molecular biology

(Bustamante et al., 1994). AFM has been used, not only to

visualize a wide variety of biological molecules (Bustamante

et al., 1997), but also to study the dynamics of proteins (Rief

et al., 1997; van Noort et al., 1998); the conformational

change of DNA in DNA-protein interactions (Rivetti et al.,

1999), and the evolution of complex processes such as

transcription (Kasas et al., 1997). However, to date AFM

studies on Alzheimer PHF have been done in ambient air and

therefore in nonphysiological conditions, and this has raised

a main criticism on the published AFM paired helical

filaments data.

In this work we present the first AFM images of PHF

obtained in solution. AFM imaging in solution is difficult

since tip-molecule interaction must be tuned to be weaker

than molecule-substrate interaction. In liquids, van der

Waals forces are screened and hence molecule-substrate

interaction is extremely weak. For this reason, the AFM

imaging technique must be chosen in such a way as to

minimize intrusiveness. Data obtained in air and in solution

have been compared to simulations done using two of the

most extended models that attempt to explain the PHF

structure: first, the model based on a single twisted ribbon,
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and second, the model proposed by Crowther and Wischik.

From the analysis below we conclude that our AFM data fit

better with the latter model.

MATERIALS AND METHODS

PHF isolation

PHF fractions were obtained by using the method of Greenberg and Davies

(1990). PHF protein was subjected to sodium dodecyl sulfate acrylamide gel

electrophoresis and the fractionated protein was characterized by Western

blot using PHF-1 antibody (a kind gift of Dr. P. Davies, Albert Einstein

University, Bronx, NY). Additionally, the presence of PHF was determined

by electron microscopy as previously described (Nieto et al., 1988).

AFM sample preparation

AFM imaging is very sensitive to the substrate where the biological

specimen has to be immobilized. In this work we present data obtained with

mica being the deposition substrate. Another important aspect of AFM

operation is the interface between substrate and sample. In the case of

ambient pressure air, PHF samples were prepared as described in Moreno-

Herrero et al. (2001). Data presented in air were obtained using dynamic

amplitude constant AFM (DAC-AFM). For the experiments performed in

liquid environment, samples were prepared in a similar manner as for air but

after a 5-min adsorption time, the mica was placed in a liquid cell and filled

with 0.01 M phosphate buffered saline, pH 7.4 (PBS) (Sigma-Aldrich,

Alcobendas, Spain). Molecules imaged in liquid were never allowed to

dry. Data presented in liquid were obtained using jumping mode AFM

(JM-AFM) as the imaging technique.

Dynamic amplitude constant AFM

DAC-AFM is characterized by a sinusoidal oscillation with a certain

amplitude and a phase lag with respect to the external driving force. In

topographic imaging, the amplitude of the oscillation is kept constant by

adjusting tip-sample distance. The adjustments of the piezotube that holds

the sample are correlated with the height of the particles and stored as height

images. In phase imaging, the phase lag of the tip relative to the excitation

signal is monitored and recorded while feedback keeps the amplitude at

a fixed value. Best results on individual biomolecules in air have been

obtained using DAC-AFM since it is possible to operate the microscope

without contact between tip and sample (Luna et al., 1998).

For DAC-AFM we have used Olympus type cantilevers with a force

constant of 0.75 N/m and resonance frequency of 70 kHz (Olympus Optical,

Tokyo, Japan).

Jumping mode AFM

JM-AFM (van der Werf et al., 1994; Rosa-Zeise et al., 1997; de Pablo et al.,

1998) works by measuring a sequence of force versus distance curves at each

point of the sampled surface with a feedback time in between. First, the tip is

in contact with the surface while the feedback is keeping the cantilever

deflection at the set point. Then the feedback is turned off and the tip is

vertically moved away from the surface. At maximum tip-sample separation,

the tip is moved laterally to the next point avoiding lateral forces. Finally, the

tip is brought again into contact with the surface.

For JM-AFM in liquid we have used Nanosensors cantilevers with a force

constant of 0.02 N/m (Nanosensors, Wetzlar-Blankenfeld, Germany). A

comparison between DAC-AFM and JM-AFM and a detailed description of

the experimental conditions used in both imaging modes can be found in

Moreno-Herrero et al. (2002).

