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Covalent anchoring of proteins onto gold-directed NHS-terminated
self-assembled monolayers in aqueous buffers: SFM images of clathrin
cages and triskelia
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Abstract N-Hydroxysuccinimide-terminated self-assembled monolayers with linear (CH,),, chains were prepared on ultraflat Au(111) surfaces from
dithiobis(succinimidylundecanoate). These monolayers, which are covalently chemisorbed to gold via thiolate bonds, form a highly reactive amino-
group specific carpet at the liquid-solid interface. Proteins bind to it covalently in aqueous buffers under mild conditions; this provides a (general)
procedure for protein immobilization for scanning probe microscopy. Using this technique, we have obtained what we believe are the first scanning
force microscopy images of clathrin cages and of their in situ disassembly, yielding typical triskelia under non-denaturing conditions.
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1. Introduction

Scanning probe microscopy (SPM) potentially allows direct
imaging of individual macromolecules under ‘physiological’
conditions, i.e. undenatured, in aqueous buffers, and also in the
presence of appropriate ligands or effectors; for reviews see
[1-5]. Even if this has to be paid for with a lower resolution,
as compared to that of high-resolution electron microscopy
(and of course also to that of SPM of many inorganic and
organic materials), SPM should in principle allow structure—
function studies to be carried out on native biological objects,
particularly when major structural changes are involved.

One of the conditions to be fulfilled for SPM imaging of
macromolecules in aqueous solutions is that they should be
firmly anchored on appropriate substrates and thus not be
displaced by the tip while scanning. Such substrates should be
flat, i.e. featureless over large areas, be chemically inert, yet
allow fixation of the objects. Mere electrostatic interactions, for
example, would severely limit the conditions under which bio-
logical objects can be eventually investigated (e.g. only at low
ionic strength or within a limited pH range). A variety of crys-
talline or amorphous substrates have been used to date, having
different chemi- or physisorption properties. The substrates
mostly used are mica, glass, silicon wafers, highly oriented
pyrolytic graphite (HOPG), and gold.

Mica has excellent flatness. It binds biomolecules via electro-
static interactions (thus with the limitations indicated above),
also after appropriate derivatization [6-10]. Glass can be deri-
vatized to make it bind proteins covalently via silanization
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[11,12]; it has the additional advantage of allowing imaging of
the very same sample by both SPM and other techniques re-
quiring a transparent support. Also HOPG (if used underiva-
tized, but see [13]), binds macromolecules by way of weak
electrostatic or “adsorption’ forces (and, moreover, it has fallen
into, perhaps excessive, disrepute when it was shown to yield
artifactual images mimicking DNA [14,15]). Gold is, we think,
an even more promising substrate: it is inert against O,, yet it
can form very stable covalent Au-thiolate bonds [16-19]. Addi-
tional advantages of gold are related to its conductivity: it
allows STM imaging and also potentiostatic deposition of
charged macromolecules. We have recently worked out a sim-
ple and reproducible procedure to prepare ultraflat Au(111)
surfaces (template-stripped gold, TSG) with a mean roughness
as small as 2-5 A over more than 25 ym? [20,21], thus overcom-
ing the serious drawbacks of the irregular topography (on um
scale) of epitaxially grown or of other gold surfaces, as pre-
pared by established procedures (for a comparative review until
1992, see [22]).

Some biomolecules may bind to these gold surfaces without
additional treatment (e.g. via pre-existing thiol groups, or
physisorption), but the two main all-purpose routes are: (i)
introducing (extra) thiol groups into the biomolecule (e.g. DNA
[23], see also [24]), proteins (via Traut’s reagent: [25] and unpub-
lished data from our group), phospholipids [26]), or (ii) forma-
tion of derivatised gold-directed self-assembled monolayers
(SAM) onto these ultraflat Au(111) surfaces with subsequent
non-covalent [27] or covalent anchoring of biological macro-
molecules (see below).

