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In medical technologies concerning the surface immobilization of proteins in a defined orientation,
maintaining their activity is a critical aspect. Therefore, in this study, the authors have investigated
the activity of an elongated protein attached to a self-assembled monolayer supported streptavidin
layer for different relative orientations of the protein with regard to the surface. Several mutants of
this protein, human guanylate-binding protein 1 �hGBP1� showing GTPase catalytic activity, have
been furnished with either one or two biotin anchors. Various independent methods that are based
on different biophysical properties such as surface plasmon resonance, atomic force microscopy, and
quartz crystal microbalance have been used to determine the orientation of the hGBP1 variants after
anchoring them via a streptavidin-linker to a biotinylated surface. The activity of
guanosine-triphosphate hydrolysis of hGBP1 monomers bound on the surface is found to depend on
their orientation relative to the substrate, relating to their ability to form dimers with other
neighboring anchored mutants; the maximum activity is lower than that observed in solutions, as
might be expected from diffusion limitations at the solid/liquid interface on the one hand and
prevention from homodimer formation due to immobilization on the other hand. © 2010 American
Vacuum Society. �DOI: 10.1116/1.3516461�

I. INTRODUCTION

For many applications in medical and biotechnologies, the
defined orientation of proteins on surfaces is an important
issue. This applies to the development of biosensors where
the active center of the protein should be oriented not to the
surface but rather to the outer space. Also, the generation of
protein microarrays designed as diagnostic tools or for phar-
maceutical analysis relies on properly oriented proteins.
Therefore, efforts have been pursued over the past years to
develop methods allowing to control protein immobilization
on a substrate in a defined and oriented manner.1–3 In the
present study, we present a systematic study based on a va-
riety of different biophysical techniques in order to charac-
terize the orientation and enzymatic activity of the protein

human guanylate-binding protein 1 �hGBP1� anchored to a
streptavidin covered surface via one or two biotin anchors
attached to mutants of hGBP1.

hGBP1 is a protein with a molecular mass of 67 kDa and
belongs to the superfamily of large GTPases.4 It is known to
catalyze the hydrolysis of guanosine-triphosphate �GTP� and
plays a crucial role in viral immune defense.5,6 Its expression
is induced by interferons. All proteins of the large GTPases
superfamily share a similar structure with a N-terminal GT-
Pase domain �approximately 300 amino acids�, a middle-
domain �approximately 150–200 amino acids�, and a
GTPase-effector domain �100 amino acids�, which is in-
volved in catalysis and the oligomerization with other GTP-
binding molecules.7,8 GTP-binding proteins bind GTP,
guanosine-diphosphate, and guanosine-monophosphate with
similar affinities9 and catalyze the hydrolysis of GTP in an
enzyme concentration dependent manner.10–12 A hGBP1 ho-
modimer is formed, leading to an increase in GTPase activ-
ity.
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Streptavidin represents a homotetramer protein with a
molecular mass of 53 kDa. Because of the tight binding of
streptavidin to biotin and due to its two biotin binding pock-
ets, each is placed on opposite faces of the molecule �yield-
ing a total of four biotin binding pockets�; this system has
become a powerful tool to mediate attachment of biotiny-
lated proteins to a surface. Multicomponent systems can be
constructed in a layer by layer fashion onto a biotinylated
surface13,14 by using streptavidin as a kind of linker between
the surface and biotinylated proteins. Great advantages of the
biotin-streptavidin system, which should be mentioned again
at this point, are the high affinity and selectivity, which avoid
most of the undesirable unspecific binding and increase the
degree of reproducibility.15

