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ABSTRACT 

Water structuring on the outer surface of protein molecules called the 

hydration shell is essential as well as the internal water structures for 

higher-order structuring of protein molecules and their biological activities in 

vivo. We now show the molecular-scale hydration structure measurements of 

native purple membrane patches composed of proton pump proteins by a 

non-invasive three-dimensional force mapping technique based on frequency 

modulation atomic force microscopy. We successfully resolved the ordered 

water molecules localized near the proton uptake channels on the cytoplasmic 

side of the individual bacteriorhodopsin proteins in the purple membrane. We 

demonstrate that the three-dimensional force mapping can be widely 

applicable for molecular-scale investigations of the solid-liquid interfaces of 

various soft nanomaterials. 
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Structured water molecules around protein molecules are closely related to their 

structures and functions1,2. Protein hydration is essential for the protein molecules folding into 

higher-order structures by water-mediated interactions such as electrostatic interactions and 

hydrogen-bonding interactions. Dehydration of the protein molecules often unfavorably 

affects their biological activities. For example, the hydrogen-bond network of water 

molecules within transmembrane proteins plays crucial roles in the ion transfer through the 

biological membrane3. Bacteriorhodopsin (bR) is a transmembrane protein that serves as a 

light-driven proton pump4,5. The membrane patches containing bR molecules are called 

purple membranes (PM)6, which can be easily isolated from the cell membrane of archaea 

Halobacterium salinarum. In the PM, the bR trimers form two-dimensional (2D) hexagonal 

crystals with a lattice constant of 6.2 nm. Electron crystallography of the PM first revealed 

that the bR molecule is composed of seven transmembrane alpha helices7. Since then, the 

atomic structures of bR and its biological function have been extensively studied8,9 and bR 

has been a reference protein for understanding the structure-function correlation of general 

membrane proteins. Since the proton uptake and release occur at the bR–water interfaces, the 

local hydration structures on the protein surface is very important for understanding the 

proton translocation mechanism of bR. However, little is known about the molecular-scale 

hydration structures on the bR surface due to the lack of experimental methods. In this study, 

we used atomic force microscopy (AFM)10 for measuring the distribution of water molecules 
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on the bR surface. 

 AFM is one of the few real-space imaging techniques that allows us to visualize the 

surface structures of biomolecules in solutions11,12. Previously, sub-molecular-scale structures 

and the dynamics of bR have been directly imaged in aqueous solutions by AFM13,14. We 

developed atomic resolution frequency modulation AFM (FM-AFM)15 operated in liquid 

environments16 and demonstrated 2D and 3D force mapping measurements using the 

FM-AFM for visualizing the spatial distribution of water molecules namely the hydration 

strucrtures17-24 and electric double layer force22,25,26. Figure 1 shows a schematic diagram of 

the 3D frequency shift mapping by FM-AFM. In FM-AFM, interaction forces between the 

AFM tip and a sample are measured as the resonance frequency shift (Δf) of a cantilever 

while the cantilever is self-vibrated at its resonance frequency (f0). The positive and negative 

frequency shifts from f0 correspond to repulsive or attractive forces, respectively. In the 3D Δf 

mapping, the Δf versus distance curve measurements in the z-direction were repeated at every 

scanning pixel in the x–y plane. To prevent a hard contact of the AFM tip with the sample for 

the non-invasive measurement, an upper limit of the frequency shift (Δf threshold) regulated 

the maximum indentation force; once the Δf threshold was exceeded upon approaching, the 

AFM tip was immediately retracted from the sample. The sensitivity of the frequency shift 

detection, eventually the force sensitivity, is enhanced when the oscillation amplitude is set to 

the same order as the decay length of the interaction forces between the tip and sample, since 
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the frequency shift is roughly proportional to the weighted integral of the force derivative 

during an oscillation period27. Therefore in the hydration structure measurement using 

FM-AFM in aqueous solutions, the oscillation amplitude should be set as small as the size of 

the water molecule otherwise the hydration structure is not detected as the frequency shift. 

Prior to the 3D Δf mapping, we obtained FM-AFM topographic images of the 

cytoplasmic side of the PM adsorbed onto a mica substrate in solution (Figure 2a–b). These 

images were taken with the oscillation amplitude of 0.5 nm, namely, 1.0 nm peak-to-peak. It 

should be noted that this is the oscillation amplitude optimized for high-resolution imaging. 

