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ABSTRACT: Human guanylate binding protein 1 (hGBP1)
is a member of the dynamin superfamily of large GTPases.
During GTP hydrolysis, the protein undergoes structural
changes leading to self-assembly. Previous studies have
suggested dimerization of the protein by means of its large
GTPase (LG) domain and signiﬁcant conformational changes
in helical regions near the LG domain and at its C-terminus.
We used site-directed labeling and a combination of pulsed
electron paramagnetic resonance and time-resolved ﬂuorescence spectroscopy for structural investigations on hGBP1
dimerization and conformational changes of its C-terminal helix α13. Consistent distance measurements by double electron−
electron resonance (DEER, also named pulse double electron resonance = PELDOR) spectroscopy and Förster resonance
energy transfer (FRET) measurements using model-free analysis approaches revealed a close interaction of the two α13 helices in
the hGBP1 dimer formed upon binding of the nonhydrolyzable nucleoside triphosphate derivate GppNHp. In molecular
dynamics (MD) simulations, these two helices form a stable dimer in solution. Our data show that dimer formation of hGBP1
involves multiple spatially distant regions of the protein, namely, the N-terminal LG domain and the C-terminal helices α13. The
contacts formed between the two α13 helices and the resulting juxtaposition are expected to be a key step for the physiological
membrane localization of hGBP1 through the farnesyl groups attached to the end of α13.

H

The elongated 67 kDa protein is generally assumed to consist
of three domains (Figure 1A). The LG domain (blue)
resembling the canonical GTPase domain of Ras with
insertions and extensions is followed by the purely α-helical
middle domain (green) and the α12/13 domain (dark yellow/
orange) which ﬂanks the full length of the protein. At the Cterminal end the α12/13 domain has contacts with the LG
domain, thereby stabilizing its position.17 hGBP1 can bind all
three guanine nucleotides with similar aﬃnities in the low
micromolar range.18−20 It hydrolyzes GTP to GDP and GMP
in two successive steps utilizing the same catalytic center.19,21−24
Using size exclusion chromatography and dynamic light
scattering, it was shown that binding of the nonhydrolyzable
GTP analogue GppNHp results in the formation of dimers, and
binding of the GTP hydrolysis transition mimic GDP·AlFx
leads to the formation of tetramers.17 This oligomer formation

uman guanylate binding protein 1 (hGBP1) belongs to
the dynamin superfamily of large GTPases.1 A common
feature of this family of proteins is the nucleotide-dependent
assembly to homotypic oligomers, leading to stimulation of the
GTPase activity, which in the case of dynamin accounts for
scission of vesicles from membranes.1 In contrast to dynamin,
the cellular function of the hGBPs belonging to the same
superfamily of large GTPases is only partially understood.
Expression of hGBP1 is mainly activated by type II IFN
(interferon γ).2 It participates in immune responses against viral
and bacterial targets such as hepatitis C virus, inﬂuenza A virus,
and bacterial meningitis,3−8 and exhibits antiangiogenic9−11 and
antitumoral12−16 activities. The antiangiogenic eﬀects of
inﬂammatory cytokines in cultivated endothelial cells in
vitro9,10 and in tumor vessel endothelial cells of colorectal
carcinoma patients in vivo11 have been shown to be mediated
by hGBP1. Furthermore, hGBP1 overexpression is associated
with diﬀerent tumor types, such as glioblastoma,12 oral
cancer,13 and mammary cancer,14 and was also observed to
be associated with paclitaxel drug resistance in ovarian cancer
cells and with docetaxel resistance in prostate cancer cells.15,16
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ensemble time-correlated single photon counting
(eTCSPC)35−37 on samples carrying ﬂuorescence labels.

