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Structural studies of various metalloproteins and
metalloenzymes have been carried out at molecular
level by scanning tunnelling microscopy (STM) in the
last few years. The potential, limitations and essential
requirements for effective STM investigations of pro-
tein structures are discussed in this article with speci-
fic examples of four electron transfer proteins/enzymes
azurin, rubredoxin, putidaredoxin and cytochrome
P450.,, and a number of other proteins/enzymes stu-
died by STM over the past 15 years.

SINCE the invention of scanning tunnelling microscopy
(STM) in 1982 by Binnig and Rohrer'?, there is a sustai-
ned effort to extend the application of this technique from
the domain of studying conductors and semiconductors to
insulators/quasi-conductors like proteins and enzymes.
The discovery in 1986, that STM could be operated under
fluid®* opened the possibility of high-resolution studies
of biomolecules in a near-physiological condition. A
wide range of biological systems, starting from small
biomolecules like DNA bases and their derivatives®,
amino acids and peptides'®" to proteins'**° have been
imaged since then. Several reports on protein films, e.g.
catalase' "', lysozyme'®, cytochrome C*, azurin®**?*%
and cytochrome® P450 as well as individual isolated
molecules with molecular'*'®*”* and sub-molecular'* '
resolution have been made. There has been significant
progress in STM studies of proteins, both in static condi-
tions and in ‘real time’34, with advancements in immobi-
lization techniques'®* and ability for interpretation of
the image contrast™ ~’.

Among the family of scanning probe microscopy
(SPM) techniques, atomic force microscopy (AFM) is
popularly used for imaging biomolecules™ and has
emerged as a versatile technique to study insulators and
quasi-conductors in general. In AFM, the variation in
force operating between the probe and the sample is
monitored and translated into surface features®’. How-
ever, the typical spatial resolution that can be obtained
from AFM is less than that of STM. Lateral resolution of
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1 A and vertical resolution of 0.1 A are obtainable from
STM studies, whereas the resolution in AFM is generally
not more than 5 A and 0.5 A along x—y and z-axes respec-
tively. Distortion of molecular shape/size of isolated
protein molecules as a result of tip—sample interactions
associated with large tip—sample contact area is unavoi-
dable during AFM imaging. Larger dimensions than pre-
dicted from X-ray/NMR data are a usual observation in
AFM because of convolution between the probe size/shape
and sample features. These effects of an AFM probe on
the molecular shape/dimension can be less prominent,
when the molecule is surrounded by other molecules as it
is in the close packed situation and is three dimensionally
trapped at the interface. On the contrary, in case of STM
imaging, sample distortion is much less since the probe is
sharper than AFM probe and isolated molecules and pro-
tein adlayers can be imaged more reliably. Of course,
there are situations where the use of AFM may provide
valuable information. For example, force spectroscopic
measurements on single molecules can be made to under-
stand the process of protein folding in mechanically stable
proteins*' **. Also, resolution of AFM can be enhanced
and sample damage can be minimized by imaging with an
oscillating cantilever where oscillation is induced in the
alternating current mode (AC mode) either by an acoustic
signal (AAC mode)* or a magnetic signal (MAC mode)*.

The extraordinary benefits STM/AFM can offer for
studying proteins/enzymes are the following: (i) STM/
AFM can be used universally, since proteins of variable
sizes can be studied; (ii) direct 3-dimensional information
can be obtained at angstrom order resolution in a short
period of time, usually a few minutes, and (iii) a flexible
experimental medium (vacuum, ambient/gaseous and fluid)
ensures structural characterization of proteins in the near
native environment.

These benefits were hitherto unavailable with a single
individual technique, since the protein must be crystal-
lized for X-ray diffraction studies, protein size has to be
limited for reliable data interpretation in NMR studies,
physiological conditions cannot be maintained in a cryo-
EM experiment and sample dehydration/metallic coating
is essential in case of transmission electron microscopy
(TEM) studies.

