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Abstract: In this paper the multivalent
binding of hexahistidine (His,)-tagged
proteins to B-cyclodextrin ($-CD) self-
assembled monolayers (SAMs) by
using the nickel(II) complex of a
hetero-divalent orthogonal adamantyl
nitrilotriacetate linker (4) is described.
Nonspecific interactions were sup-
pressed by using monovalent adaman-

showed that the MBP molecules in so-
lution were linked, on average, to Ni-4
in 1:1 stoichiometry. On the surface,
however, the majority of His¢-MBP
was complexed to surface-immobilized
B-CDs through three Ni-4 complexes.
This difference is explained by the high
effective B-CD concentration at the
surface and is a new example of supra-

molecular interfacial expression. In a
similar adsorption scheme, SPR proved
that the a-proteasome could be at-
tached to B-CD SAMs in a specific
manner. Patterning through microcon-
tact printing of (Hiss),-DsRed-fluores-
cent timer (DsRed-FT), which is a tet-
rameric, visible autofluorescent pro-
tein, was carried out in the presence of
Ni-4.  Fluorescence = measurements

tyl-hexa(ethylene glycol) derivative 3.
With the mono-Hiss-tagged maltose
binding protein (His¢-MBP), thermody-
namic modeling based on surface plas-
mon resonance (SPR) titration data

Introduction
Proteins can be immobilized at surfaces by covalent immo-

bilization or physisorption,?! but these methods leave little
room for control over the adsorption process. Control over
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showed that the (Hisg),-DsRed-FT is
bound strongly through Ni-4 to the mo-
lecular printboard.

host-

the immobilization of proteins can be reached, however,
through supramolecular chemistry.”! Considerable flexibili-
ty over protein immobilization can be achieved through the
insertion, by bioengineering, of a hexahistidine (His,)-tag
into a protein. These His tags can bind to nickel nitrilotri-
acetate (NiNTA) self-assembled monolayers (SAMs). In this
manner, one can control many factors, such as thermody-
namics, orientation, and function.l**!

Originally, the NiNTA-His, tag system was developed for
the affinity purification of proteins.”’ Nowadays, the technol-
ogy is increasingly applied to the immobilization of His-
tagged proteins on surfaces.'®?) Multivalence, which is the
simultaneous interaction between multiple functionalities on
one entity and multiple complementary functionalities on
another entity,”! is an important concept underlying this
type of surface immobilization.*?*-4

When His-tagged proteins are immobilized on NiNTA
SAMs, it is possible to reverse the immobilization by the ad-
dition of EDTA or imidazole.”?? Also, control over the
orientation of His-tagged proteins is possible.!!:2326:28-301 A
typical example in this respect is the oriented immobiliza-
tion of the 20S proteasome on NiNTA SAMs on gold.P!
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The 20S proteasome is a large protein complex that is re-
sponsible for the degradation of misfolded proteins. It can
be His-tagged either at the a or  subunits. When immobi-
lizing the 20S proteasome onto NiNTA SAMs, this results in
an end-on (o) or side-on (f) orientation. Through o immo-
bilization of the 20S proteasome it was possible to elucidate
the substrate-association step of the protein degradation
mechanism.!

B-Cyclodextrin (f-CD) is a well-known host for various
small hydrophobic organic molecules in aqueous environ-
ments.’? We have modified B-CD with seven heptathioether
chainst** to obtain self-assembled monolayers (SAMs) on
gold. Such SAMs are ordered and densely packed and have
been extensively characterized.®** The binding constants
for the binding of monovalent guest molecules to a single [3-
CD cavity of these SAMs are comparable to the binding
constants for the binding of the corresponding molecules to
B-CD in solution.F>3 All guest binding sites in the p-CD
SAM are equivalent and independent, and thus, the 3-CD
monolayer can be regarded as a multivalent CD host sur-
face. The use of multivalent®™ ! host—guest interactions
allows the formation of kinetically stable assemblies, and
thus, local complex formation, for example, by patterning,
so that these surfaces can be viewed as “molecular print-
boards”.’”*¥ By varying the number and type of guest sites,
it is possible to control the thermodynamics, kinetics, and
stoichiometry of the adsorption and desorption of multiva-
lent molecules at such surfaces.”