■

EXPERIMENTAL PROCEDURES
Mutagenesis. All cysteine mutants were constructed based
on a cysteine-free hGBP1 variant (C12A/C82A/C225S/
C235A/C270A/C311S/C396A/C407S/C589S). All mutants
used were generated by QuikChange site directed mutagenesis
(Agilent Technologies Sales & Services GmbH &Co.KG,
Germany) using templates of hGBP1 in the pQE80L vector
(Qiagen GmbH, Germany) as described earlier.28 All products
were veriﬁed by DNA sequencing.
Protein Preparation, Spin Labeling, and FRET Labeling. All proteins were expressed from a pQE80L vector
(Qiagen GmbH, Germany) in the Escherichia coli strain BL21
(DE3). Protein preparations were performed as described.19
The buﬀers did not contain any DTE as it would interfere with
the following labeling reaction. Concentrations were determined by the protein absorbance at 276 nm (ε276 (hGBP1) =
45400 M−1 cm−1) according to the method described by Gill
and von Hippel.38
For the spin labeling reaction, all proteins were incubated
with an 8-fold excess of (1-oxyl-2,2,5,5-tetramethylpyrroline-3methyl) methanethiosulfonate spin label MTSSL (Enzo Life
Sciences GmbH, Germany) for 3 h at 4 °C. The reaction was
performed in 50 mM Tris, 5 mM MgCl2 solved in D2O at pH
7.4. Unbound spin labels were removed with Zeba Spin
Desalting Columns (Thermo Fisher Scientiﬁc GmbH,
Germany) equilibrated with 50 mM Tris, 5 mM MgCl2 solved
in D2O at pH 7.4. Concentrations were determined as
described above. Labeling eﬃciencies have been determined
by double integration of cw room temperature (RT) EPR
spectra in comparison with EPR samples of known
concentrations and were ∼90−100% in all cases. In all EPR
experiments, the protein concentration was 100 μM.
For labeling with ﬂuorescent dyes proteins were incubated
with a 4-fold excess of either Alexa488-C5-maleimide or
Alexa647-C2-maleimide (Life Technologies GmbH, Germany)
for 1.5 h at 4 °C. The ﬂuorescence labeling buﬀer had the same
composition (solved in H2O) as described for the spin labeling
reaction. Unbound dye was removed with Zeba Spin Desalting
Columns (Thermo Fisher Scientiﬁc GmbH, Germany). The
labeling degree was determined by UV absorption measurements to 70%, 93%, 63%, and 53% for Q577CD, Q577CA,
N18CD, and N18CA, respectively.
GTPase Activity. The hydrolytic activity of the diﬀerent
protein mutants was measured by high performance liquid
chromatography using a Chromolith Performance RP-18 endcapped column (Merck KGaA, Germany) as described earlier.27
2 μM protein was incubated with 350 μM GTP at 25 °C.
Samples were analyzed after diﬀerent reaction periods. The
time dependence of the substrate concentration was used to
calculate the speciﬁc activities of the diﬀerent protein mutants.
The obtained values are given in Supplementary Table S2,
Supporting Information.
cw EPR Measurements. Room temperature continuous
wave (cw) EPR spectra were recorded on a Miniscope X-band
benchtop EPR spectrometer MS200 (Magnetech GmbH,
Germany) equipped with a rectangular TE102 resonator. The
microwave power was set to 10 mW and the B-ﬁeld modulation
to 0.15 mT. Twenty microliters of sample volume containing
100 μM protein was ﬁlled in EPR glass capillaries (0.9 mm
inner diameter).

Figure 1. Crystal structures and a model for the dimer of hGBP1. (A)
Apo state (pdb: 1DG3).17 Spin labeled residues are marked by gray
spheres at the positions of their Cα atoms. (B) LG domain dimer
structure in the presence of GppNHp (pdb: 2BC9).23 (C) Putative
head-to-head dimer model obtained by superimposing the LG
domains of the full-length crystal structure in the GppNHp bound
state (pdb: 1F5N)24 onto the LG domains in the dimer structure
obtained in the presence of GppNHp (pdb: 2BC9); the expected
distances based on this structure are summarized in Table 1.23 Darkred arrows and numbers in panels B and C indicate the expected
distances (Cα−Cα) based on the crystal structure and the dimer
model, respectively.