CURRENT SCIENCE, VOL. 84, NO. 9, 10 MAY 2003



REVIEW ARTICLE

STM has been preferred over AFM by several research
groups for certain advantages, e.g. unparalleled resolu-
tion and minimum distortion of molecular size and shape.
Reports on molecular level imaging of single phosphory-
lase kinase and phosphorylase 5*° and immunoglobulin
G’® made as early as in 1991 showed STM’s potential to
provide shape information on single protein molecules. A
number of structural studies on single protein molecules
have been made afterwards and it has been noticed in
recent time that the search for location of high contrast
site(s), e.g. metal centre(s) within a metalloprotein or a
metalloenzyme molecule is greatly aided by the application
of STM'"'® Apart from structural benefits, a combina-
tion of spectroscopic [scanning tunnelling spectroscopy
(STS)1** and/or electrochemical experiment’ along with
high resolution imaging can lead to a wealth of data on
electron transfer properties of single metalloprotein/metal-
loenzyme molecules and protein films’®®. Overall, the
promises of application of STM in studying structural
and conformational details of functional protein mole-
cules at different interfaces are evident and it is to be
seen that with advancements in instrumentation, immobi-
lization methods and capabilities to explain image con-
trast, STM affirms its place as a valuable technique for
protein structure analysis.

Operational principles of STM

In STM, a conductive probe is brought very close (5—
50 A) to a conductive sample, a voltage difference (bias
voltage) is applied between the two, and the tunnel cur-
rent as a result of electron tunnelling between the probe
and sample is monitored in real space and time (Figure
1). Tunnel current (/) is expressed as

I=AV exp(- 2 kd),

where V is the bias voltage, d the probe—sample separa-
tion, A the parameter depending on local density of
state at Fermi level of the sample and the tip, and x is the
decay constant of a sample state near Fermi level in the
barrier region.

The changes in tunnel current as sensed by an elec-
tronic feedback system can be translated into an image of
surface features either in ‘constant height’ or in ‘constant
current’ mode. In the constant height mode, probe sam-
ple separation is kept fixed and changes in tunnel current
are measured. In the latter, tunnel current is kept constant
at a reference value by an electronic feedback system and
changes in probe-sample separation along z-axis are
monitored. A region of brighter contrast means higher
tunnel current in the constant height mode and higher
topographic features in the constant current mode. A
negative contrast may indicate lower tunnel current/inden-
tations and asymmetric tip related artifacts. It is expected
that the electronic structure be probed in constant height
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mode, while the topographic features are imaged in con-
stant current mode. In practice, a convolution between
the electronic and topographic features with a predomi-
nance of either dictates final mage formation’’. Some
important parameters that control relative influence of
electronic structure and topographic features are thought
to be tunnel current, bias voltage, environmental condi-
tions, probe shape/size, adsorbate—substrate interactions,
probe—adsorbate interactions and the presence of elec-
tronically accessible moieties in the molecule. Constant
current mode is usually preferred in morphological stu-
dies for reasons related to stable imaging and relative
ease of interpretation of the image contrast.

Important factors for effective imaging of protein
molecules

Though protein imaging at high resolution by STM is
still at an early stage, notable progress has been made to
understand the basic requirements for imaging single
protein molecules. Necessity of structural stability of the
protein molecule, adsorption with specific orientation,
indirect adsorption and specific location of the metal site
for successful STM imaging of protein molecules at high
resolution are exemplified and discussed in the following
sections with specific examples of the electron transfer

STM probe

substrate
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I~~~ I~~~
X X
—
P~~~

—>
Constant height mode Constant current mode
Figure 1. A schematic of STM operation.
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proteins azurin (a copper protein from Pseudomonus
aeruginosa), rubredoxin (an iron-sulphur protein from
Clostridium pasteurianum), putidaredoxin (an iron-sul-
phur protein from Pseudomonus putida) and cytochrome
P450.,, (a mono-oxygenase heme enzyme from Pseudo-
monus putida).

Structural stability

Adsorption-induced damages and probe-induced damages
are generally unavoidable in an SPM study of soft bio-
logical samples. Effective studies can be made only on
structurally robust proteins that are able to withstand
mechanical stresses due to adsorption and action of scan-
ning probe, and electrical stresses due to high voltages
applied for imaging soft biological molecules.