Here we deal with the latter approach. Hydrophobic thiols
(e.g. dodecanethiol) easily form regular monolayers on epitaxi-
ally grown gold surfaces (e.g. [16-19]) with a commensurate
(v3 x {3) R30° overlayer structure. Au(111) directs the thiolates
to form two-dimensional arrays, which are further stabilized by
their lateral hydrophobic interactions. The ultraflat Au(111)
surfaces mentioned above [20] are exquisitely flat templates
onto which to build very regular, extended monolayers, for
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example of palmitoyl-N-cysteamine [21], or of @-functionalized
thiols. If the w-substituent is a highly reactive group, it can act
as the anchoring site, docking proteins onto the monolayer
carpet. We have used here dithiobis(succinimidylundecanoate)
(DSU). It readily forms regular and extended monolayers; the
N-hydroxysuccinimidyl groups, which are exposed at the mon-
olayer-water interface, react with amino groups under very
mild conditions (pH ~6.5-7.5).

In this paper we focus on clathrin and its association states.
This protein forms the regular polyhedral surface lattice of
clathrin-coated vesicles, which are involved in intracellular pro-
tein transport. This function involves the reversible association
of three-legged clathrin protomers (triskelia), composed of
three heavy and three light chains, into regular coat structures.
In vitro purified clathrin triskelia associate in the absence of
membranes into empty cages which are very similar to the
surface lattice of coated vesicles. Both triskelia and cages have
been extensively characterized by electron microscopy [28,29].

This system was chosen because (i) cages and triskelia differ
considerably in size and shape, and would thus be easily distin-
guished by SFM, (ii) clathrin is readily purified and the two
association states are interconvertible by simple and established
manipulations [30], thus enabling in situ studies of dynamic
events in the nanometer range, (iii) clathrin contains enough
lysine residues for immobilization, and (iv) our understanding
of the dynamics of clathrin assembly and disassembly is likely
to improve by using SFM.

2. Materials and methods

2.1. Materials and instrumentation

Clathrin coated vesicles were prepared from bovine brains according
to [31], and clathrin (cages) were purified according to [30]. All chemi-
cals and solvents were commercial grades of highest purity. Gold, mica,
Si-wafer and epoxy-glue Epo-tek No. 377 were purchased as reported
previously [20]. Synthesis of dithiobis(succinimidylundecanoate) was
carried out via oxidation of the Bunte salt of 11-bromoundecanoic acid
(Wagner et al., in preparation).

Scanning force microscopy was carried out on a NanoScope I11 from
Digital Instruments Inc. (Santa Barbara, CA. equipped with an
E-scanner with a 10 x 10 um scan range), and scanning tunneling mi-
croscopy on a home-built system. For SFM we used microfabricated
monocrystalline silicon tips (with force constants ranging from 0.06 to
0.17 N/m, purchased from LOT, Darmstadt, Germany). and for STM
mechanically cut Pt/Ir tips.

2.2, Preparation of template-stripped gold surfaces (TSG)

According to our procedure described in [20], gold was deposited 200
nm thick onto freshly cleaved, preheated (300°C) ruby muscovite mica
sheets. After glueing onto a Si-wafer piece using the epoxy glue, the
mica was removed by immersing the [Si-epoxy glue-gold-mica] multi-
layer into tetrahydrofuran. This resulted in exposure of the ultraflat
Au(111) surfaces (TSQ).

2.3. Formation of the NHS-SAM

The monolayer was prepared on these ultraflat Au surfaces by im-
mersing the TSG in a 1 mM solution of DSU in acetone for 2 h at room
temperature. After rinsing with acetone, the NHS-terminated mono-
layer was dried under a stream of nitrogen and immediately used for
the immobilization step.

2.4. Protein immobilization and SFM imaging

The general procedure for immobilizing amino groups containing
biomolecules was as follows: 50 ul of the protein solution (amine free
buffers are mandatory) at a concentration of 1 yg/ml were placed on
a piece of parafilm; a TSG platelet was carefully put upside down onto
the drop. After 1 h the platelet, now carrying the covalently immobi-
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lized biomolecules, was rinsed with 2 ml buffer solution and placed into
the fluid cell of the NanoScope. The buffer used here in the immobili-
zation step and in the first imaging (see Fig. 3A below) was 100 mM
MES (pH 6.5), 1 mM EGTA, 0.5 mM MgCl, and 0.05% NaN,. Subse-
quent injection of 200 ul of 0.5 M Tris-HCl (pH 7) into the fluid cell
nearly completely exchanged the buffer, which triggered the in situ
disassembly of the immobilized cages.

Image acquisition in the constant-force imaging mode was carried
out in the buffers indicated. The proteins were never left to dry at any
stage. Forces were in the range of approximately 1 nN and scan speeds
were lower than 1 gm/s. The piezo scanners were calibrated in the x and
¥ dimensions, by using a Si calibration standard with a periodicity of
200 nm, and in the z-dimension from the known monoatomic step
heights of Au(111). All images shown in the following are based on
unfiltered data.