We hereafter refer to this condition as the large amplitude condition. In Figure 2b, the white 

circle indicates an individual bR trimer in the PM, as modeled in Figure 2c,d based on a 

crystallographic study28. The Chimera package (RBVI, University of California, San 

Francisco) was used to generate the molecular drawing29. The three bright spots of each bR 

trimer correspond to three peptide loops (E–F loops), which stick out from the cytoplasmic 

side of the PM, as previously reported by AFM30-33. 

We first performed the 3D Δf mapping of the PM under the same large amplitude 

condition. Since this oscillation amplitude was greater than the typical thickness of a 

hydration shell, which roughly corresponds to the diameter of a water molecule (0.28 nm), the 

frequency shift caused by the hydration structures is averaged out, thus we did not expect the 

hydration structure in the frequency shift curves under this condition. We rather expected to 
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estimate the magnitude of the direct interaction force between the tip and protein surface. 

Figure 3a,b show the constant Δf images of the cytoplasmic side of the PM 

reconstructed with different Δf values from the 3D Δf map taken under the large amplitude 

condition. These images correspond to the FM-AFM topographic images with different 

tip-sample interaction forces. The white circles in Figure 3a,b indicate the same bR trimer. In 

Figure 3a, the three protruding E–F loops within each bR trimer were clearly visualized as the 

three bright spots. However, in Figure 3b, each bR trimer showed donut-like asymmetric 

structures and the three E–F loops in the bR trimers were no longer resolved as individual 

bright spots. We assume that the asymmetric structures in Figure 3b was observed presumably 

because of the non-ideal tip conditions since the experiment under the large amplitude 

condition was actually performed about 24 hours before the experiment in the small 

amplitude condition, which will be discussed later. These results obtained under the large 

amplitude condition indicated the deformation of bR30,31 because of the higher tip-sample 

interaction force in Figure 3b (Δf = +220 Hz) than that in Figure 3a (Δf = +140 Hz). For 

precisely discussing the effect of the sample deformation, we extracted 5 Δf curves on the E–

F loops and 960 Δf curves in the other area (whole PM) that were at chosen regardless of the 

area from the 3D data taken under the large amplitude condition, and averaged them as shown 

in Figure 3c. A single peak was clearly observed at z = 1.5 nm in the averaged Δf curve on the 

E–F loops, whereas the averaged Δf curve on the whole PM was monotonous. The peak value 
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of +160 Hz in Figure 3c was higher than the value with which the constant Δf image in Figure 

3a was reconstructed (Δf = +140 Hz). Therefore, we attributed the peak to the effect of the 

deformation of the protruding E–F loops. The Δf curves in Figure 3c were converted into the 

force versus distance curves by using the formula proposed by J. E. Sader and S. P. Jarvis34, 

as shown in Figure 3d. The peak Δf value on the E–F loops in Figure 3c corresponds to the 

force of +85 pN, from which we assumed the tip started to contact at the interaction force of 

+85 pN. Therefore, we defined the z-position at which the interaction force reached +85 pN as 

the surface position (h0), which was slightly different for each force versus distance curve. It 

should be noted that it has been reported that the E–F loops deform at the force on the order 

of 0.1 nN31, which is consistent with our experiment. We interpreted that Fig. 3a shows the 

representing the locations of the E–F loops, typical topography, while Fig. 3b shows a 

deformed trimer, as previously reported31. 

 Next, we performed the 3D Δf mapping of the PM with the small amplitude (small 

amplitude condition, A = 0.12 nm) suitable for measuring the hydration structures. We 

analyzed the 3D Δf data, and found that the trimer contrast changes as a function of the 

distance as well as under the large amplitude condition but in a different manner. Figure 4a,b 

show the 2D Δf images in x–y planes of z = 0.8 nm and 1.5 nm (constant z images) measured 

on the PM, recorded under the small amplitude condition. The bright and dark contrasts 

reflect the repulsive and attractive interaction forces, respectively. In Figure 4a,b, trimeric 
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contrasts reflecting the three-fold symmetry of the bR trimers were clearly resolved. However, 

we found that the arrangements of the trimeric structures in Figure 4a,b were quite different, 

as highlighted by the white circles. To better clarify the difference in the trimeric contrast, we 

applied real-space lattice averaging to these images using WSxM software35 and presented the 

averaged images along with the schematics below the original images. As previously 

discussed, the trimeric contrast near the PM surface in Figure 4a represents the locations of 

the E–F loops, as well as Fig. 3a. On the other hand, the trimeric contrast far from the PM 

surface observed at z = 1.5 nm in Figure 4b was located above the C–D loops. Figure 4c 

shows the 2D Δf map in the x–z plane on the PM in a vertical cross-section along the A–B line 

in Figure 4b, which was reconstructed from the 3D Δf map in the small amplitude condition. 