Azurins are well-characterized type 1 blue copper pro-
teins®®. They act as electron transport agent/electron
bridge in biological electron transfer chains, e.g. bacterial
denitrification. Their role as electron transport mediators
has prompted investigations on interactions between an
electrode and the protein molecules in an artificial envi-
ronment. Adsorption studies on azurin exhibit high degree
of structural stability, which is also reflected in its func-
tional integrity in adsorbed state’’. In Figure 2 @, an STM
image of isolated azurin molecules adsorbed on gold ele-
ctrode surface is presented. These molecules appear quasi-
spherical and quite accurate dimensional match with the
X-ray structure (length ~ 35 A and width ~ 25 A) (Figure
2 b) is also evident. Stable and clear imaging, and simi-
larity of the image shape and dimension to the X-ray
structure indicate minimum structural distortion during
adsorption and scanning. This protein is used these days
as a model system for studying electron transfer proces-
ses between an electrode and a metalloprotein at mole-
cular level®’.

Figure 2.

Oriented adsorption

It has been found that ‘reproducible’ imaging of single
protein molecules at high resolution heavily depends on
the orientation of the molecules. Different molecules can
adopt different orientations at an interface, resulting in
observation of a variety of shapes and dimensions. This is
inevitable especially when a suitable anchoring arrange-
ment to immobilize the molecules in an oriented manner
is not present. The effects of oriented immobilization or a
lack of it are exemplified in the following paragraphs.

C. pasteurianum rubredoxin is a small protein of
length ~ 28 A and width ~25 A. It has a single iron co-
ordinated to the sulphur atoms of four cysteine residues
near one edge of the molecule®’. A characteristic image
of isolated rubredoxin molecules shows mostly spherical
and elliptical shapes as also predicted from X-ray studies
(Figure 3 a, b). However, a variation in both size and
shape is evident in this figure that indicates random orien-
tation of the adsorbed molecules. Effects of random
molecular orientation on the image shape were observed
for other systems, e.g. cytochrome P450., (CYP101)
too. Two molecules shown in Figure 4 @ and b reveal
close similarity with the X-ray structure of the substrate-
free enzyme®’. Both triangular front face (50 A x
50 A x 60 A) (Figure 4a) and elliptical side face
(50/60 A x 30 A) (Figure 4 b) are observed with clear
indication of even the clefts. However, in spite of STM’s
capability of providing shape information, the observa-
tion of two widely different shapes indicates irreproduci-
bility in imaging of a particular shape as a consequence
of random orientation associated with non-specific
adsorption.

A different effect of random molecular orientation is
evident from Figure 3. An internal feature is observed in
two molecules out of 15. It is plausible that these sub-
molecular features appear when the molecules are adsor-

a, Single azurin molecules on gold electrode surface (I, =0.4 nA; V,=-800 mV; Z-

range = 0-6.5 A). b, X-ray structure of Pseudomonus aeruginosa azurin.
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bed with a specific orientation. This could have been
a matter of chance, as many orientations can exist in the
absence of a suitable anchoring arrangement. Similar
effect of non site-specific adsorption was observed for
metallothionein' as well, where the internal features
located on seven zinc—sulphur moieties were observed in
one molecule out of several.

A number of immobilization techniques mostly based
on electrostatic compatibility between the substrate sur-
face and protein molecules have been developed over the
past few years®°®. Various methods involving substrate
modification by covalently attached linker molecules,
substrate anodization/cathodization by electrochemical
means, modification of charged substrate by ionic species
and use of charged lipid films were exploited. These
methods were mostly successful as far as non-specific ad-
sorption is concerned. A method for ‘site-specific’ immo-
bilization of the protein molecules has been proposed
recently'®**. In this method, a cysteine residue is intro-
duced at a suitable position of the protein surface by con-
servative mutagenesis followed by chemisorption of the
mutant molecules on gold electrode surface via strong
gold-thiol interaction®’. A stark contrast in adsorption

Figure 3.

behaviour between wild type putidaredoxin (pdx) and
C73S-D58C, a thiolated mutant of pdx was observed
(Figures 5 and 6). Significant variation in molecular shape/
size as a result of random orientation of pdx (wild type)
molecules is observed in Figure 5, while a great simi-
larity in shape and dimension for most of the molecules
was a routine observation for the mutant molecules
(Figure 6 a, b). A close similarity in shape and dimension
with NMR structure is evident from the STM image
shown in Figure 6 5. Amongst the many existing tech-
niques for protein immobilization, this appears to be
site-specific with consequence in predetermination of
orientation'® and functional control as far as electron
transfer processes between immobilized protein molecu-
les and electrode surface is concerned.