It is important to note that with regard to the binding of
biomolecules to surfaces, unspecific interactions of the in-
volved biomolecules can rarely be excluded completely. The
main problem of unspecific interactions is the undefined or
imprecisely defined molecular arrangement of the participat-
ing biomolecules on the substrate.16–18 The emerging
surface/protein complex is a result of a variety of different
weak protein surface interactions,19,20 and usually precise
structural information on the conformation of, e.g., an ad-
sorbed protein does not exist. Therefore, we need a combi-
nation of direct �e.g., atomic force microscopy �AFM�� and
indirect activity measurements to infer on the conformation
and orientation of a protein on a surface. As a reference,
proteophobic substrate, we have used self-assembled
monolayers21 �SAMs� fabricated from polyethylene glycol
�PEG�-thiols, a powerful approach to produce protein-
resistant surfaces. Employing microcontact printing, the
SAMs can also be laterally patterned, which allows for a
precise and direct determination of the height of single or
even a multicomponent architecture.22–34 Because of the
great difference between length and width,35 hGBP1 is a well
suited system to reliably determine the orientation on the
streptavidin covered surface from surface topographies as
determined with AFM. Another reason for selecting hGBP1
as model system is its enzymatic activity: unspecifically
bound proteins often unfold on the surface and lose their
catalytic function.16 hGBP1 shows a GTP hydrolysis
activity,11,12,36,37 so that by determining the hydrolysis rate,
one can easily determine whether the protein is still native or
has lost its tertiary structure.

In previous studies, we have investigated the mechanism
of dimer formation of hGBP1 by mutational analysis and
have determined various crystal structures of its large GT-
Pase �LG� domain bound to different nucleotides. Unfortu-
nately, so far, no structure of the full length protein in its
dimerized state11,38–40 could be determined. It was suggested
that hGBP1 forms homodimers after GTP binding in an elon-
gated head to head orientation.39 In this work, mutants of the
protein with different biotin anchor positions were tested in
order to yield surface-anchored hGBP1-proteins with differ-
ent orientations. In the context of these investigations, AFM-
based nanoshaving and grafting41,42 proved to be powerful
methods to form two- or even three-dimensional patterns on

surfaces, which allows the differentiation of, for example,
specific and nonspecific interactions, mono- and multilayers,
or even molecules with different geometries and orientations.
Together with microcontact printing,43 two convenient and
low-cost methods for investigating patterned surfaces exist,
which offer the opportunity to perform high-quality differen-
tial height measurements on the same sample. The combina-
tion of AFM, surface plasmon resonance �SPR�, and quartz
crystal microbalance �QCM� allows the investigation of
protein-protein interactions at physiological conditions with
respect to orientation, kinetic aspects, and conformational
changes.

SPR spectroscopy is the method of choice to determine
the kinetics of protein-protein and protein-biomolecule inter-
actions. The use of a QCM-D device is more suitable for
determining the absolute thickness of the adsorbed protein
layers by applying the viscoelastic Voigt model.44

II. MATERIALS AND METHODS

A. Molecular biology, cloning, and expression
of hGBP1 mutants

The so-called Cys-5 mutant of hGBP1 has the following
point mutations: C12A, C270A, C311S, C396A, and C589S.
These mutations were inserted by successive polymerase
chain reaction reactions according to the instructions of
Quick Change site directed mutagenesis kit �Stratagene�. The
mutant Q577C has a point mutation at position 577, replac-
ing a glutamine by a cysteine residue, and the double mutant
Q577C/K485C has an additional cysteine at residue 485.

All hGBP1 mutants were expressed in Escherichia coli
strain BL21 �DE3� using a pQE80L vector �Qiagen, Ger-
many�. Recombinant proteins were purified, modifying a
previously described protocol,7 where we abstained from us-
ing the reducing agent dithioerythritol �DTE� in the gel fil-
tration buffer. DTE contains two thiol groups that can harm
preformed SAMs by competing for covalent binding to the
gold surface. Protein concentrations were determined by UV-
absorbance at 276 nm ��=44 800 M−1 cm−1� in a buffer
containing 20 mM potassium phosphate and 6M guani-
dinium hydrochloride at pH 6.5.45