of hGBP1 triggered by GTP binding leads to a self-stimulation
of its GTPase reaction.25 Therefore, hGBP1 can be categorized
as a G protein activated by nucleotide-dependent dimerization.26 The binding of GppNHp leads to the formation of a
putative head-to-head dimer (Figure 1B,C), and structural
rearrangements within the LG domain that are believed to be
transmitted to α12/13 located at the C-terminus. This in turn is
believed to control the oligomerization behavior and the
second step of nucleotide hydrolysis.27−29 However, no detailed
structural information on the full length protein in the dimeric
or tetrameric state could be obtained so far.
To evaluate the hGBP1 dimer arrangement and possible
conformational changes upon dimerization in the GppNHpbound state, we applied two labeling based techniques for
several reasons: (i) to check the consistency between the
observations made by electron paramagnetic resonance (EPR)
spectroscopy on frozen samples (50 K) and by FRET at
physiological temperatures (298 K), (ii) to exclude labelspeciﬁc eﬀects on the measurements, (iii) to increase the range
of accessible distances, and (iv) to take advantage of the
method-speciﬁc sensitivity ranges for detecting also minor
populations that exhibit diﬀerent structures. Quantitative
distance measurements were performed by DEER (PELDOR)
spectroscopy30−34 using site-directed spin labeling (SDSL),32
and by Förster resonance energy transfer (FRET) using
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FRET Measurements. Ensemble time-correlated singlephoton-counting (eTCSPC) measurements were performed on
an IBH-5000U (HORIBA Jobin Yvon IBH Ltd., UK) system.
The excitation source was a 470 nm diode laser LDH-P-C 470
(Picoquant GmbH, Germany) operating at 8 MHz for donor
excitation. The emission wavelength was set to 520 nm for
donor emission. The corresponding monochromator slits were
set to 2 nm (excitation path) and 16 nm (emission path)
resolution. An additional 500 nm cutoﬀ ﬁlter was used to
reduce the contribution of the scattered light. All measurements
were performed at room temperature under magic-angle with a
total protein concentration of approximately 9 μM. The
concentration of the donor-labeled protein was 0.5 μM. The
actual donor-, acceptor-, and unlabeled-protein concentrations
were calculated based on degree of labeling of the individual
samples determined by ﬂuorescence and UV-spectroscopy and
are summarized in Supplementary Figure S4, Supporting
Information. The ﬂuorescence intensity decay curves were
ﬁtted using the iterative reconvolution approach.43 To correct
instrumental nonlinearities, the response to uncorrelated light
was recorded and considered in the ﬁtting procedure by
multiplying the model-function with the normalized/smoothed
uncorrelated instrumental response. The ﬁts cover 99.95% of
the total ﬂuorescence intensity and start about 500 channels
before the laser-pulse recorded in the instrument response
function (IRF).
FRET-Accessible Volume Calculations. To describe the
behavior of the ﬂuorophore labels on the macromolecules
accessible volume (AV), simulations were performed as
described previously.44,37 The accessible volume algorithm
implemented in FPSv1.2 calculates all sterically accessible
positions given the spatial extension of the dyes (all parameters
used are compiled in Supplementary Table S1, Supporting
Information). As previously shown, this approach is useful in
comparing given model structures with experimental data and
can also be used for the generation of new structural models.45
Quantitative FRET Analysis: Ensemble TCSPC-Fitting
and Determination of the Precision for the Obtained
Distances. Under our measurement conditions, we have a
mixture of monomeric and dimeric hGBP1. Thus, all donor
ﬂuorescence decays FD(t) were ﬁtted with the decays of at least
two molecular species, FD(0)(t) for the donor-/unlabeled
protein complexes (DOnly) and FD(A)(t) for the donor-/
acceptor-labeled protein complex which is assumed to be
dimeric:

Cw EPR spectra for interspin distance determination in the
range from ∼0.8 to 1.7 nm were obtained on a homemade cw
X-band EPR spectrometer equipped with a Super High
Sensitivity Probehead (BrukerBiospin GmbH, Germany). The
magnetic ﬁeld was measured with a RMN-2 B-ﬁeld meter
(Drusch GmbH, Germany). A continuous ﬂow cryostat Oxford
ESR900 (Oxford Instruments, UK) was used in combination
with an Intelligent Temperature Controller ITC 4 (Oxford
Instruments, UK) allowing the stabilization of the sample
temperature to 160 K. The microwave power was set to 0.2
mW and the B-ﬁeld modulation amplitude was set to 0.25 mT.
EPR quartz capillaries (3 mm inner diameter) were ﬁlled with
sample volumes of 40 μL. Fitting of simulated dipolar
broadened EPR powder spectra to the experimental ones
detected at 160 K was carried out using the program
ShortDistances by Chr. Altenbach.39
Pulse EPR Measurements. Pulse EPR experiments
(DEER) were done at X-band frequencies (9.3−9.5 GHz)
with a Bruker Elexsys 580 spectrometer equipped with a Bruker
Flexline split-ring resonator ER 4118X-MS3 (Bruker Biospin
GmbH, Germany) and a continuous ﬂow helium cryostat
CF935 (Oxford Instruments, UK) controlled by an Oxford
Intelligent Temperature Controller ITC 503S. Sample
conditions for the EPR experiments were 100 μM protein in
100 mM NaCl, 50 mM Tris-HCl, 5 mM MgCl2, pH 7.4
dissolved in D2O with 12.5% (v/v) glycerol-d8, and 1 mM GDP
or 1 mM GppNHp, respectively.
All measurements were performed using the four-pulse
DEER sequence: π/2(υobs) − τ1 − π (υobs) − t′ − π (υpump) −
(τ1 + τ2 − t′) − π (υobs) − τ2 − echo.30,31 A two-step phase
cycling (+⟨x⟩, −⟨x⟩) was performed on π/2 (υobs). Time t′ is
varied, whereas τ1 and τ2 are kept constant, and the dipolar
evolution time is given by t = t′ − τ1. Data were analyzed only
for t > 0. The resonator was overcoupled to Q ≈ 100; the pump
frequency υpump was set to the center of the resonator dip and
coincided with the maximum of the nitroxide EPR spectrum,
whereas the observer frequency υobs was ∼65 MHz higher,
coinciding with the low ﬁeld local maximum of the spectrum.
All measurements were performed at a temperature of 50 K
with observer pulse lengths of 16 ns for π/2 and 32 ns for π
pulses and a pump pulse length of 12 ns. Deuterium
modulation was averaged by adding traces at eight diﬀerent
τ1 values, starting at τ1,0 = 400 ns and incrementing by Δτ1 = 56
ns. Data points were collected in 8 ns time steps or, if the
absence of fractions in the distance distribution below an
appropriate threshold was checked experimentally, in 16 ns
time steps. The total measurement time for each sample was
4−24 h. Analysis of the data was performed with DeerAnalysis
201140 using a Tikhonov regularization approach.41 For details
about DEER data analysis, see Supporting Information.
Rotamer Library Analysis. Inter-spin label distance
distributions were simulated using a rotamer library of spin
labeled residues as described earlier.42 The rotamer library
implemented in the software package MMM201141 consisted
of 210 rotamers of MTSSL bound to cysteine, which have been
used to replace the native residues at the positions of interest in
the respective hGBP1 structural models. Energies and resulting
populations for individual rotamers were calculated by means of
a Lennard−Jones potential at 175 K (the glass transition
temperature for a water−glycerol mixture) and have been used
as weights in the simulation of the distance distributions. For
more details about the RLA, see Supporting Information.

F(t ) = (1 − x DOnly )FD(A)(t ) + x DOnlyFD(0)(t ) + c

(1)

where xDOnly corresponds to the fraction of DOnly molecules
and c is a constant oﬀset. Due to local quenching, the
ﬂuorescence decay of the donor is triexponential in the absence
of FRET with the individual species fractions xD(i) and
(i)
ﬂuorescence lifetimes τD(0)
(see Table S3, Supporting
Information):
FD(0)(t ) =

(i)
)
∑ xD(i) exp(−t /τD(0)
i

(2)

Thus, the time-resolved ﬂuorescence intensity decays of
donor-/acceptor-labeled protein-complex (FRET sample)
were ﬁtted globally with the decays of the donor-/unlabeled
protein-complexes (DOnly sample). Generally, it is reasonable
to assume that the radiative lifetime of the donor is not aﬀected
by quenching. Hence, the FRET-rate constant (kFRET) is
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P(m⃗ , wi⃗ → i + 1) = exp( −1/2(χi2+ 1 − χi2 ))

actually only determined by the donor−acceptor distance and
their relative orientation.46 Expressing the FRET rate constant
in terms of distances the donor-ﬂuorescence in the presence of
acceptor is given by