The enhancement of the adsorption of a multivalent spe-
cies at the B-CD molecular printboard was previously dem-
onstrated by surface plasmon resonance (SPR) titration ex-
periments in which a heterotropic,***!) orthogonal motif was
used.® In that study, an adamantyl-functionalized ethylene-
diamine ligand complexed to M (M is Cu or Ni) was assem-
bled at the surface.”! In solution, the metal-ligand complex
was mostly monovalent. At the surface, however, a multiva-
lent complex was formed. The formation of multivalent
complexes at the -CD molecular printboard is governed by
a high effective concentration (C.), which represents the
probability of a guest site of an already partially bound mul-
tivalent guest moiety finding a complementary host site at a
multivalent host (here the printboard).®>*¥! This C, re-
sults in an increased stability of multivalent complexes at
the molecular printboard relative to monovalent complexes.
Enhancement factors of ~100 for the formation of a multi-
valent complex at the surface compared with in solution
were observed.

The versatility of the molecular printboard for attaching
proteins was demonstrated in studies in which streptavidin
was linked to the molecular printboard in a specific manner
through orthogonal linkers.”? Nonspecific interactions of
proteins with those surfaces can be inhibited with a specifi-
cally developed adamantyl-functionalized oligo(ethylene
glycol) derivative.*!

In this paper, the advantages of protein attachment to the
molecular printboard, for example, controllable binding con-
stants (K,) and the suppression of nonspecific interactions,
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are combined with His-tagged proteins. The Hiss-tagged
proteins are immobilized on 3-CD SAMs by an adamantyl-
NTA (4) linker. Titration experiments with the maltose
binding protein (MBP) that contains a single His; tag are
described, as well as the modeling of these experiments in
which the valence of the complex formation in solution and
at the surface is compared. The possibility of patterning pro-
teins with multiple His tags is demonstrated by using
(Hisg),-DsRed-FT, a variant of the tetrameric reef coral, the
visible, autofluorescent protein DsRed. For the a-His-
tagged 20S proteasome, the possibility of specific immobili-
zation is discussed.

Results and Discussion

Systems under study: The compounds used in this study are
depicted in Scheme 1. The two adamantyl-bearing molecules
(3 and 4) were developed for the specific attachment of His-
tagged proteins to 3-CD SAMs (2). The adamantyl moiety
of 3 and 4 ensures interaction with the $-CD SAM, whereas
the hexa(ethylene glycol) (HEG) chain of 3 prevents non-
specific protein adsorption.*”) The NTA moiety of 4, when
complexed to nickel, ensures a specific interaction with
His-tagged proteins.

In this work, three different proteins of varying size and
different numbers of Hiss tags have been studied: The mal-
tose binding protein (MBP), the fluorescent timer mutant of
DsRed (DsRed-FT), and 20S proteasome (Scheme 1). MBP
is a protein with a molecular weight of 41 kDa (3x4x
6.5 nm),"*) which is part of the maltose/maltodextrin system
of Escherichia coli that is responsible for the uptake and ef-
ficient metabolism of maltodextrins.*”) The version em-
ployed here bears one His, tag. The Hisys tag spans ~2 nm
and the B-CD cavities are spaced at about 2.1 nm from each
other, which means that the Ni-4 complexes bound to the
His, tag are spaced far enough apart to form multiple host—
guest complexes at the 3-CD surface. Considering the size
of the protein and the surface area of the surface-confined
B-CD cavities, it should be noted that the MBP is somewhat
larger than three B-CD cavities, which corresponds to the
maximum number of linkers (4) through which His¢-MBP
can be bound. Therefore, a close-packed layer of protein is
expected.

The experiments presented herein were performed at
pH 7.5. At this pH, the Ni-4 complex is formed >90% when
[Ni],oi=[4]ist>50 nm, which is true for every data point
shown. In the modeling studies (shown below) it is therefore
assumed that Ni-4 is always completely formed.[**47

The fluorescent timer mutant of DsRed (DsRed-FT) is an
autofluorescent, tetrameric protein~'! and into each mono-
mer a Hisq tag was inserted through bioengineering. When
this protein is attached to a surface, at least two His, tags
will be facing the surface, and possibly as many as three or
four, as a result of the deformation of the tertiary or quater-
nary structure of the protein. The fluorescent properties of
this protein are sensitive to changes in the tertiary structure
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1 2
B-CD: R= OH adsorbate:

His,-MBP (His,),-DsRed-FT

Scheme 1. Compounds used in this study: 3-cyclodextrin (1), adsorbate for SAMs on gold (2), adamantyl link-
ers 3 and 4, nickel, Hiss-MBP, (Hisg),-DsRed-FT, and o-(Hisg)4,-20S proteasome.