The white area without contrast at the bottom of the map in Figure 4c corresponds to the 

region where the Δf data were not recorded because of the tip retraction. In Figure 4c, vertical 

peaks at z = 0.8 nm were observed at regular x-intervals, which approximately corresponded 

to the lattice constant of the PM (6.2 nm) since the A–B line in Figure 4b was along the 

locations of the C–D loops in the bR trimers. We also found peaks at z = 1.5 nm, which were 

laterally localized at the same x-intervals. For precisely discussing these localized peaks, we 

extracted 5 Δf curves on the E–F loops, 9 curves on the C–D loops, and 10 curves on the 

centers of the bR trimers from the 3D Δf map taken under the small amplitude condition, 

independently averaged, and further smoothed them (Figure 5a–c). These Δf curves were then 
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converted into the force curves (Figure 5d–f). In the Δf curve on the E–F loops (Figure 5a), a 

single Δf peak was observed. The corresponding force curve in Figure 5d shows that the peak 

position was slightly closer but almost the same as the sample surface (h0) where the 

interaction force reached +85 pN. Therefore, we concluded that this peak reflected the 

deformation of the protruding E–F loops, as observed in Figure 3b,d. In contrast, in the Δf 

curve on the C–D loops (Figure 5b), a single Δf peak was observed at z = 1.5 nm, which was 

0.3 nm from the sample surface (h0), as presented in Figure 5e.  

We show the results of analysis of the same data set but for the same number of ∆ƒ 

curves on each region in Supplementary Fig. S1. It should be noted that the average of 

another set of ∆ƒ curves quantitatively matched to that presented in Fig. 5. In Fig. S1, we also 

show the scattering of the curves on each region, where the ∆ƒ peak at the distance of about 1 

nm were consistently observed on the E–F loops but the position and the peak height were 

more scattered than those on the C–D loops, presumably because of the fluctuation of the E–F 

loop. 

  We found that the position of the ∆ƒ peaks on the C–D loops from 0.3 nm from h0 

under the small amplitude condition. It should be noted that h0 was defined at the position of 

the force of +85 pN, which corresponds to the ∆ƒ peak on the E–F loops observed under the 

large amplitude mode. Namely the definition was based on the two experiments in series. In 

the state-of-art FM-AFM in liquids, the tip conditions still often change even during a single 
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experiment. Therefore we assume that there are some errors in h0 which was defined based on 

the alignment of the data taken under the large and small amplitude conditions. On the other 

hand, we calculated the standard deviation of the absolute ∆ƒ peak positions above the C-D 

loops shown in Fig. S1b, and found that the standard deviation was 0.077 nm. Therefore we 

consider that the statistical error in the ∆ƒ peak position from h0 (0.3 nm) was utmost 0.1 nm. 

The 2D or 3D hydration structure imaging by using FM-AFM is a rather novel 

technique23. Since we first demonstrated the 2D hydration structures on bR17, the number of 

the published papers on the hydration structure measurements on the biomolecules is still a 

few20,21. Not only for the hydration structure measurements on the biomolecules, many papers 

discuss the data set. This means that the hydration structure is obtained only when the tip apex 

and the hydration shell on the tip apex was in the ideal conditions and that it is unfortunately 

still difficult to keep the tip conditions in a single experiment and even difficult to perform the 

multiple experiments under the same tip conditions. While the technique is established, the tip 

reproducibility for the high-resolution hydration structure has not matured yet. Therefore at 

this moment the FM-AFM community cannot provide the statistical data on the hydration 

structures. 

We observed the ∆ƒ peaks on the C–D loops before the ∆ƒ peaks on the E–F loops 

due to the deformation when the tip was approached, despite that the E–F loops are protruded 

from other loops and domains as schematically shown in the cartoon in Fig. 4c and 
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experimentally observed as well, as shown in Fig. 3. We also took into account the fact that 

the ∆ƒ peaks on the C–D loops were not observed under the large amplitude mode. Therefore 

we concluded that the ∆ƒ peaks on the C–D loops should be attributed to the water molecules, 

not the deformation of the C–D loops. It should also be noted that uncertainty and variance of 

the height of the ∆ƒ peaks from the sample surface does not significantly affect the main 

conclusion. 

Finally, the ∆ƒ and force curves on the centers of the bR trimers (Figure 5c,f) were 

almost monotonous and no peaks or shoulders were observed. This strongly suggests that the 

peaks in the ∆ƒ and force curves in Figure 5b,e were originating from the highly localized 

hydration forces. 