The hGBP1 mutants were biotinylated according to the
instructions of the Maleimide-PEG11-Biotin biotinylation kit
�Pierce, Rockford, IL�. The reaction mixture was incubated
on ice overnight for at least 12 h. For each reaction, a vol-
ume of 350 �l was used with protein concentrations at
200 �M. Biotinylation efficiency was determined by the
�2-�4�-hydroxyazobenzene� benzoic acid �HABA� biotin
quantitation kit �Pierce, Rockford, IL�. For the unmodified
Cys-5 mutant, no anchor could be identified. The single mu-
tant Q577C and double mutant Q577C/K485C showed a mo-
lar labeling ratio of 1:1 and 1:2, respectively.

B. Substrate preparation for AFM, SPR, QCM,
and activity measurements

For substrate preparation and surface functionalization,
we followed a previously described route.13 Briefly, Au sub-
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strates for the AFM measurements were prepared by depos-
iting an 80 Å layer of titanium and, subsequently, 1200 Å of
gold onto polished �100� silicon wafers �Prolog Semicore,
Ltd.� using a Leybold Univac evaporator. Metal deposition
was done at room temperature at a base pressure of about
10−7 bar. For SPR measurement, the same procedure was
used but 12 Å of titanium and, subsequently, 485 Å of gold
were deposited onto D263 thin glass �Schott�.14 In the case
of QCM measurements, 1000 Å of gold was deposited onto a
quartz crystal sensor �14 mm diameter, highly polished 5
MHz crystal, QSX 301�. After gold deposition, the mean
square roughness of the gold layer was checked via AFM
and was found to be less than 3 nm. For measurements of
hGBP1 activity, polished silicon wafers with a �100� surface
were coated with gold as described above for the AFM mea-
surements �80 Å titanium and 1200 Å gold�.

C. SAM formation and laterally structured SAMs

Clean, freshly prepared gold substrates were dipped into
pure or mixed thiol solutions to prepare SAMs with the de-
sired properties �e.g., with a fixed and well-defined biotin
surface concentration�.13,14 In this study, oligoethylene
�OEG�- �Prochimnia, Cat. No. TH005-02; see Ref. 46 for the
structure�, OH- �Aldrich, product No. 674249; see Ref. 46
for the structure�, and biotin-terminated �obtained from A.
Terfort; see Ref. 46 for the structure� thiols were diluted into
ultrapure ethanol �to a final concentration of 1 mM�. Bioti-
nylated SAMs were found to form well from OH- and biotin-
thiol mixtures with OH-/biotin-ratios of 5:1 to 10:1.13 Typi-
cal incubation times ranged from several hours to overnight.
The self-assembly of the thiols was checked by x-ray photo-
electron spectroscopy and IR-spectroscopy �data not shown�.

Laterally patterned SAMs can be prepared via microcon-
tact printing.13 Here, we used polydimethylsiloxane stamps
with a periodic pattern of 3�3 �m2. First, the protein re-
pellant OEG-thiol was printed onto the clean gold surface
before the remaining unmodified gold areas were backfilled
with a mixture of biotin- �10 mol %� and OH-terminated �90
mol %� thiols in ultrapure ethanol �total thiol concentration is
1 mM�.

D. Protein-protein interactions probed by SPR

Multicomponent protein systems were investigated by
SPR in order to get information about kinetic aspects, the
total amount of adsorbed protein mass, and the stoichiometry
of the investigated interactions. A dual channel surface plas-
mon resonance system �Reichert, SR7000DC� was used for
the multiprotein component analysis. The adsorption of
streptavidin �c=0.4 �M–0.02 mg /ml, Invitrogen� was
monitored, directly followed by the adsorption of a biotiny-
lated hGBP1 mutant �1 �M�. Streptavidin solution was al-
ways freshly diluted. Each biotinylated hGBP1 mutant was
adsorbed to a freshly preadsorbed streptavidin layer. All
measurements were carried out at a flow rate of 5 �l /min
and using buffer A �50 mM Tris, 5 mM MgCl2, pH=7.9�.
First, the SAM surface was rinsed for 5 min with buffer A,

then, streptavidin and the hGBP1 mutant were injected suc-
cessively for defined time periods. Finally, the protein layers
were rinsed for 20 min with buffer A to remove weakly ad-
sorbed proteins.