3. Results and discussion

Ultraflat gold substrates were prepared and characterized as
reported previously in detail [20,21]. NHS-SAM spontaneously
formed onto them from DSU by self-assembly in a rather
straight-forward manner (see section 2). In Fig. 1 the resulting
complete multilayer system is shown, consisting of NHS-SAM-
Au(l11)-epoxy glue-Si(100). The NHS-SAM covered the
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Fig. 1. A schematic view of the experimental set-up developed in the
present paper for SPM imaging of a protein (not to scale). (Some of)
the amino groups of clathrin have reacted with the NHS-activated
carboxylic acid groups at the water—solid interface of a self-assembled
monolayer. The monolayer is covalently bound via S-Au bonds to
ultraflat template-stripped gold (TSG) surfaces (roughness, 2-5 A over
25 um?) [20]. The Au(111) film is supported by a Si(100) wafer, to which
it is glued via a special epoxy resin (Epo-tek).
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atomically flat gold terraces completely and exhibited the de-
pressions (see an STM image in Fig. 2), which are characteristic
of this type of monolayers (see e.g. [32,33]).

Using this immobilization system we have now anchored a
number of proteins and organelles onto this SAM for imaging
by SPM methods in aqueous buffers. In all cases the biomol-
ecules were immobilized stably and reproducibly, providing
SFM images with satisfactory quality (data not shown).

Fig. 3A is a top-view SFM image of immobilized clathrin
cages. Clearly, the cages were firmly immobilized to the under-
lying monolayer: they were not swept away by the tip during
scanning over several hours. Even increased loading forces (to
10 nN) did not alter the distribution pattern of the cages in the
scan area. Also, the cages were not demolished or disassembled
by the tip, since no single triskelia were found. If triskelia would
have been released from the cages they should have bound to
the monolayer because the hydrolysis half-time of the N-hy-
droxysuccinimidyl groups at pH 6.5 is long enough to retain
sufficient binding capacity over the time course of the experi-
ment. Changing the concentration of cages in the immobiliza-
tion buffer led to corresponding changes in their density in the
images obtained (not shown). The diameters of the cages cen-
tered around 155+ 21 nm (¥ £ S.E.M., n = 86), which was
larger than the diameters as obtained from electron microscopy
(e.g. [28,29]). The difference between SFM and electron micros-
copy was most likely due to the convolution of the geometry
of the tip (experiments are presently in progress using internal
topographic standards and image processing methods to elim-
inate tip induced broadening). Heights were in the range of
16 £ 6 nm (n = 86) due to a compression of about 80%. Struc-
tural details of the cages, such as hexagonal or pentagonal
pores, were not resolved, i.e. the lateral resolution was lower
than that in electron microscopy. This was not unexpected for
various reasons, e.g. the flexibility and nature of the sample in
aqueous media, the shape of the tip, the tip-induced sample
perturbation during the scan, deformations of the sample due
to probe and hydration forces, etc. These differences from
electron micrographs were the tribute to be paid for keeping the
cages In their native state.

The non-denaturing conditions enabled us to carry out the
following experiment: changing to a buffer system leading to
in vitro disassembly within a short time period, should allow
us to visualize the disintegration of the cages. Indeed, a few
minutes after the injection of the disassembly-inducing buffer,
the cages had changed size and shape. Fig. 3B shows an SFM
image captured 10 min after changing to Tris buffer: the cages
had now changed to porous looking structures exhibiting much
lower z-heights (approximately 2 nm). Widths were similar to
the cages in Fig. 3A. In this intermediate basket-like stage, the
cages had apparently disassembled except in their bottom parts
(some ‘baskets’ are zoomed in Fig. 3C). The kinetics of cage
disassembly observed at the liquid-solid interface were much
slower than those in bulk solutions; possibly due to a number
of factors: multiple covalent bonds to the underlying SAM;
interface effects, etc. Whatever the reasons for this difference,
the original, SAM-anchored cages in Fig. 3A were obviously
still in a native ‘functional’ state, i.e. they could disassemble
under appropriate conditions.