RESULTS

Dynamic amplitude constant AFM of PHF in
ambient air

Images were obtained with a commercial microscope

(Nanotec Electronica, Madrid, Spain). For imaging in air

we have used DAC-AFM. Topographic AFM images of

PHF in air show a left-handed helical structure (Fig. 1 i).
Pitch value varies from 65 to 80 nm (average pitch: 75 nm)

depending on the adsorption conditions. The experimental

average height is 166 1 nm at the top part and 106 1 nm at

the valley part (Fig. 1 i C). Straight filaments (SF) were also

found but in much lower proportion than PHF. We have

measured an average height of 8 6 1 nm for SF particles in

air. This height is half of the maximum height measured for

PHF. Most of the work has been done using mica as

deposition substrate. Mica has been chosen instead of other

materials due to its flatness and to the negative charge it

exposes when cleaved. Some studies by AFM (Kowalewski

and Holtzman, 1999) suggest that for the analysis of other

similar polymers like amyloid fibers, graphite seems to be

a more suitable substrate. We have found that adsorption of

PHF particles to graphite is difficult. This is probably due to

the absence of electrostatic charge in the conducting surface

of graphite. However, we have performed some experiments

on graphite and we have found similar values for the height

measurements (data not shown). Averaged measured widths,

obtained from several PHF particles, at half-maximum height

were 316 3 nm and 326 3 nm at the top and the valley part of

the PHF (Fig. 1 i,A andB). All AFM lateral measurements are

affected by the dilation phenomena of AFM. This is always

present when the dimensions of the object to be imaged are

smaller than the tip’s dimensions. Typical tip radius is r$ 10

nm. Hence, a dilation phenomenon in the AFM images is

often present when imaging biological samples.

Phase AFM images of PHF in air are shown in Fig. 1 ii, B
and C. The simultaneously recorded topographic data is

shown in Fig. 1 ii A. In these images a two-color contrast is

clear. The relatively wide topographic structure imaged in

Fig. 1 ii A appears as a thin filament surrounded by a dark

coat in phase AFM images (Fig. 1 ii, B and C). These

findings coincide with the electron microscopy data reported

by Crowther (1991). In that work, authors reported that PHF

particles were surrounded by a fuzzy coat. This fuzzy coat

is claimed to be composed of the N- and C-termini of the

tau-protein, the main constituent of PHF (Wischik et al.,

1997). Phase images exhibit more contrast than topographic

images. An assembly of several structures of variable sizes

(5–10 nm) can be distinguished in the high-resolution phase

image (Fig. 1 ii C). These molecular assemblies can be at-

tributed to tau-aggregates. The fuzzy coat that surrounds the

PHF core has been seen in air and in liquid topographic

images. Hence, we believe that the contrast that appears in

phase images is not due to air drying artifacts. Indeed,

several contributions have investigated the potential of phase
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imaging to detect variations in material properties such as

adhesion, elasticity, and viscoelasticity, or to image samples

with large vertical dimensions (Tamayo and Garcı́a, 1997;

Cleveland et al., 1998; Noy et al., 1998). We have also ana-

lyzed the error data images but we could not extract any

additional information to that provided by the phase images.

Error data images were very similar to the derivative of the

topographic data.

Jumping mode AFM of PHF in
physiological conditions

The main drawback of the data reported in the previous

section is that the structure of the PHF can be modified or

distorted by the fact that images were obtained in an ambient

air environment. In order to overcome this criticism we have

performed similar experiments in physiological conditions.

We have first used DAC-AFM for imaging PHF in liquid.

When DAC-AFM is used in liquids, the high viscosity of

the medium dramatically reduces the quality factor of the

cantilever (;5) with the consequent sensitivity lost. In

addition, the resonance frequency of the cantilever is reduced

by a factor of 3 since the effective mass of the cantilever

increases due to drag of the liquid. Finally, van der Waals

forces are screened by the surrounding ions so that operation

in the noncontact regime in liquids is difficult, if not

impossible. Contact between tip and sample often takes place

in liquids when using DAC-AFM (Putman et al., 1994).

Therefore, soft materials can be modified by the tapping of

the tip on the molecule. Indeed, PHF particles imaged us-

ing DAC-AFM in liquids showed progressive damage in

consecutive images (data not shown). This is why we

decided to use JM-AFM since in this mode the maximum

applied force is well established and directly measured.