Immobilization with minimum surface contact

Direct adsorption of protein molecules on a metal surface
almost always results in drastic and undesirable confor-
mational changes leading to modifications/complete loss
of function. Structural damages associated with such con-
formational changes are usually expressed in enlargement

{a) Top view and (b) 3-d view of isolated molecules of rubredoxin at gold—water interface — sub-molecular contrast is observed in two

highlighted molecules (/; = 0.2 nA; ¥, =900 mV; z-range = 0-6 A). ¢, Magnified image of one of the highlighted molecules in (b) (I, = 200 pA;
V=900 mV; scan range = 110 x 110 A; z-range = 0-6 A). d, X-ray structure of Clostridium pasteurianum rubredoxin.
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of size and distortion of the molecular shape. Adsorption-
induced damages are evident in the STM images of
rubredoxin and putidaredoxin molecules presented in
Figures 3 and 5 respectively. The molecule shown in
Figure 3 ¢ appears larger (~ 35 A in length) than the size
predicted from X-ray studies. Majority of the pdx mole-
cules (Figure 5) also appear bigger compared to the NMR
dimensions, i.e. 35 A x 18 A. Similar size enlargement
was observed earlier for immunoglobulin G, phosphory-
lase kinase and phosphorylase b too by STM studies™".
It is understood that the adsorption-induced damages
can be minimized by minimizing physical contact of the
protein molecules with substrate surface. At the same

Figure 4. A comparison between STM images of single molecules of
cytochrome P450 and its crystal structure (the clefts are indicated
by arrows) (I, =0.26 nA; V,=1260 mV; z-range =0-19 A). a, tri-
angular front face and, b, elliptical side face.

Figure 5. A high coverage of putidaredoxin molecules at gold—water
interface (I, = 0.5 nA; ¥, = — 500 mV; z-range = 0-10 A).
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time, immobilization is essential for stable and successful
imaging. C73S-D58C, the pdx mutant discussed earlier
was used for generating ‘single point contact’ with the
gold electrode surface by the formation of a gold—thiol
bond. Dimensional similarity with NMR structure as
observed in the images of mutant molecules (Figure 6 5)
indicates ‘indirect’ adsorption through minimum surface
contact(s), resulting in preservation of solution state
structure in adsorbed state. A direct application of such
non-destructive immobilization method was realized in
the formation of a surface confined complex (Figure 7 @)
between immobilized single pdx mutant (C73S-D58C)
molecule and a single CYP101 molecule at gold—water
interface'®. Striking structural similarity with the presu-
med electron transfer complex is evident from a compari-
son between the STM image and the molecular dynamics
simulation model®® (Figure 7 b). Stability of the adsorbed
complex is achieved by means of electrostatic association
of CYP101 with pdx molecules via salt bridges, hydrogen
bonds and hydrophobic contacts, while the enzyme mole-
cule remains physisorbed via contacts through one of its
elliptical faces. A close similarity between the simulated
model and STM image of the complex indicates minimal
damage of the molecules when they form a complex and
remain adsorbed on the gold surface.

Elimination of artifacts

Artifacts related to contamination, noise, improper scan
parameters and wrong use of image processing software
can lead to features that appear as real”” and prevent
effective structural studies of proteins by STM. Stringent
control experiments should be performed by studying
freshly prepared substrate surface either in ambient con-
ditions and/or imaging under the same fluid using similar
scan parameters as used in experiments with the protein
solutions. The effects of random and periodic noise should
be minimized by controlling various sources of noise,
e.g. building vibration, acoustic vibration, thermal fluc-
tuations, electronic, etc. Application of optimized scan
parameters and proper use of image processing software
can also reduce anomalies to a large extent.

Spatial resolution

Resolution in STM ideally implies detection/measurement
of tunnel current at each pixel on X-Y plane by an atomi-
cally sharp probe. In practice, it is a collective result over
a few atoms of the probe end leading to lower resolution.
A mismatch between the probe size and pixel-to-pixel
separation can also result in reduced resolution. Lateral
resolution in STM is primarily determined by probe
dimension and probe shape®, while the exquisite resolu-
tion in z-axis is controlled by the exponential dependence
of tunnel current on probe—sample separation. Other fac-
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tors influencing the lateral resolution are translational/
rotational mobility of the adsorbed molecules, molecular
structural motion, humidity/hydration and tunnel resis-
tance/tip—sample separation”.