I I T I

Scheme 2. Binding of Hiss-MBP through Ni4 to 3-CD SAMs, in competition with monovalent blocking agent

3.

and the protein may lose its fluorescent properties upon
large conformational changes.

20S proteasome is a large protein complex (700 kDa) that
consists of two different subunits (o and p, 14 of each) with
a high homology. The size of the protein is about 15 nm in
height and 10 nm in diameter, which means that, if 20S pro-
teasome is immobilized end-on (o form) on the molecular
printboard, it spans about 20 3-CD cavities. The two outer
rings consist of seven o subunits, whereas the two inner
rings consist of seven f subunits. In the proteasome em-
ployed herein, the His, tags are inserted into the o subunits.
Binding to the surface is therefore expected to be through 7
His, tags, and thus, 21 NTA linkers bound to 21 $-CD cavi-
ties, which fits well with the cross-section of the protea-
some. !

Binding of the mono-His-tagged MBP: The immobilization
of His-tagged proteins on B-CD SAMs through Ni-4 was
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first studied by SPR titration
experiments with His¢-MBP.
The assembly scheme is sche-
matically shown in Scheme 2.
Figure 1 shows the correspond-
ing SPR titration curve.

The SPR titration experiment
was performed by monitoring
additions of increasing concen-
trations of His-MBP and Ni-4
against a background of 3
(0.1 mm) in phosphate-buffered
saline (PBS). This concentra-
tion suffices to inhibit the non-
specific interactions of proteins
with the p-CD SAM.H!
Throughout this study the His
tag/Ni-4 ratio was kept at 1:5,
that is, a two equivalent excess
over the three equivalents that
are maximally expected to in-
teract with a His tag. After
each addition, an increase in
the SPR signal was observed,
which is indicative of adsorp-
tion (Figure 1). The adsorption
was followed for 10 min, after
which the surface was regener-
ated by using B-CD (10 mm)
and EDTA (10 mm), which led
to restoration of the baseline
and indicated desorption of the
His,-MBP  complex from the
surface. Figure 1 shows a steady
increase in the baseline. This is
attributed to drift because

Ni#

a—(His,),,-20S proteasome

2.1 4 l l

Ilau.

120 160 200 240 280
t/ min

Figure 1. SPR sensogram of a titration experiment of His-MBP with the
molecular printboard (Scheme 2). Symbols indicate switching to: 0.1 mm
3 in PBS (e), increasing concentrations of His,-MBP +Ni-4 (ratio 1:5)+
0.1 mm 3 in PBS (+), 10mm B-CD+10 mm EDTA in PBS (e), PBS ({).

Chem. Eur. J. 2008, 14, 2044 -2051


www.chemeurj.org

Anchoring of Proteins to Molecular Printboards

every addition of 3 before the addition of His¢-MBP and
Ni-4 resulted in a similar increase in the SPR signal. Fur-
thermore, each addition, with an increasing concentration of
Hiss-MBP, resulted in a greater increase in the SPR signal.
The equilibrium adsorption SPR values were plotted against
the concentration of His,-MBP (Figure 2).

300

= total
200 His.-MBP
i — Nied
3
8 — 3
100

15
[His,-MBP] / um

Figure 2. Equilibrium values of the SPR intensities (m) of the titration
shown in Figure 1 and corresponding fit to the model and contributions
by different components to the signal (solid lines).

The data points generated by the SPR titration experi-
ment, shown in Figure 2, were fitted by using a model that
accounts for the interaction of 3 and Ni-4 with 3-CD in solu-
tion ($-CD;) and with the §-CD SAM (B-CD;), as well as
the interaction of Ni-4 with His,-MBP. A complete descrip-
tion of this model can be found in the Supporting Informa-
tion. From isothermal titration calorimetry (ITC) measure-
ments, the binding constants (K,) for 4 and 3 with -CD,
were determined to be K,=(6.640.3)x10* and (5.54+1.3) x
10*m~!, respectively.®! These are typical binding constants
for monovalent B-CD-adamantyl interactions.”” The com-
plexation binding constants for the interaction of 3 and Ni-4
with B-CD, were determined by SPR titrations. Fitting of
the data led to K, values of (2.640.9)x10* and (1.240.2) x
10*M~! for 3-B-CD, and 4-B-CD,, respectively. These binding
constants are comparable to those found in solution and are
also typical of monovalent f(3-
CD-adamantyl interactions.