∫R

with w⃗ i+1 = w⃗ i + δ⃗. Here δ⃗ are Gaussian distributed random
values. To reduce the parameter space the Metropolis sampling
was restricted to parameters w⃗ fulﬁlling χ2r (w⃗ ) < χ2r,max with

p(RDA) exp( −tk 0(R 0/RDA)6 ) dRDA

FD(A)(t ) = FD(0)

−1
2
2
χr,max
(P , wmin
⃗ ) = χr,min [1 + n/v ·cdf (F(n , v , P))]

DA

(3)

∫R

where cdf (F(n,v,P)) is the inverse of the cumulative
distribution function of the F-distribution for n free parameters
determined by the dimension of the parameter space, and with
ν degrees of freedom given by the number of ﬁtting channels,
χ2r,min is the minimum determined χ2r (here usually χ2r,min =
χ2r,min(w⃗ min).51 If a trial w⃗ i+1 left the region of interest determined
by χ2r,max the step was neglected and a new trial attempt starting
at w⃗ i was performed. The presented analysis was at least
performed up to the maximum conﬁdence-level of Psample,max =
1−10−5. The step-size δ⃗ of the Metropolis-Hastings algorithm
was adjusted in shorter preruns to obtain an acceptance rate of
approximately 60%. After sampling the parameter space
samples w⃗ i were selected according to their χ2r (w⃗ i). Samples
with a χ2r (w⃗ i) above a maximum chi-square χ2r,max(Pselect,max) can
be excluded with a conﬁdence level of Pselect,max. The samples
with a χ2r (w⃗ i) below χ2r,max(Pselect,max) deﬁne a distribution in the
parameter space. The individual ﬁtting parameters are obtained
by calculating the mean of their individual marginal
distributions, whereas the marginal distributions deﬁne the
parameter uncertainty.52
Construction of the α13 Dimer and Molecular Dynamics
(MD) Simulations. The atomic coordinates for helix α13
(residues F565−M583) were extracted from the crystal
structure of hGBP1 (pdb: 1F5N).24 Two such isolated helices
were manually oriented in a way that interaction between the
hydrophobic faces of the two helices (comprised by residues
M572, I576, L579, and M583) was possible (see Figure 4A).
The helix dimer was immersed in a water box, at least 12 Å
larger than the dimer in any direction, ﬁlled with TIP3P water
and ∼150 mM sodium and chloride ions, neutralizing the
system’s net charge. Periodic boundary conditions have been
applied. Energy minimization and removal of initial atomic
clashes in the starting structure were removed by energy
minimization (steepest descent) with the software package
Yasara Structure (http://www.yasara.org).53 After the initial
energy minimization, a 100 ns MD simulation was carried out
in Yasara, utilizing the Amber03 force ﬁeld, using Particle Mesh
Ewald (PME) summation for long-range electrostatic interactions with a cutoﬀ at 7.86 Å. The time step for the calculation
of intramolecular forces was 1.25 fs (simulation substep),
intermolecular forces have been calculated every two simulation
substeps (2.5 fs). The simulation temperature was 298.0 K.
Temperature control was carried out by rescaling atom
velocities. Pressure control was achieved by keeping the solvent
(H2O) density at 0.997 g/mL and rescaling the simulation cell
along all three axes. Simulation snapshots have been taken each
25 ps.
A second simulation has been carried out using the same
starting structure at a temperature of 298.1 K, resulting in
diﬀerent starting velocities for the atoms.
The structure ensemble shown in Figure 4B was prepared by
aligning the structures from simulation snapshots taken at 0, 5,
10, ... 100 ns of the 298.0 K trajectory with the MUSTANG
algorithm54 implemented in Yasara Structure.
Analysis of the MD trajectories has been carried out with
Yasara. Energies and RMSD values for Cα atoms for the two

1

π /2
DA wDA
2⎞
⎛ ⎡
R − ⟨RDA ⟩ ⎤ ⎟
exp⎜⎜ −2⎢ DA
⎥ ⎟ exp( −tk 0[1 + (R 0/RDA)6 ])
w
⎦⎠
⎣
DA
⎝
dRDA

(4)

The width of the Gaussian donor−acceptor distance distribution wDA should not be misinterpreted as the experimental/
statistical-error but it describes a real physical property of the
donor−acceptor pair. The experimental ﬂuorescence decays
presented below are described by combining the above
formulas and were ﬁtted by custom software written in Python.
The ﬂuorescence fractions f1 and f 2 of the states described by
p1,2(RDA) are calculated by eq 5.
f1,2