E. Protein-protein interactions probed by quartz
crystal microbalance

QCM measurements were performed in a QCM-D spec-
trometer �Q-sense E4 Auto�. The QCM-substrates were
mounted in a fluid cell with one side exposed to the buffer A
solution. A flow rate of 15 �l /min was chosen to efficiently
exchange buffer and protein solutions. Under the chosen ex-
perimental conditions, a frequency shift of �1 Hz was de-
tectable.

The gold surface of the quartz crystal substrates was cov-
ered with a mixed SAM grown from thiol solutions contain-
ing 10 mol % biotinthiol and 90 mol % mercaptoundecan-1-
ol. Then streptavidin �0.4 �M� was preadsorbed to the
biotinylated SAM for 20 min before a single or double bioti-
nylated hGBP1 mutant �1 �M� was allowed to interact with
the surface immobilized streptavidin. The monitored runs
were analyzed with the Q-SENSE software in consideration of
the frequency and dissipation response. A viscoelastic model
developed by Voigt44 was used for the data analysis, which
allowed the estimation of the thickness of the surface-bound
protein layers.

F. hGBP1 mutant catalytic activity in solution
and on a biofunctionalized gold surface

Activity measurements of the hGBP1 mutants were car-
ried out as described before.36,37,47 First, the activity was
measured in solution for both mutants at room temperature
�20 °C�. The concentrations were 0.5 �M for the protein
and 50 �M for GTP. After defined incubation times, aliquots
were analyzed by reversed phase chromatography using a
Chromolith Performance RP-18 end capped column �Merck�.
The same procedure of analysis was applied to measure the
hGBP1 activity on biofunctionalized surfaces. Gold coated,
polished �100� silicon wafers served as substrate to grow
mixed biotinylated SAMs �see substrate preparation above�.
Subsequently, the biotinylated SAM was incubated for 15
min with streptavidin �0.4 �M�, and after extensive rinsing,
one of the hGBP1 mutants �1 �M� was also incubated for
15 min with the streptavidin coated surface. After buffer rins-
ing, the surface was covered with a defined volume of
50 �M GTP in buffer A �50 �M; 3 ml�. GTP hydrolysis
was analyzed by high pressure �performance� liquid chroma-
tography with aliquots that were taken from the reaction
mixture after different incubation times.

G. AFM measurement

1. Imaging conditions

AFM measurements were performed in the liquid cell of a
MultiMode NanoScope IIIa AFM �Digital Instruments� fitted
with a commercial Si3N4 cantilever of a normal spring con-
stant of 0.12 N/m in buffer A. The microscope was operated
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in tapping mode, where the tip was scanned back and forth at
90° along the horizontal line in a scan range of 15 �m.
Image recordings were done with a 5 �m z-range and
150 �m x- and y-range scanner �type J Digital Instruments�
without removing the liquid cell from the surface before and
after the scanning process.

2. Nanoshaving

In performing nanoshaving, the microscope was operated
in a constant force mode. A flat area was chosen on the
substrate, so that a layer of defined thickness was shaved at
all positions. Therefore, the cantilever runs with high and
constant force twice over the determined area, to remove the
SAM and protein multilayer from the surface, so that a rect-
angular hole remains. After the shaving, the cantilever was
engaged to the surface to get a topographic picture.