The main fitting parameter
used in the model was the value

a) 1.0 9

of the first interaction of addi- 08 1

tional Ni-4 units binding to the »

His, tag (K;). The second (K,) 2 061

and third (K;) binding constants g -
g o

for additional Ni-4 units binding
to the Hisy tag are linked to K|
by statistical factors, that is, %s
and /s, respectively (see the

0.2 1

0.0

solution

x=0
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2.4x10°M™*. These are close to the binding constants found
in the literature.

The modeled data presented in Figure 2 show that the
concentrations of His,-MBP and 4 at the surface increase
and that the concentration of 3 decreases, in agreement with
the expected competition. This competition is efficient be-
cause the complex of His¢-MBP bound to Ni-4 at 3-CD
SAMs is multivalent and governed by C.g, which is stronger
than the monovalent binding of 3. The total SPR signal is
the sum of the intensity change of the three different com-
ponents (His,-MBP, 3, Ni-4). With the equilibria shown in
Scheme 2 (see the Supporting Information) and the binding
constants obtained for 3 and 4 in solution and at the surface,
it is possible to determine the speciation in both phases.
Figure 3 shows the speciation of all of the MBP species
bound to x Ni-4 complexes (x=0-3) in solution and at the
surface. Thus, the valence of the MBP complexes can be de-
termined.

From the modeled data presented in Figure 3 several ob-
servations can be made. At sub-um concentrations, there is
almost no interaction between His,-MBP and Ni-4 in solu-
tion. At higher concentrations the majority of His,-MBP is
complexed in a monovalent fashion to Ni-4. A smaller frac-
tion is bound to two Ni-4 moieties and there is hardly any
His,-MBP present that is bound to three NiNTA moieties.
At the surface, however, the situation is completely differ-
ent. At low concentrations, the occupation of the molecular
printboard with His;-MBP is still low, which occurs as a
result of the way in which the experiments were performed,
that is, the concentrations of both His,-MBP and Ni-4 in-
crease simultaneously. Nevertheless, the valence of binding
of His,-MBP to the molecular printboard is already divalent
for about 60 % of His,-MBP with 20 % of Hisc-MBP bound
in a trivalent fashion. Above 0.15 pm, the concentration of
surface-immobilized Hisi-MBP increases rapidly, and this in-
crease can be almost completely attributed to trivalently
bound His;-MBP. Above 1 pm, the majority (~85%) of
His,-MBP is bound in a trivalent fashion to the molecular
printboard, whereas a smaller fraction (~15%) is bound in
a divalent fashion. The amount of monovalently bound His,-
MBP is negligible.

surface

MBP fractions

Supporting Information). Fit- 0.1
ting of the curve in Figure 2 re-
sulted in K;=7.8x10*M~!, and

thus, K,=19x10* and K;=

Chem. Eur. J. 2008, 14,2044 -2051
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Figure 3. Thermodynamic data modeling showing fractions of His,-MBP+(Ni-4), (i.e., complexed to different
numbers, x, of Ni-4) as a function of [His,-MBP] a) in solution and b) at the surface.
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The surface multivalence enhancement observed here re-
sembles the surface enhancement of a coordination complex
observed previously and can be ascribed to the high effec-
tive concentration at the surface promoting multivalent
binding.*?! The enhancement can be expressed by an en-
hancement factor (EF) that can be calculated according to
Equation (1), in which f is the fraction of MBP in solution
(1) or at the surface (s) bound in a mono- or multivalent
fashion to Ni-4.