FM-AFM can only detect the hydration structures that are stable during a timescale 

of an oscillation period, in this case on the order of a microsecond, but are easily perturbed by 

the tip. Moreover, the structures of the loops and domains should not be fluctuating. Since we 

only observed the hydration structures on the C-D loops in this experiment, we presume that 

the hydration structures as well as the mechanical structures of the C-D loops are relatively 

stable compared to the other loops and domains. It should be noted that the hydration shells 

observed on the C-D loops are characterized as one-dimensional spots, which represent that 

the hydration shells on the C-D loops are considered as confined not only in the vertical 

direction but also in the lateral direction24. 
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We performed the experiments in a high ionic concentration to shorten the Debye 

length both on the tip and sample sides and reduce the effect of a long-range electric double 

layer force on the experiment19,22,25,26. In the previous experiment on muscovite mica in a high 

ionic concentration19, we did not observe the adsorbed ions. In this experiment, we also did 

not observe any adsorbed ions. However, the ∆ƒ peaks observed on the C–D loops may be 

attributed to the solvation force of the hydrated ions. It should be noted that the cytoplasmic 

side of the purple membrane of the archaea Halobacterium salinarum is usually exposed to a 

saturated NaCl solution, the concentration of 3 M KCl is rather suitable for investigation of 

the natural hydration structures rather than a pure water. 

In summary, we have successfully visualized localized hydration structure on the C–D loops 

on the cytoplasmic side of the bR. The residue Asp-96, which is directly involved in proton 

transfer, is located in the C-helix near the cytoplasmic side of the bR36. Hence, localized water 

molecules near the C–D loops may contribute to the proton translocation on the cytoplasmic 

side of the bR. Not only the accumulation of the 3D force map data of a high quality as 

presented here, a comparison with the theoretical studies regarding the water distributions 

around the proteins, such as by a molecular dynamics simulation37 or molecular Ornstein–

Zernike theory38, is also necessary for further interpretation of the 3D force mapping results. 

Recently, we demonstrated the measurement of the dynamical nature of the hydration 

structures (viscosity) on an inorganic substrate through the dissipation measurement by using 
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FM-AFM39. In a near future we will investigate the dynamical nature of the hydration 

structures on the biomolecules as well. 

In conclusion, we have presented the 3D Δf mapping of the PM by FM-AFM. From 

the 3D Δf map of the PM under the large amplitude condition (A = 0.5 nm), the tip-sample 

interaction force that caused deformation of the PM was estimated (F = +85 pN). From the 

3D Δf map under the small amplitude condition (A = 0.12 nm), the Δf peaks laterally localized 

on the C–D loops were observed. By excluding the effect of sample deformation observed in 

the large amplitude condition, we concluded that these peaks were caused by the local 

hydration structures on the bR. The localization of water molecules near the C–D loops 

observed in this study may play important roles in the light-driven proton pump of the bR 

proteins. Our results are important for structure-function considerations of general pump 

proteins in solution. Moreover, the 3D Δf mapping by FM-AFM will be widely applicable to 

the molecular-scale investigations of solid-liquid interfaces of various soft nanomaterials. 
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Figure 1. Schematic diagram of the 3D frequency shift mapping by the FM-AFM. A 2D 

rectangular grid was allocated to a substrate (x–y plane), and the frequency shift of a 

cantilever (Δf) was recorded at each intersection of the grid, which corresponded to the 

scanning pixels, while translating an AFM tip in the z-direction for the Δf versus distance 

curve measurements. The minimum tip-sample distance at each pixel was regulated by 

placing an upper limit (Δf threshold) on the frequency shift. 
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Figure 2. (a–b) Typical FM-AFM topographic images of the cytoplasmic side of the purple 

membrane showing the 2D crystals of bacteriorhodopsin (bR) in an aqueous solution (3 M 

KCl). The white circle in (b) indicates an individual bR trimer. (c) Molecular structure of a bR 

trimer (cytoplasmic side, PDB ID code: 1FBB). The 7 transmembrane alpha-helices of bR 

connected by peptide loops were labeled as A–G helices. (d) Model of the cytoplasmic side of 

the bR trimers. The red regions indicate the positions of the protruding E–F loops, which 

correspond to the bright spots in the AFM image in (b). 
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Figure 3. 3D Δf mapping of the cytoplasmic side of the PM in an aqueous solution (3M KCl) 

with the oscillation amplitude of 0.5 nm. (a–b) Constant Δf images (topographic images) with 

different tip-sample interaction forces reconstructed from the 3D Δf map. The white circles 

indicate the individual bR trimers. (c) Δf curves averaged on the E–F loops (solid line) and on 

random pixels of the PM (dotted line) in the 3D Δf map. (d) Force versus distance curves 