Contrast formation

The major hurdle in STM studies of protein molecules is
the interpretation of tunnel profiles. Protein molecules
are well-known insulators/quasi-conductors with high
resistivity, typically 10"°-10"" Q m at room tempera-
ture’®. They appear to behave as passive molecules like a
spacer between two electrodes’' and one can argue that
the concept of vacuum tunnelling’> be applied in this
case, when the spacer is expected to be non-interfering
during tunnelling. However, the achievements in protein
imaging indicate that STM can sense these quasi-con-
ductors. Visualization of the molecular shape during
STM imaging indicates flow of electrons from outer sur-
face of the molecule, while observation of an internal
feature may mean electron flow from the outer boundary,
e.g. in case of rubredoxin'’, where the iron—sulphur site
is solvent-exposed and/or through the molecule, e.g. in
case of metallothionein'* and cytochrome'® P450. The
latter two examples reflect an active role of the mole-
cule” ™ in tunnelling mechanism though under normal
STM operation, the electrons are supposed to tunnel bet-

[V S el

Figure 6.

ween the probe and the sample without interfering with
the molecular states®.

Image contrast of protein molecules can be difficult to
understand when the images are obtained in fluid phase.
Tunnelling through a molecular-liquid medium® ™ is
complicated as there can be static and fluctuational
effects due to water molecules trapped in the tunnel gap
and a non-exponential tunnelling near the electrode has
been proposed®. The electric current measured during
protein imaging may include contributions from elec-
tronic, ionic*® and protonic surface conduction®*® and
involve electron flow across covalent or hydrogen bonds
and van der Waals contacts within the protein structure®®.
For example, in rubredoxin, aromatic groups like phenyl
alanine, tyrosine and tryptophan are distributed within
the central cavity of the molecule. Although they display
several orientations, the side chain rings are virtually in
contact with each other and with the FeS, active site,
providing a possible extended pathway for electronic
interaction of the iron site with the underlying gold elec-
trode surface. Resonance between the unoccupied levels
of unperturbed molecules and the probe Fermi level is
unlikely as proteins have a large band gap (5-7 eV)™. It
is, however, possible that pressure within the tunnel
gap’’, moves the molecular energy levels and subsequen-
tly makes them accessible to the metallic Fermi levels.
Tip-induced compression of the adsorbate can lead to a
strong amplification of tunnel current by perturbation of

a, Adsorption of C73S-D58C monitored at a time interval of 30 min at gold—buffer interface (I, = 0.7 nA;

Vi, =— 700 mV; scan range = 860 x 860 A; z-range = 0-20 A). b, Individual molecules of pdx mutant immobilized on
gold surface (/, = 1.023 nA; ¥, = 800 mV; z-range = 0-9.9 A). ¢, A comparison between the imaged shape of a mole-
cule immobilized with Trp 106 solution exposed and the expected shape from NMR structure.
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the electronic structure of the molecule. Also, nuclear
configurational fluctuations®’, and any perturbation of the
metal centre by means of ligation and by the electric field
of immediate protein environment may help in bringing
the energy level(s) near the substrate/probe Fermi level
and therefore, resulting in a near-resonance situation. The
role of metal atomic orbital in contrast enhancement, e.g.
in case of rubredoxin', especially when one considers
direct interaction between the scanning tip and the metal
center that is not deeply embedded in protein matrix
but located near the protein surface’’ (Figure 3) can be
important. It is possible that the sulphur atoms also con-
tribute to tunnel enhancement by means of their rela-
tively high atomic polarizability’®. Enhanced tunnelling
associated with sulphur atoms has been reported in orga-
nic films earlier’” and it has been argued that functional
group contrast can be related to their ionization potential
indicative of hole transfer’’. Interactions of ligand sul-
phur atoms with underlying gold surface has also been
proposed to be responsible for contrast enhancement over
zinc—sulphur sites in metallothionein molecule'*. A role
of ‘through space’ tunnelling between an electron-rich
unit buried inside the protein matrix and scanning probe
and/or a role of relevant amino acid residues situated

Figure 7.

on the electron transfer pathway may also be considered
to justify the contrast observed in some cases, e.g. cyto-
chrome P450,,,, (ref. 16).