Here, we report the first AFM images of PHF obtained in

liquid environment (Fig. 2). Fig. 2 i shows a typical set of

PHF particles at different magnifications. Apparently, data

obtained in solution are similar to data collected in air. A

detailed analysis of one PHF particle is shown in Fig. 2 ii.
Again, a left-handed helical structure is obtained with pitch

varying from 65 nm to 80 nm, but in PBS buffer the average

pitch is closer to 70 nm instead of the 75 nm obtained in air

(Fig. 2 ii C). PHF structure, as imaged with the AFM,

appears more compact in liquid than in air. However, there

are slight but important differences comparing the data

obtained in both environments. The main difference

concerns the absolute values of height measured in PBS

buffer. We measure an average height of 20 6 1 nm at the

top part and 156 1 nm at the valley part (Fig. 2 ii, A and B).
We attribute this difference to the full hydration of PHF in

solution. In any helical structure, the maximum height

coincides with the maximum width. The average measured

height at the top part is in agreement with the maximum

width from electron microscopy data reported by Crowther

et al. (1991). Filaments with low marked periodicity, which

can be considered SF, show an average height of 116 2 nm.

Lateral dimensions of PHF particles measured in PBS

buffer are slightly larger than those measured in air. Average

widths obtained from several PHF particles are 326 3 nm and

376 3 nm at the top and valley parts, respectively. The fuzzy

coat shown in phase images obtained in air also appears in JM-

AFM topographic images. AFM images show blurred

FIGURE 1 DAC-AFM data of PHF on

mica in air. (i) AFM characterization of

one single PHF particle. Profiles taken at

top and valley points are shown in (i, A and

B). Average height at these points is 16 nm

and 10 nm. The effect of the finite size of

the tip is demonstrated by a large measured

width of ;30 nm. The characteristic

longitudinal profile of the PHF imaged in

air is shown in C. The ratio between the

height at top and valley points is 1.6. (ii)

DAC-AFM topography (ii A) and phase

images (ii, B and C) of PHF on mica in air.

A detail of the structure of PHF is shown in

ii C. The presence of the fuzzy coat around

the PHF is clear in the phase images. Phase

images also show a substructure composed

of circular aggregates of variable sizes

varying from 5 nm to 10 nm in diameter.
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boundaries of the PHF particles. JM-AFM can, simulta-

neously with the topography, also acquire adhesion maps.

The adhesion data showed a negligible adhesion force over

the PHF and forces up to 450 pNover clean surface areas (data

not shown). AFM is able to measure electrostatic forces in

aqueous solution (Butt, 1991). It has also been proved that

electrostatic forces are correlated with adhesion forces

(Rotsch and Radmacher, 1997). Hence, we believe that the

adhesion force contrast measured is due to the difference of

electrostatic potential between PHF and clean surface areas.

DATA ANALYSIS, MODELS, AND SIMULATIONS

Structural models

The PHF structure is still under debate. Briefly, two different

models have been proposed. One is based on a twisted

ribbon (TR) model (Pollanen et al., 1994, 1995), and the

other consists of a double-helical stack of transversely

oriented subunits, each having three domains (CW model)

(Crowther and Wischik, 1985).

A simple way to describe a helical periodic structure is to

repeat a two-dimensional architecture of H 3 W (height 3
width) while rotating it along the longitudinal direction Z.
The helical structure generated by performing this operation

will have an oscillating height varying between H and H/21
W/2. We can use the experimental data to find the best values

of H and W that generate a model which fits with the data.

For this purpose we must use the images obtained under

physiological conditions. These data lead to H ¼ 20 nm and

W ¼ 10 nm since the measured height at valley areas is 15

nm. From these numbers we can build up the two models that

are under discussion.

Fig. 3 A shows the TR model with these parameters. Fig.

3 B shows the CW model with D (diameter of the domain)¼
W/2. Topographic representation of these structures is shown

in Fig. 3, C and D, as well as three-dimensional

representations (see insets). According to these parameters,

longitudinal profiles for both models are shown in Fig. 3, E
and F.
Models presented in Fig. 3 show two ideal structures

with no deformation. This is the situation that, presumably,

happens in liquids. In contrast, in ambient air, biological

samples suffer two processes: dehydration and deformation.

Dehydration results in a severe loss of volume since the main

component of biomolecules is water. Indeed, PHF and SF

heights measured in air are roughly 20% lower than those

measured in liquid. Deformation of the structure is due to

capillary, electrostatic, and van der Waals forces. This

deformation, as mentioned above, will be especially relevant

for areas not in contact with the surface of the mica substrate.

Deformation and dehydration occur when the polymer is

adsorbed to mica. This implies that the axial periodicity of

the polymer would not be altered. We have confirmed this

point since measured pitch is similar in both environments.