III. RESULTS

A. SPR measurements

Controlling the amount of streptavidin adsorption to SAM
surfaces by adjusting the biotinthiol concentration and stud-
ies about the real-time adsorption kinetics of streptavidin
were reported previously.14 Here, we have employed the
same procedures. In order to get a reproducible streptavidin
layer, the basic parameters such as concentrations and incu-
bation times for growing the biotinylated SAM as well as for
adsorbing the streptavidin �0.4 �M� were kept constant.
Thus, the results obtained for the different biotinylated
hGBP1 mutants anchored to the preimmobilized streptavidin
can be compared directly.

hGBP1 belongs to the dynamin superfamily of large GT-
Pases and has a pronounced elongated shape, which can be
directly derived from the crystal structure. This structure also
reveals that 5 out of 9 cysteine residues present in the se-
quence of hGBP1 are exposed to the surrounding solvent and
therefore are accessible to maleimide labeling.48 In order to
attach the biotin anchor specifically only to the desired posi-
tions 485 and 577, we used the Cys-5 mutant of hGBP1,
where these five cysteine residues were replaced by serines
and alanines in a first step. In a second step, cysteines were
inserted at the designated positions 485 and 577 by
mutagenesis.48 This process yields the mutants Q577C �only
one additional cysteine at position 577� and Q577C/K485C
�two additional cysteines at positions 577 and 485�. Position
577 is located in the small helix � 13 near the LG domain.
The double-mutant Q577C/K485C carries an additional re-
active cysteine at position 485 at the opposite side of
hGBP1; thus, both ends of the elongated protein contain a
biotin anchor �Fig. 1�. In the following, these two mutants
will be referred to as single mutant and double mutant, re-
spectively. Considering these structural differences, one ex-
pects significant differences of the two hGBP1 variants with
respect to their orientation on the surface.

In the first set of experiments, we monitored the adsorp-
tion of hGBP1 by SPR. Figure 2 shows the docking of
streptavidin to the SAM consisting of 10% biotinthiol and

90% mercaptoundecan-1-ol, followed by the binding of the
two biotinylated hGBP1 mutants. The loading with strepta-
vidin toward biotinylated SAMs allows precise control of
immobilization density as shown by the equal streptavidin
adsorption steps for both measurements.

From the SPR data, the amount of adsorbed streptavidin
�1500 RU� was found to amount to 145 ng /cm2. The same
result was obtained in both measurements; this value corre-
sponds to a density of 41% streptavidin on the surface �foot-
print: 23�85 nm2�.49 The deviation in the amount of
streptavidin adsorption was less than 10%, which underlines
the high reproducibility of streptavidin binding to biotin. As
expected, washing with buffer does not cause any dissocia-
tion. Subsequent adsorption of the single biotinylated Q577C
mutant and the double biotinylated Q577C/K485C mutant,
respectively, shows fast kinetics, which indicates highly spe-
cific binding of biotinylated hGBP1 to the immobilized
streptavidin. Additionally, one can clearly recognize the satu-
ration of the adsorption for both mutants. Importantly, the
total adsorption of the single mutant Q577C is about three
times higher �approximately 215 ng /cm2� than for the
double hGBP1 mutant �77 ng /cm2�. In the case of the single
biotinylated mutant, the adsorbed mass suggests an approxi-
mately 1:1 molar ratio of hGBP1 to streptavidin, while for
the double biotinylated mutant, a 1:3 ratio is found.

FIG. 1. �Color� Crystal structure of hGBP1 �PDB: 1dg 3� in ribbon presen-
tation with the LG domain colored in blue and the helical domain in red.
The two possible anchor positions; Cys485 and Cys577 are indicated. The
rough dimensions of the protein are shown as well as a schematic represen-
tation of the protein as it is used in Fig. 7; note the same color code as in the
ribbon presentation.

FIG. 2. Subsequent adsorption of streptavidin and hGBP1. Solid line: double
biotinylated hGBP1 �Q577C/K485C�, dashed line: single biotinylated
hGBP1 �Q577C�, and dotted line: Cys-5 without biotinylation as a control.
For SAM formation, the content of biotinthiol was kept constant at 10%.