_ fs,multi /f&,mono

EF =
mult fl,multi /fl,mnnn

(1)

Figure 4 shows the calculated enhancement factors as a
function of concentration. At low concentrations the en-
hancement factor for divalent binding to the printboard is
300, and decreases at higher concentrations. For the triva-
lent species, the surface multivalence effect is considerably
larger. The EF,; value is close to 10* at low concentrations
and also decreases gradually. It can therefore be concluded
that the multivalent 3-CD host surface favors the formation
of multivalent complexes and that this effect is stronger for

complexes with a higher va-

of 3 (Figure 5b). Therefore, 20S proteasome was premixed
with Ni-4 (ratio 1:70) and 3 (1 mm) before the SPR experi-
ments were performed. Thereafter, this mixture was passed
over the B-CD SAM. The increase in the SPR signal was
much higher in this case, indicating that 20S proteasome is
immobilized to a large extent in a specific manner through
4. The rapid decrease in the SPR signal after switching to 3
(1 mm) in PBS is remarkable as it indicates labile binding.
Theoretically, 20S proteasome would be expected to be at-
tached to the 3-CD SAMs in a strong multivalent fashion to
give a complex that is stable against rinsing with PBS. Possi-
bly the position of the Hisg tag in combination with the
length of linker 4 does not allow a high valence to be
achieved. This will be investigated in another study by vary-
ing the linker length of linker 4.

Patterning of DsRed-FT at the molecular printboard: Pat-
terning experiments were performed with tetravalent
(Hisg),-DsRed-FT. Surface-patterning by microcontact print-
ing was performed with oxidized poly(dimethylsiloxane)
(PDMS) stamps. These stamps were inked for 2 min with a
solution that contained (Hiss);-DsRed-FT (1x107°m) and

lence.
a) 4001 b) 10000 1
Adsorption of 20S proteasome 8000 4
at the molecular printboard: 300 1
Nonspecific interactions of 208 _ ~ 6000 -
proteasome with f-CD SAMs b 2001 mw
were investigated by SPR. As 4000 1
control over protein orientation 100
at the surface is the final goal, 2000 1
a-His-tagged 20S proteasome
was used to target an end-on 0 ' ) 0 " y
0.1 1.0 10 0.1 1.0 10

immobilization. SPR titration
experiments with 20S protea-
some performed as described
above for His,-MBP indicated
that a 0.1m solution of 3 was in-
sufficient for complete inhibi-

tion of nonspecific interactions. & %41

Typical SPR sensograms ob-

tained with 20S proteasome are

shown in Figure 5. 1:9:3
In Figure 5a, SPR sensograms 2

are depicted that show that 20S e
proteasome adsorbs nonspecifi- 1.4 1
cally at the 3-CD SAM in the

absence of 3. Addition of 0.5 '
and 1mm 3 to the PBS buffer 09 +—p ;

[MBP] /um

— PBS

[MBP] /um

Figure 4. Enhancement factors (EF) for a) the divalent and b) the trivalent species present at the 3-CD SAMs
measured relative to the corresponding solution species.

reduced the amount of nonspe- 0 5 L
cific adsorption by 36 and 62 %, £/ min
respectively. Experiments in
which Ni-4 was used were per-
formed to check if 20S protea-
some could be immobilized in a
specific manner in the presence
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b) 241
— 05mm3 1IN
— 1 mm 3 + Ni-4
1mm 3
1.9 4
3
©
= 4
1.4 1
: \ 0.9 +& - - ,
15 20 0 10 20 30
t/ min

Figure 5. a) SPR sensograms of the nonspecific adsorption, and the inhibition thereof, of the a-(His),4-20S
proteasome onto 3-CD SAMs in the absence and presence of 3 (1 mm). b) SPR sensograms of the specific ad-
sorption of the a-(Hiss);4-20S proteasome (0.1 um) onto $-CD SAMs in the presence of 3 (1 mm) and in the
absence and presence of Ni-4 (7 um). Symbols indicate switching solutions to: PBS (e); 0.5 mm 3 in PBS (e);
1.0 mm 3 in PBS (#); 0.1 pm 20 S proteasome in PBS, 0.5 mm 3 in PBS and 0, 0.5, or 1.0 mm 3 in PBS (e);
0.1 pm 208 proteasome, 7 um Ni-4 in PBS, and 1 mm 3 (4); 10 mm B-CD and 10 mm EDTA in PBS (7).