1
=
⟨F ⟩

∫

−1⎞
⎛
⎛
⎛ RDA ⎞6 ⎞ ⎟
1⎜
p1,2 (RDA ) ⎜1 − ⎜⎜1 + ⎜
⎟ ⎟ dRDA
k0 ⎜
⎝ R 0 ⎠ ⎟⎠ ⎟⎟
⎝
⎠
⎝

with 1 = f1 + f2

(7)

−1

Therein p(RDA) is a FRET-rate distribution expressed as
distance and R0 is the Förster radius (in this case R0 = 52 Å)
and k0 = 1/τ0 is the radiative rate of the unquenched dye.
The ﬂuorophores are attached to the biomolecule by long
ﬂexible linkers. Hence, a donor−acceptor distance distribution
is expected which is not averaged during the ﬂuorescence
lifetime of the dyes,37 and the ﬂuorescence decay FD(A) has to
be expressed as a donor−acceptor distance distribution p(RDA)
with a nonzero width. Here, the experimental time-resolved
ﬂuorescence intensities were either ﬁtted by a Gaussian
distribution of donor−acceptor distances (p(RDA)) with a
mean interdye distance ⟨RDA⟩ and a width wDA (eq 4) or,
analog to the Tikhonov regularization, 40 p(R DA ) was
determined model free by deconvolution of the ﬂuorescence
intensity decays by using the maximum-entropy method
(MEM).47,48
FD(A)(t ) = FD(0)

(6)

(5)

where ⟨F⟩ is used as normalization factor for the total steady
state ﬂuorescence intensity.
The parameters and their uncertainties were determined by
Markov chain Monte Carlo sampling using the Metropolis−
Hasting algorithm.49,50 All free ﬁtting parameters were sampled
using at least 30 individual Markov chains with 150 000 steps
each. Each Markov chain started at w⃗ min, whereas w⃗ min was
previously determined by ﬁtting the data with a model function
using a conventional Levenberg−Marquardt algorithm. In the
case of Gaussian distributed noise on the signal (counts in the
TAC-channels) the probability density P(m⃗ ,w⃗ i) of observing the
measurement result m⃗ , given a set of model parameters w⃗ i, is
proportional to P(m⃗ ,w⃗ i) ∝ exp(−χ2i (m⃗ ,w⃗ i)/2). Therefore, the
probability in the Metropolis algorithm to move from a set of
model parameters w⃗ i to a new set of model parameters w⃗ i+1 is
given by
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Figure 2. DEER and FRET data. (A) Background corrected DEER traces (form factors, blue) and ﬁts (black) for C225SL, N18CSL, K567CSL, and
Q577CSL with GppNHp. In the panel for hGBP1-C225SL the modulation depth Δ is indicated (gray). (B) Distance distributions obtained by
Tikhonov regularization (blue) of the DEER data and maximum-entropy deconvolution of the ﬂuorescence decay (red). The inset in the distance
distribution for Q577C shows enlarged the second population at 67 Å revealed from the ﬂuorescence data (see text). Dashed lines represent distance
distributions obtained by a RLA (blue) and accessible volume (AV) calculations32 (red) on the model of the full-length dimer in Figure 1C.
Abbreviations in graphical legend: MEM, maximum entropy method. (C) Experimental time-resolved donor (D) ﬂuorescence decays (Alexa488) for
mixtures with acceptor (A) labeled samples (Alexa647 FRETdecay, red) or unlabeled proteins (U) (DOnly decay, green). The DOnly decays are
ﬁtted formally by either two or three lifetimes (eq 3, see Table S3, Suppporting Information), the FRETdecays are ﬁtted by MEM. The weighted
residuals of the donor decay and the FRET decay are displayed in the upper panel in green and red, respectively.