134 Kerstan et al.: hGBP1 as a model system 134

Biointerphases, Vol. 5, No. 4, December 2010



B. AFM

Atomic force microscopy can not only be used for imag-
ing the topography but is also a versatile tool for manipula-
tion and structuring of biological surfaces. The applied load-
ing force is the main parameter to switch between imaging
and manipulation. During imaging, the loading forces are
minimized to prevent any deformation of the biological
structures under investigation. Upon increasing the load in
localized predefined areas, adsorbed molecules can be re-
moved in a straightforward fashion. This methodology is
known as nanoshaving.41,42 In Fig. 3, the AFM micrographs
recorded for a patterned SAM after incubation with strepta-
vidin and hGBP1 in tapping mode are presented. The tapping
mode reduced forces exerted on the sample to a minimum
and was used to avoid compression of the protein layers. The
square hole visible in the middle of the image was created by
nanoshaving. Note that some of the removed protein material
accumulate at the left and right borders of the nanoshaved
square. In the cross section, these accumulated protein rem-
nants result in pronounced spikes close to the protein-free
area. The section analysis also reveals the absence of com-
pression of the protein multicomponent system during the
measurements.

For both mutants, the images reveal the presence of a
densely packed and homogeneous protein adlayer. By using
the SCANNING PROBE IMAGE PROCESSOR software package
�Image Metrology, Hørsholm�, an average height profile
�cross-section analysis� of a well-defined area �white rect-
angle in the image� could be obtained. For the multicompo-
nent layer of streptavidin plus hGBP1, mutant heights of
165�10 Å for the single biotinylated and 63.4�10 Å for
the double biotinylated hGBP1 mutant were observed. The
difference in the height of streptavidin 42.2�10 Å, which is
reported in previous studies10 and which equals the dimen-
sion obtained from the crystal structure of streptavidin,
amounts to 122.8�10 Å for the single mutant �Q577C� and

21.2�10 Å for the double mutant �Q577C/K485C�. In order
to exclude that in the shaving process, the SAM and protein
layers were only partially removed; some control experi-
ments were carried out with the SAMs’ lateral structure via
microcontact printing. The biotinylated regions �stripes� of
the sample can be recognized as bright stripes in contrast to
the dark 3�3 �m2 squares �Fig. 4�. The measured heights
are in good agreement with the results obtained by mechani-
cal scraping of patterns via nanoshaving. The differences are
clearly within the experimental error bars.

Comparing the results obtained for the heights of the pro-
tein adlayers with the dimensions of hGBP1 taken from its
crystal structure �Fig. 1�, the obtained values for single and
double biotinylated hGBP1 match well with the length �120–
130 Å� of hGBP1 and its width �30–40 Å�, respectively.
Furthermore, taking the dimensions of the elongated hGBP1
molecule in consideration, a 3–4 times larger footprint is
calculated for this protein when lying alongside on a surface
�39 nm2� as compared to an upright orientation �12 nm2�.
The SPR measurements revealed a three times higher ad-
sorption for the single biotinylated variant of hGBP1 in com-
parison to the double biotinylated species. This observation
is fully consistent with the hGBP1 mutant bound with two
anchors on opposite sides, resulting in a lying orientation
�long axis parallel to substrate� while the single biotinylated
mutant is adsorbed in an upright orientation.

C. QCM

In contrast to SPR, the QCM-D technique does not only
allow determining the mass of very thin surface-bound layers
but also simultaneously yields information about their struc-
tural �viscoelastic� properties by measuring the protein-
induced dissipation. By using measurements at multiple fre-
quencies and additionally detecting dissipation, this method
offers the opportunity to determine the thickness as well as
the viscosity and elasticity by employing a viscoelastic math-
ematic model.