Chem. Eur. J. 2008, 14,2044 -2051
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Ni-4 (2x107°m) in PBS buffer. After inking, the stamp was
blown dry and put into conformal contact with a -CD
SAM on glass for 1 min.’¥ After printing, the sample was
imaged by fluorescence microscopy (Figure 6, top). A refer-
ence experiment was performed in which the oxidized

Printing Water rinse

DsRed /Ni'"+4
1:20

DsRed,
no Ni'-4

50 i

Figure 6. Fluorescence microscopy images of (Hisq),-DsRed-FT at §-CD SAMs patterned by microcontact
printing with (top) and without Ni-4 (bottom), directly after printing (left), rinsing with water (center), and

subsequent rinsing with 10 mm -CD and 10 mm EDTA (right).

stamp was inked with 1x107%m (His,),-DsRed-FT without
Ni-4 (Figure 6, bottom).

After printing, patterns were clearly visible both with and
without Ni-4 which indicates 1) that attachment to the mo-
lecular printboard did not disrupt the tertiary structure of
the protein and 2) that transfer occurred regardless of the
specificity of the interaction. For the sample prepared with
Ni-4 present in the inking solution, rinsing with water did
not remove the pattern from the surface, only prolonged
rinsing with a PBS solution containing $-CD (10 mm) and
EDTA (10Mm) appeared to be sufficient for removing (Hisg)4-
DsRed-FT from the surface. This indicates that complex sta-
bility is governed by specific, multivalent interactions. In
contrast, the surface patterned with the inking solution that
did not contain Ni-4 could be cleared of (Hiss),-DsRed-FT
simply by rinsing with water, which indicates that the pro-
tein was not attached in a specific manner.

The number of His tags anchoring the (Hiss),-DsRed-FT
protein to the surface remains an open issue. Mathematical-
ly speaking, estimating the thermodynamic binding strength
of a protein with multiple His tags is a double-nested multi-
valent problem: Two His groups are anchored to a single
Ni-4 complex, one to three Ni-4 complexes can be attached
to a single His, tag (and we show here that the majority
bind in a trivalent fashion), and one to four His tags of
DsRed-FT can be bound through (mostly) three to twelve
Ni-4 complexes to the B-CD substrate. For a single His tag,
the overall stability constant for trivalent binding through

Chem. Eur. J. 2008, 14,2044 -2051
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Ni-4 is given by Equation (2) (see the Supporting Informa-
tion):

K = (K,’K,K,K;C2Ni - 4 (2)

An apparent binding constant
is therefore strongly dependent
on [Ni-4] and can be estimated,
based on the data given above,
to be approximately 10°m~!
when [Ni-4] =1 pm. The stability
of the DsRed-FT patterns to-
wards rinsing with water may
indicate binding with multiple
(2 to 4) His tags, and thus, ex-
plain the qualitatively similar
behavior that is observed for
the binding of a divalent ada-
mantyl derivative.”> Howev-
er, kinetic effects, that is, slow
dissociation and redissociation
of the protein, cannot be ex-
cluded at this stage. More ex-
perimental work, both regard-
ing the thermodynamics and
the kinetics of such nested mul-
tivalent systems, as well as the
thermodynamic modeling of
such systems, is needed before firm conclusions can be
reached.

10 mm B-CD/EDTA rinse

Conclusion

This paper shows that His¢-tagged proteins can be attached
to a molecular printboard in a selective manner by using the
supramolecular blocking agent 3 and Ni-4. Modeling of the
SPR data of His,-MBP binding to the molecular printboard
showed that enhancement of surface multivalence occurs
upon binding of His;-MBP to the molecular printboard. Al-
though the binding of His¢-MBP to Ni-4 in solution is
mainly absent or monovalent, the binding of His¢-MBP to
Ni-4 on the molecular printboard is mainly trivalent. Surface
enhancement factors for the divalent species are as high as
~300 and for the trivalent species up to 10*. SPR studies
with 20S proteasome showed that nonspecific interactions of
the protein with the molecular printboard can be suppressed
by up to 62%. Nevertheless the possibility of specific ad-
sorption became apparent in the presence of Ni-4, although
the final stability appeared to be rather low. Patterning ex-
periments with the autofluorescent protein (Hiss),-DsRed-
FT showed that the protein, complexed to Ni-4, can be pat-
terned by means of microcontact printing on the molecular
printboard in a specific, stable, multivalent manner. This
work shows that different layers of noncovalent interactions
can lead to a very stable attachment of proteins to surfaces.
The research presented here forms a basis from which the

www.chemeurj.org — 2049
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attachment of His-tagged proteins to -CD SAMs can be
extended, for example, to the development of protein
arrays.