The filaments (see Fig. 3B, black arrow) attached to nearly
unscathed cages (having z-dimensions comparable to those of
the original cages in Fig. 3A) were probably clathrin molecules
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imaged while being released. ‘Snapshots’ such as this were ob-
served solely under conditions leading to disassembly; hence,
they were not artefacts due, e.g., to the scanning tip.

Images taken after 2 h (Fig. 3D) showed that the baskets had
disassembled completely, yielding individual clathrin triskelia
only. Most of them were not regularly spread out with the three
legs at an angle of 120°, probably due to them being immobi-
lized via unfavourable or too few anchoring points. The latter
mechanism is probably the more important, because the triske-
lia had reacted with the underlying monolayer while still
wedged in the scaffolding of the cages. (Occasional holes in the
gold film were the cause of both the black spots and the hori-
zontal bright deflections of the stylus seen in Fig. 3D.)

The magnification of a triskelion is shown in Fig. 3E. Its
dimensions compare well with those obtained from electron
microscopy with each of the legs measuring 45 nm in length.
The globular amino-terminal domains with diameters of about
12 nm, are also clearly discernible. This domain appears to be
connected via a flexible 6.5-10 nm long linker to the stiffer
distal domain. Missing is, however, the kink which has been
seen frequently in electron micrographs of rotary shadowed
triskelia. It usually divides the triskelion leg into proximal
(17 nm) and distal (22 nm) parts [34,35). Insufficient immobili-
zation of the triskelion to the substrate combined with exposure
to shear forces may have caused a distortion of the legs.

The diameters of the legs differ depending on their orienta-
tion relative to the direction of the scan. Leg I in Fig. 3F was
oriented parallel to the fast-scan axis. Its very low diameter of
2.0 to 3.5 nm results from the fact that the tip was ‘riding’ on
top of the backbone. In contrast, leg III was immobilized per-
pendicular to the fast-scan axis; its width fluctuated between 4
and 12 nm. Possibly, only a few lysine residues had reacted with
the underlying monolayer, which resulted in relatively movable
sections. Leg IT was sited with an angle of 25° to the fast-scan
axis; it showed a more condensed appearance with an apparent
width of 4 to 6 nm.

Further investigations to image in vitro prepared triskelia
and to follow the in situ reassembly are currently in progress,
as well as SFM experiments in the ‘noncontact” mode in aque-
ous buffers. The SFM images presented here are the first ones
of clathrin. Their remarkable quality (with the limitations indi-
cated above) show that it is possible to follow in situ the dynam-
ics of disassembly, and perhaps assembly, of macromolecules
in aqueous buffers and, potentially, in ‘real time’. The number

Fig. 2. STM image of the NHS-SAM on Au(111) (2 pA, 1.2 V).
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Fig. 3. SFM images of clathrin cages and triskelia, covalently bound to the N-hydroxysuccinimide-terminated SAM of Fig. 1, in aqueous buffers
at room temperature. (A) Clathrin cages (I gg/ml) in 0.1 M MES (pH 6.3), 0.5 mM MgCl,, 1 mM EGTA, 0.02% NaN,. The height of the cages
was 16 * 6 nm. (B) As in Fig. 3A, but 10 min after the exchange of the buffer, now in 0.5 M Tris-HCI (pH 7.0). The structures indicated by the white
arrows are enlarged in Fig. 3C. For the black arrow, see text. (C) Magnified images of the four baskets indicated by the white arrows in Fig. 3B.
The height of the baskets was approximately 2 nm. (D) Approx. 2 h after the exchange of buffer to Tris, pH 7; the cages have completely disassembled
into individual triskelia. The black spots are holes in the gold film (see text). (E and F) A regularly spread out triskelion, with the dimensions

indicated (F).
—

of observed dynamic processes of biological structures at the
molecular level in the imaging mode of SPMs is still very small,
e.g. the polymerization of fibrinogen [36]. Most investigations
published on dynamic events deal, however, with much larger
objects, such as platelets (measurement of their viscoelastic
properties) [37], or pox virus particles (extrusion from kidney
cells) [38].

The presented work paves the way for detailed investigations
on the components involved in the formation and the disassem-
bly of clathrin cages, such as adaptins and uncoating factors.
More generally, we show that native macromolecules in aque-
ous buffers can be anchored covalently to an appropriate sub-
strate, of which the N-hydroxysuccinimide derivative of Fig. 1
is just an example. It should be noted that the technique used
to obtain the images of Fig. 3 is simple, rapid and reproducible.
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