Future directions

A great similarity is observed between the NMR/X-ray
structure of a protein and its STM image wherever the
conditions are optimized for least damage of the adsorbed
molecules. These findings may encourage one to carry
out STM investigations on proteins/enzymes of unknown
structure. As mentioned before, NMR or X-ray structure
cannot be obtained for many proteins because of sample
preparation difficulties or difficulties in interpretation of
the data. Information regarding dimension, shape, struc-
tural stability and monomeric/multimeric state can be
obtained from STM studies. Studies on proteins of un-
known structure are underway by the author at present.
Though STM shows promise in revealing tertiary struc-
ture of a protein, the present level of instrumental capa-
bilities do not allow an STM experimentalist to achieve
the level of internal resolution obtainable from X-ray/
NMR studies. Development of more sensitive pre-ampli-

4
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a, STM image of the proposed electron transfer complex between putidaredoxin and cyto-

chrome P450 at gold(111)-water interface (I, =0.2nA; V;,=—0.7V; z-range = 0-8 A). b, Molecular
dynamics simulation model of the complex. ¢, Sub-molecular contrast in cytochrome P450 molecule:
intermolecular separation is ~ 14 A as shown in the cross-sectional analysis.
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fiers to detect currents of femptoamp or even lower range
should help resolve positions of electronically address-
able atoms/groups like nitrogen, phosphorus, sulphur,
alkene, alkyne, aromatic groups and metal centres with
convenience. Working at a low temperature should also
help in increasing lateral resolution, since mobility of the
molecules can be reduced and immobilization be aided
leading to sub-molecular resolution.

A limitation in structural studies of protein molecules
by STM is that the STM image of a protein molecule can
be obtained only when the molecule is adsorbed in an
interface. Though good resemblance between X-ray/NMR
structure and STM image is observed often, it is still
questionable how often one can reliably compare the X-ray/
NMR structure with an STM image of an adsorbed protein
molecule, given the adsorption-induced distortions men-
tioned before. To minimize this problem, one may use an
immobilization technique where contact area between the
surface and the molecule is minimum.

Some interesting future works would be to replace the
iron atom(s) in iron—sulphur proteins by other sulphur-
binding metal(s) (e.g. zinc or cadmium) and then image
at high resolution to see whether metal replacement leads
to any change in contrast over high contrast area(s). Such
work should have important implications in differentiat-
ing different metal centres within a single multicentred
molecule that may help in understanding electron transfer
properties of multicentred metalloproteins/metalloenzy-
mes at ‘single molecule’ level. Also, the ability of STM
to image a surface-confined complex between a protein
molecule and an enzyme molecule'® that is its redox
partner, can be the beginning of the dream of ‘molecular
enzyme sensor’ being realized. Experiments with electro-
chemical potential control and use of scanning tunnelling
spectroscopy to observe the effects of ‘intracomplex’ ‘inter-
molecular’ ‘direct’ electron transfer need to be carried out
to fulfill this dream.

Though immobilization of a protein molecule via gold—
thiol bond formation appears to be successful for a small
protein like pdx, it is yet to be seen whether the same
method would lead to successful immobilization of big-
ger enzyme molecules. More than one thiol may be neces-
sary for keeping the enzyme molecules immobilized on
substrate surface over an appreciably long residence time.
Effective immobilization via gold—thiol bond formation
should be reflected in the similarity of observed shape for
all the molecules in an adlayer generated by the same
mutant. Of course, the ultimate success of effective immo-
bilization would depend on the relatively defect-free
nature of substrate surface that would ensure similar local
adsorption environment for a majority of the molecules.
Care should also be taken not to immobilize the enzyme
molecule through thiol(s) incorporated near active site
since that may change enzyme function drastically. Finally,
investigations with other techniques like X-ray photo-
electron spectroscopy (XPS)/surface enhanced resonance
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Raman spectroscopy (SERS) should be made before the use
of the thiolated mutants can be established in techno-
logical applications.
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