For reasons of verification and substantiation, the thick-
nesses of the streptavidin and hGBP1 layers were measured

FIG. 3. �Color� Topographic height image after adsorption of hGBP1 mu-
tants �left: Q577C; right: Q577C/K485C� after streptavidin incubation on a
biotin-SAM. The rectangular hole in the middle was caused by scraping the
surface with the cantilever and thereby moving the SAM and the proteins
aside. The height contrast is shown in the lower panels.

FIG. 4. �Color� Topographic height images after incubation with streptavidin
�left� and after additional incubation with the single biotinylated hGBP1
�Q577C� �middle� and the double biotinylated hGBP1 �Q577C/K485C�
�right�, respectively. The dark regions indicate the stamp areas �microprint-
ing� where protein-resistant OEG �6� thiol was incubated, whereas the bright
bridges show the regions preloaded with biotinthiol �10 mol %�, streptavi-
din, and/or hGBP1.
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by QCM-D and compared to the heights obtained by AFM.
Figure 5 shows the step heights of both mutants Q577C and
Q577C/K485C.

The used multiple frequency data are shown in Ref. 46
�Fig. 2�. The height of the streptavidin adlayer is found to
amount to 40�10 Å in both cases. This value compares
well with the size of streptavidin in its crystal structure. For
the calculated thicknesses of the two hGBP1 mutants, we
find a perfect agreement of the SPR and AFM results. The
difference from the height of streptavidin amounts to
118�10 Å for the single mutant and 30.4�10 Å for the
double mutant. The postulated assumption that the two
hGBP1 mutants show a rather different behavior concerning
docking and orientation on the streptavidin terminated sur-
face is thus fully corroborated by the QCM-D data. Although
the applied viscoelastic model is only an approximation, it
allows clearly distinguishing between the two hGBP1 mu-
tants. The QCM-D results provide a direct, solid, and inde-
pendent confirmation for the different docking orientations
of the hGBP1 mutants when binding to the preimmobilized
layer of streptavidin.

D. Activity test

hGBP1 shows a characteristic enzymatic activity: it cata-
lyzes the hydrolysis of GTP. This biochemical property is
exploited to find out if hGBP1 maintains its catalytic activity
after biotinylation and after anchoring it to the streptavidin
grafted to the substrate. In a 50 �M GTP solution at 25 °C,
the catalytic turnover numbers amount to 17.0 and 14 min−1

for the single biotinylated mutant Q577C and double bioti-
nylated mutant Q577C/K485C, respectively. These values
are in good agreement with the value of 33.9 min−1 reported
for the unmodified Cys-5 mutant42 taking into account the
KM effect of higher GTP concentration �350 �M in that
study instead of 50 �M�.12 In GTP concentration dependent
activity studies, it could be shown that a sevenfold higher
substrate concentration leads to approximately two to three-
fold higher activity For technical reasons, the selected sub-
strate concentration had to be lower in this study than in

common practice. At 350 �M, the relative change of GTP
concentration would be too small in experiments with
surface-bound hGBP1 to be detected.

These results clearly demonstrate that the protein retains
enzymatic activity after biotinylation. For the following, it
has to be noted that in the presence of GTP, the hGBP1 will
form dimers, which show a substantially higher activity than
hGBP1 monomers.10,37,39 By analyzing the results obtained
for a highly diluted hGBP1 in solution �where the fraction of
monomers exceeds that of dimers�, a value of about
2–3 min−1 is obtained for the activity of a single hGBP1
monomer.11