The next step is to introduce dehydration and deformation

processes in the models (Fig. 4). Dehydration is easily

implemented by reducing model dimensions by means of

a reduction factor. Deformation of the filament is stronger in

valley areas than in top areas. Thus, a reasonable way to

simulate deformation is by subtracting a periodic function,

jDZ3 sin v3 x1uð Þj, from the original structure. DZ is

the amplitude of the deformation and v is the axial frequency

of the PHF (v ¼ 2p=T with T ¼ 23 75 nm). The phase, u,
is an adjustable parameter to have zero deformation at points

FIGURE 2 JM-AFM data of PHF on

mica in PBS buffer. (i) JM-AFM gallery

images of PHF. (i A) A long-range

topographic image where several PHF

particles can be seen. (i, B and C) Two

high-magnification images. The left-

handed helical structure is clear from the

AFM images. (ii) AFM characterization of

one single particle. Profiles taken at top

and valley areas are shown in ii, A and B.

Average heights at these points are 20 nm

and 15 nm, respectively. The characteristic

longitudinal profile of the PHF imaged in

buffer is shown in ii C. The ratio between

the height at top and valley points is 1.3.
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of maximum height (top points). For the models presented in

Fig. 4, dimensions have been reduced by 20% and DZ was

adjusted to 2 nm. Fig. 4, A and B, shows, respectively, the
modified TR model and CW model. Fig. 4, C and D, shows
the corresponding longitudinal profiles.

AFM dilation

Dilation phenomena are always present in AFM when

objects are smaller than the tip’s dimensions. In order to

compare experimental data with models (Figs. 3 and 4) we

must perform the convolution of the AFM tip and the model.

The simulations below (based on the algorithm of Villarru-

bia, 1996) assume a parabolic shape for the tip. Model

parameters were adjusted to obtain the best fit with the

experimental data.

Fig. 5 i, A–C, shows the simulations for the TR model in

liquids with H ¼ 20 nm and W ¼ 10 nm. The model is

presented in Fig. 5 i A; the AFM simulated image in Fig. 5 i
B, and the experimental data in Fig. 5 i C. Tip dimensions

were adjusted to obtain similar lateral profiles for the

simulated and experimental images. This leads to a tip radius

of 8 nm. The corresponding longitudinal profiles are shown

below the topographic images. Simulations for the TR model

in air are shown in Fig. 5 ii. For these simulations H ¼ 16

nm, W ¼ 8 nm, and DZ ¼ 2 nm.

The Crowther and Wischik model is more complex to

simulate than the twisted-ribbon model. In the CW-model

the fiber is composed of small domains of 5 nm. According

to the model shown in Fig. 4 B, this implies small grooves of

2.5 nm between domains. Fig. 6 i shows the simulations for

the CW model in liquids. Model, AFM image simulation,

and experimental data are respectively presented in Fig. 6,

A–C. Longitudinal profiles are shown below the topographic

images. The effect of the size of the tip is especially relevant

for the AFM simulation of the CW model since nanoscopic

features coming from the subunits are rounded due to tip

dimensions (see profiles). These features originate an

asymmetry on the right part of the loop (see arrows) that
is reproduced in the experimental data. Fig. 7 shows some

simulated and experimental profiles of the CW model and

PHF in liquids. Simulation leads to three different profiles

with one, two, and three bulbs obtained at different parts of

the simulated PHF structure (profiles type A, B, and C with

a resolution of 0.68 nm/pixel). Profiles with one and two

bulbs are also obtained from the experimental data. Profiles

of type C were not obtained from the PHF images. This can

be attributed to the limited resolution of the images obtained

in liquids (3.9 nm/pixel).

FIGURE 3 Structural models for the structure of PHF in liquids. The

model shown in A is based on a twisted ribbon which is obtained by rotating

the structure of dimensions (H 3 W) along the z axis (TR model). The

topography image of this model, as well as the three-dimensional repre-

sentation (inset) is shown in C. The longitudinal profile of this model would

have a top height of H and a valley height of H/2 1 W/2 (see panel E). The

other model under debate is composed of two C-shape regions with three

domains of diameterD (CWmodel). The overall dimensions of this structure

are H 3 W and are shown in B. Topography and three-dimensional images

(inset) of the CWmodel are shown inD and the longitudinal profile is shown

in F. Note that the longitudinal profile of the CW model exhibits an

asymmetry on the right part of the loop. Model parameters are H ¼ 20 nm

and W ¼ 10 nm.