Experimental Section

General: The synthesis of 2, 3, 4, and f-CD heptamine has been previ-
ously described.?>%43! Maltose binding protein (MBP) with a C-termi-
nal hexahistidine tag was expressed and purified as previously de-
scribed.!®! The o-His-tagged 20S proteasome was expressed and purified
as previously described.”® For all experiments 10 mm phosphate buffer
(pH 7.5) with 150 mm NaCl, that is, phosphate-buffered saline (PBS), was
used.

Monolayer preparation: Gold substrates for SPR (BK7 glass/2—4 nm Ti/
50 nm Au) were obtained from Ssens B.V. (Hengelo, The Netherlands).
The gold substrates were cleaned by dipping them into piranha solution
(1:3 mixture of concentrated H,SO, and 30% H,0,) for 5s. (WARN-
ING: piranha solution should be handled with caution; it can detonate
unexpectedly.) After thorough rinsing with millipore water they were
placed for 10 min in absolute EtOH to remove the oxide layer. Subse-
quently, B-CD SAMs of 2 were prepared as described previously.**! §-CD
SAMs on glass were prepared by using f-CD heptamine, as described
before.”’! All solvents used in the monolayer preparations were of p.a.
grade.

Surface plasmon resonance: SPR measurements were performed by
using a Resonant Probes SPR instrument. The instrument consists of a
HeNe laser (JDS Uniphase, 10 mW, 1=632.8 nm) in which the laser light
passes through a chopper that is connected to a lock-in amplifier
(EG&G 7256). The modulated beam is directed through two polarizers
(OWIS) to control the intensity and the plane of polarization of the light.
The light is coupled through a high-index prism (Scott, LaSFN9) in the
Kretschmann configuration to the backside of the gold-coated substrate
which is optically matched through a refractive index matching oil (Car-
gille; series B; n% =1.7000+0.0002) at the prism, mounted on a 6—26 go-
niometer, in contact with a Teflon cell with a volume of 39 pL and a di-
ameter of 5 mm. The light that leaves the prism passes through a beam
splitter. Subsequently, the s-polarized light is directed to a reference de-
tector and the p-polarized light passes through a lens that focuses the
light onto a photodiode detector. Laser fluctuations are filtered out by di-
viding the intensity of the p-polarized light (/,) by the intensity of the s-
polarized light (Z). All measurements were performed at a constant
angle by reflectivity tracking.

A Reglo digital MS-4/8 Flow pump from Ismatec with four channels was
used. In this flow pump, Tygon R3607 tubing with a diameter of 0.76 mm
was used, obtained from Ismatec.

The SPR experiments were performed in a flow cell with a volume of
3.9x107 mL under a continuous flow of 0.5 mLmin™". Before an experi-
ment was started, the gold substrates were rinsed thoroughly with 10 mm
B-CD in PBS and PBS. Experiments were started after the baseline had
stabilized. When the solution had to be changed, the pump was stopped,
and immediately after changing the solution the pump was switched on
again. Stock solutions (1x107*m) of the different proteins were prepared
in PBS and diluted just before every experiment. In those cases in which
protein was used in combination with 4, the mixture was left to stand for
20 min before use.

Microcontact printing: PDMS stamps were prepared by casting a 10:1 (v/
v) mixture of poly(dimethylsiloxane) and curing agent (Sylgard 184, Dow
Corning) against a patterned silicon master. The master employed had
hexagonally oriented 10 um circular features separated by 5 um. After
curing the stamps overnight, they were mildly oxidized in an oxygen
plasma reactor for 30s to render them hydrophilic. Subsequently they
were inked by soaking them in an aqueous solution of (Hiss),-DsRed-FT
(10°m) with or without Ni-4 (2x107°m) for 2 min. Before printing the
stamps were blown dry in a stream of N,. The stamps were applied man-
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ually and without pressure control for 2 min on the -CD SAMs on gold
and then carefully removed.

Fluorescence microscopy: Fluorescence microscopy images were made
by using an Olympus inverted research microscope IX71 equipped with a
mercury burner U-RFL-T as a light source and a Olympus DP70 digital
camera (12.5x10° pixel cooled digital color camera) for image acquisi-
tion. Green excitation light (510<A4,, <550 nm) and red emission light
(Aem>590 nm) was filtered by using a U-MWG Olympus filter cube.
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