Intriguingly, after anchoring to the substrate for both mu-
tants, the obtained activities are significantly reduced. The
single mutant Q577C shows an activity of 3 min−1 on the
surface, 4.5 times lower than in solution. For the double
mutant Q577C/K485C, the hydrolytic activity on the surface
amounts to 7 min−1 �Fig. 6�, 2–4 times lower than in solu-
tion. For a comparison of the surface activities with those
measured in solution, we first have to discuss whether the
surface-bound hGBP1 can be dimerized. In fact, from a com-
parison to the x-ray structure of the LG domain dimer,39 we
conclude that the single biotinylated hGBP1 protein oriented
upright and head �LG domain� down on the surface as sug-
gested in Fig. 7 cannot form a head to head dimer. Accord-
ingly, the Q577C mutant can only be present in the form of a
monomer; the activity of 3 min−1 thus compares well with
the monomer activity found in a highly diluted protein solu-
tion �2–3 min−1�. One would expect the activity of the
surface-bound monomer to be smaller than that of monomers
in solution because of the limited diffusion of GTP in the
vicinity of the surface.14

The surface-anchored double biotinylated hGBP1 shows
an activity higher than that measured for the monomer activ-
ity in solution. The protein is oriented alongside on the sur-
face, which in principle could allow for dimer formation in
the required head to head orientation of two neighboring
protein molecules �see Fig. 7�. We speculate that a fraction of
the immobilized proteins are able to move within the limits
of their anchoring such that head-to-head dimers are formed.
A fraction of hGBP1 present in the form of dimers would

FIG. 5. QCM-D measurements documenting streptavidin binding and subsequent incubation with hGBP1 �single biotinylated on the left and double biotiny-
lated on the right�. By measuring at multiple frequencies and applying a viscoelastic model �Voigt model� incorporated in Q-SENSE software Q-tools, the
thickness of the adhering film �streptavidin+hGBP1 mutant� was calculated.
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explain the rather high GTP hydrolysis activity observed in
this case. On the basis of the present data, however, we feel
unable to answer this question conclusively; additional data
will be required to resolve this issue.

IV. CONCLUSIONS

We have investigated the attachment of the elongated pro-
tein hGBP1 on a solid surface. Anchoring was achieved by
fabricating two mutants of hGBP1 with one and two biotin
anchors which bind to a streptavidin adlayer. By employing a
number of different independent techniques such as SPR,
AFM, and QCM, a detailed and consistent picture of the
hGBP1 adlayer is obtained. For the doubly anchored mutant,
we propose an alongside orientation with the long axis of the
hGBP1 orientated parallel to the surface plane, whereas for
the single-anchor mutant, a near-upright orientation is found.
The GTP hydrolysis catalytic activity, although lower than in
solution, indicates full integrity for both of the surface-bound
protein mutants. These studies render a starting point for
further investigations of hGBP1 and other enzymes with re-
gard to a correlation between their orientation and activity. In
particular, attachment of a protein in a restricted manner al-
lows addressing the importance of structural constraints

FIG. 6. Specific GTPase activity of hGBP1 in solution �upper panels� and on the surface �lower panels�. The measurements in solution were performed at
concentrations of 0.5 �M hGBP1 and 50 �M GTP. For the calculation of specific activity on the surface, the amount of immobilized hGBP1 was derived
from the SPR measurements. The volume of buffer �V=2.5 ml� coating the gold surface and the surface area �78.5 cm2� were taken into account for the
calculation of the enzyme quantity and the resulting specific activity indicated in the figure. Gold wafers without hGBP1 coating were used as a reference
�open circles�.

FIG. 7. �Color� �a� Schematic presentation of the concentration dependent
GTPase activity of hGBP1 in solution in the presence of 50 �M GTP
�calculated from Refs. 9 and 35�; the activities observed here for surface-
bound single mutant and double mutant of hGBP1 are indicated by arrows.
Suggested orientations of hGBP1 �b� single mutant and �c� double mutant
are shown schematically using the representation of the hGBP1 molecule in
Fig. 1 �streptavidin in green�.
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when interactions with partner proteins come into play, e.g.,
in a homodimer complex. The methods presented in this
study can be employed for investigations of the structural
and kinetic properties of protein complexes attached in a
defined orientation on a surface.
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