FIGURE 4 Structural models for the structure of PHF in air. The structure

of the polymer is affected by dehydration and deformation due to molecule-

surface interaction forces. The effect of dehydration is simulated by applying

a reduction factor to the dimensions of the structure. Hence, new dimensions

are H9 3 W9. A is the modified TR model and B is the modified CW model.

The effect of the deformation (see arrows) is bigger in valley areas and it has

been simulated by subtracting, from the unmodified structure, a periodic

function with maximum amplitude (DZ) at these areas. According to

experimental data we have performed a reduction of 20% to the dimensions

of the model. Thus, H9 ¼ 16 nm and W9 ¼ 8 nm and DZ ¼ 2 nm. Longi-

tudinal profiles for the modified models are shown in C and D.
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Simulations for the CWmodel in air are shown in Fig. 6 ii.
In this case, the asymmetry at the right part of the loop,

although it is clear in the simulated image, is not reproduced

in the experimental image, probably due to deformation of

the PHF. However there is a high agreement between the

simulated and the experimental direction of the helix (see

arrows).

DISCUSSION

We have carried out a structural analysis of the paired helical

filaments in air and in liquid environment using AFM. AFM

appears to be a unique tool for imaging biological assemblies

in its native media with high resolution (Engel et al., 1997).

Imaging individual biomolecules in liquids is challenging

because tip-molecule interaction is similar to molecule-

substrate interaction. Studies in air were done with DAC-

AFM (Fig. 1) and those performed in liquids with JM-AFM

(Fig. 2). These imaging modes were chosen in order to

minimize sample damage and intrusiveness. The helical

nature of PHF was confirmed in air and in solution as it has

been already described in air and in vacuum conditions

(Wischik et al., 1985, 1997; Appelt and Balin, 1993; Pol-

lanen et al., 1997; Ruben et al., 1999). Phase AFM images

obtained in air confirm the presence of a fuzzy coat that

surrounds the core structure of the PHF particles. Moreover,

these images reveal that the polymer is made of structures of

nanometric size placed along the longitudinal axis of the

filament. Images obtained in buffer complement and extend

the information deduced from the images acquired in air.

From these images we have deduced that PHF are fila-

mentous structures of variable heights ranging from 15 nm to

20 nm.

Direct comparison of data obtained in air and in liquids

shows two major differences. First is the value of the

averaged maximum height at the top and valley areas. We

measure 16 nm at the top part in air and 20 nm in solution. At

the valley part these values are 10 nm in air and 15 nm in

liquid. These data suggest that JM-AFM is a nonintrusive

AFM technique for imaging biomolecules in liquids and

showing the native structure of PHF. The nonintrusive

behavior of JM-AFM has been also demonstrated by

imaging microtubules (de Pablo et al., 2003) and DNA

(Moreno-Herrero et al., 2003) in solution.

The second important difference of the data obtained in

solution with respect to the data measured in air is the ratio

between top and valley heights. In air this ratio is ;1.6 and

in liquids;1.3. This suggests that the structure of the PHF is

well preserved in liquids and not modified when imaged with

the AFM. If the structure of the PHF is similar to a twisted

ribbon, then the parts situated between two consecutive

maximums would not make contact with the surface of mica

where the molecule is adsorbed. This would explain the ratio

between top and valley heights measured in PBS buffer.

FIGURE 5 AFM simulations using the TR

model. (i) AFM simulations for liquids. The

structural model is shown in i A. The simulated

AFM image using a tip with a radius of 8 nm is

shown in i B and the experimental image in i C. Tip
radius was adjusted to obtain a similar value for the

lateral dimension of the simulated and the experi-

mental image. Longitudinal profiles for i, A–C can

be directly compared. Dimensions of the model are

H ¼ 20 nm and W ¼ 10 nm, chosen according to

the experimental data. (ii) AFM simulations for air

using the modified TR model. The structural

model is shown in ii A. The simulated AFM

image using an 8-nm tip is shown in ii B and the

experimental image in ii C. Longitudinal profiles

for ii, A–C can be directly compared. Dimensions

of the model are H9 ¼ 16 nm, W9 ¼ 8 nm, and DZ

¼ 2 nm, chosen according to the experimental

data.
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When imaging in air, electrostatic, capillary, and van der

Waals forces strongly squeeze the molecule into the substrate

modifying its structure. This deformation is dramatic in the

valley parts since these areas are free standing in the air in

a similar way as a bridge is held by two adjacent pillars. This

deformation would explain the value of the top/valley height

ratio in air. The fact that the measured pitch is less disperse in

PBS buffer than in air also proves that deformation of the

PHF due to surface forces is minimized in liquids.