(force curves) converted from the Δf curves in (c). 
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Figure 4. 2D Δf maps extracted from the 3D Δf map on the cytoplasmic side of the PM in an 

aqueous solution (3 M KCl) with the oscillation amplitude of 0.12 nm. (a–b) 2D Δf maps in 

the x–y planes (constant z images) in the horizontal cross-sections with different z-positions 

extracted from the 3D Δf map. The trimeric structures with different arrangements are 
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indicated by the white circles. The images after the real-space lattice averaging and the 

schematics of the trimeric contrasts are also shown. (c) 2D Δf map in the x–z plane along the 

A–B line in Figure 4b extracted from the 3D Δf map. The 2D map shows the ∆ƒ data in the 

cross-section along the C–D loops, as seen from the viewpoint as indicated by the arrow. The 

image size is 28 nm × 4 nm. A cross-sectional cartoon of a bR monomer is also presented in 

the same vertical scale but in a different horizontal scale from that of the 2D map. The cartoon 

was drawn based on the structural data in the Protein Data Bank (PDB ID code: 1FBB). The 

topmost atom in the E–F loop was aligned at the height of 1.2 nm, such that the bright spots 

corresponding to the ∆ƒ peaks in the 2D ∆ƒ map are positioned at z = 1.5 nm. 
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Figure 5. Δf curves extracted from the 3D Δf map on the cytoplasmic side of the PM in an 

aqueous solution (3 M KCl) with the oscillation amplitude of 0.12 nm and corresponding 

force curves. (a) Averaged Δf curve on the E–F loops. (b) Averaged Δf curve on the C–D 

loops. (c) Averaged Δf curve on the centers of the bR trimers. (d–f) Force curves converted 

from the Δf curves in (a–c). 
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METHODS 

FM-AFM setup. We used a customised AFM instrument (SPM-9600, Shimadzu) with a 

home-built digital controller using a field-programmable gate array module programmed in 

LabVIEW (National Instruments). The noise-equivalent displacement noise density was 

reduced to approximately 5–10 fm/√Hz by modification of the optics and electronics in the 

cantilever deflection sensor. We used a highly-doped Si cantilever with an Au coating on the 

backside (PPP-NCHAuD, Nanosensors). The nominal spring constant of the cantilever was 

42 N/m. The resonance frequency and quality factor in the solution were about 130 kHz and 7, 

respectively. A phase locked loop circuit with a voltage controlled crystal oscillator was used 

to detect the frequency shift. An automatic gain control circuit kept the oscillation amplitude 

of the cantilever constant. The same cantilever (AFM tip) was used for all FM-AFM 

measurements in this study. In order to reduce thermal drift in the FM-AFM system, ambient 

temperature was kept constant at 20°C by setting the FM-AFM instrument in an incubator 

(CN-40A; Mitsubishi Electric Engineering). 

 

Sample preparation. 20 µl droplet of the PM suspension (0.5 µM) was deposited onto a 

freshly cleaved mica substrate (1 cm × 1 cm, Furuuchi Chemical). Ten minutes later, the 

substrate was gently rinsed three times with buffer solution (10 mM phosphate buffer 

solution: PBS, pH7.4) containing 3 M potassium chloride (KCl). We performed the FM-AFM 
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imaging and 3D Δf mapping in the same 3 M KCl solution before drying it. 

 

3D frequency shift mapping. Each 2D frequency shift map was collected in the z–x plane 

with dimensions of 29.8 nm (192 pixels) in z direction by 4.2 nm (256 pixels) in the x 

direction. At each x position, 1D frequency shift curve was recorded while the tip was 

approached to the sample surface with a tip velocity of 400 nm/s by applying a ramp signal of 

48 Hz. The ramp signal was immediately stopped when the frequency shift signal reached a 

predetermined threshold value, +630 Hz in this case, and the tip was retracted to the original 

position (See Supporting Information). By employing the tip retraction function, 64 slices of 

2D frequency shift maps were obtained in 490 seconds without damage to the sample. 
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SUPPORTING INFORMATION 

This material is available free of charge via the internet at http://pubs.acs.org. 

Site-specific frequency shift curves, description of tip retraction function, and AFM image of 

damaged purple membrane. 
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