From the data obtained in air and in liquid we have

FIGURE 6 AFM simulations using the CW

model. (i) AFM simulations for liquids. The

structural model is shown in i A. The simulated

AFM image is shown in i B and the experimental

image in i C. Longitudinal profiles for i, A–C can

be directly compared. Dimensions of the model are

H ¼ 20 nm, W ¼ 10 nm, and D ¼ 5 nm, chosen

according to the experimental data. The tip radius

for the AFM simulation was 8 nm. (ii) AFM

simulations for air using the modified CW model.

The structural model is shown in ii A. The

simulated AFM image using an 8-nm tip is shown

in ii B and the experimental image in ii C.

Longitudinal profiles are shown in ii, A–C.

Dimensions of the model are H9 ¼ 16 nm,

W9 ¼ 8 nm, and DZ ¼ 2 nm. The direction of

the helix (see arrow), predicted by the model, is

reproduced in the experimental data.

FIGURE 7 (A–C) Characteristic profiles of

the AFM simulation of the CWmodel obtained

with a lateral resolution of 0.68 nm/point.

Profiles with one and two bulbs are experi-

mentally reproduced and shown in D and E.

The C profile is not experimentally reproduced

due to the low lateral resolution of the experi-

mental image (3.9 nm/point).
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roughly constructed two of the most extended and discussed

models that are under debate. First, the model based on

a twisted ribbon and second, the model based on two coupled

ribbons with two subunits and several domains. Both models

are characterized by a height (H) and a width (W) dimension.

The latter model is also characterized by the diameter (D) of
the domain (Fig. 3). To elaborate and simulate a model that

fits the experimental data obtained in air and in liquids is

difficult. Dimensions of both models were adjusted from the

data obtained in solution. In order to fit these models to the

data obtained in air, two modifications were applied (Fig. 4).

First, model dimensions were 20% reduced in order to

simulate the effect of the absence of water that occurs in air.

Second, we have simulated the deformation due to sample-

surface interaction. This has been done by subtracting

a periodic function from the data. Once the models for air

and for liquids were established, AFM simulations were

carried out by taking into account the effect of tip finite size.

At first glance, simulated images and experimental data

obtained in both environments agree fairly well when using

either of the presented models (Figs. 5 and 6). The helical

structure and the heights at top and valley areas coincide in

both the experimental and simulated images. However,

although both models fit for the general shape of PHF,

a detailed analysis of the data shows some differences. The

direction of the helix (Fig. 6 ii) and the substructure detected
in liquids (Fig. 7) are better predicted with the CW model

than with the TR model. The dimensions of the CW model

show a polymer with a maximum height of 20 nm and

a thickness in the central part of 10 nm with a domain of 5

nm. Data obtained on SF in air and in buffer suggest that

PHF and SF are related structural variants of the two coupled

ribbons described in the CW model as described by

Crowther (1991). The thin structure reported in air when

using ultrasharp tips (Pollanen et al., 1994; Moreno-Herrero

et al., 2001) would be also compatible with the CW model

since this model has a relatively thick nucleus (composed of

four domains) and a thin tail composed of one domain. The

thickness of the polymer measured when using sharp tips is

;5 nm, in good coincidence with the size of the domain.

Ultrasharp tips could not be used in a liquid environment

because of its relatively high force constant. The de-

velopment of soft and sharp tips for imaging in liquid would

be very helpful for this type of structural analysis.

In summary, we have used AFM to study PHF structure in

ambient pressure air and in solution. The experiments in

solution are especially relevant since molecular structure is

only preserved in liquid environment. PHF imaging in

solution is extremely difficult due to the small surface

contact area of the molecules to the substrate. Only the JM-

AFM method is successful in obtaining repetitive PHF

images in liquid showing the native structure of the polymer.

PHF particles imaged in solution show 1), larger absolute

filament heights; and 2), a smaller top/valley height ratio

than those particles imaged in air. The data have been

compared to AFM simulated images of the TR model and of

the CW model. A detailed analysis of the images shows that

PHF structure is compatible with the model proposed by

Crowther and Wischik consisting of two coupled ribbons

with an overall height of 20 nm and a width of 10 nm.
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