obtained, indicating that the protein forms dimers. Figure 2
shows the results of the DEER experiments for hGBP1-C225SL
and hGBP1-N18CSL with bound GppNHp. In Figure 2A the
background corrected DEER time traces are shown. Figure 2B
depicts the corresponding distance distributions obtained by
Tikhonov regularization (for details see Supporting Information and Methods and Figure S1). The distance distribution for
position 225 exhibits a single peak at 40 Å. Labels at position 18
on the opposite side of the LG domain show an inter spin
distance of 54 Å. Small peaks at shorter distances in the latter
case represent noise artifacts and are not reproducible. The
observed distances diﬀer by ∼5 Å (pos. 225) and ∼9 Å (pos.
18) from the Cα−Cα distances calculated from the crystal
structure (Figure 1B). Nevertheless, when comparing inter spin
distances with structural models the length and ﬂexibility of the
spin label side chain (Supplementary Figure S2, , Suppporting
Information) has to be taken into account. For this purpose, we
performed a rotamer library analysis (RLA)42 on the crystal
structure of the isolated LG domain dimer with GppNHp
(Figure 1B). In both cases, the calculated distance distributions
(Figure 2B; blue, dotted lines) are in good agreement with the
experimental data, indicating that the LG domains exhibit an
orientation in the hGBP1 dimer resembling the crystal
structure of the isolated LG domain dimer (Figure 1B),
which has also recently been corroborated by mutational
studies.54 Furthermore, also the widths of the experimental and

simulations are shown in Supplementary Figure S7, Suppporting Information.

■

RESULTS
Cysteine mutants, based on a cysteine-free hGBP1 variant, were
labeled with the MTS spin label (MTSSL) and ﬂuorescence
labels, respectively. Four single labeled (SL) hGBP1 constructs
were subjected to DEER experiments: hGBP1-N18CSL,
-C225SL, -K567CSL, and -Q577CSL (Figure 1A,C). Functionality of the cysteine-free variant Cys-9 and the labeled
constructs was veriﬁed by their speciﬁc GTPase activities,
determined as described earlier.27 All cystein mutants and
labeled proteins exhibit either similar or increased (factor 2−3)
GTPase activities compared to the hGBP1 wildtype protein
(hGBP1 wt, see Supplementary Table S2, Suppporting
Information).
First, we conﬁrmed that dimerization of hGBP1 upon
binding of GppNHp takes place via the LG domains as
suggested from the crystal structure of the isolated LG domains
with GppNHp22 (see Figure 1B). We chose positions 225 on
helix α4′, and 18 on the opposite side of the LG domain. The
DEER experiments reveal no detectable interspin distances for
singly labeled hGBP1 without any nucleotide or with GDP (see
Supplementary Figure S1, Suppporting Information). This in
accordance with the protein being monomeric, whereas in the
presence of GppNHp well-deﬁned inter spin distances are
4594
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dye Alexa647 (7.1 μM, 5.1 μM for 577 and 18 respectively).
The actual protein concentrations were calculated based on the
degree of labeling and the protein concentration determined by
UV−vis spectroscopy. The quantitative analysis was performed
in two steps: (a) Data analysis using model free and model
based approaches combined with accessible volume calculations
to determine absolute donor−acceptor distances, (b) determination of the precision and accuracy of the obtained inter dye
distances.
To obtain distance distributions in the ﬁrst step, the
ﬂuorescence decay data were analyzed by the model-free
method MEM (see Figures 2 and 3), which is equivalent to the
Tikhonov regularization in EPR analysis. In the N18CD-N18CA
sample, an asymmetric peak at position ∼63 Å tailing toward
longer distances is observed. The tailing is most likely caused by

RLA calculated distance distributions agree reasonably well.
The quality of the data sets (signal-to-noise) and application of
the L-curve criterion in the regularization procedure (see
Supplementary Experimental Procedures, Supporting Information) give conﬁdence to assume suﬃciently high accuracy in
prediction of the experimental distance widths for this
comparison. This indicates that mainly the mobility of the
spin label side chain contributes to the distribution of inter spin
distances, as the RLA does not account for protein backbone
ﬂexibility. Consequently, the secondary structure elements the
labels are attached to are relatively rigid, underlining the
stability of the LG domain dimer.
With the given arrangement of the LG domains in the
hGBP1 dimer, it is straightforward to construct a model of the
full-length dimer by using rigid monomers and superimposing
the LG domains of the full-length crystal structure in the
GppNHp bound state24 onto the LG domain dimer structure23
(Figure 1C). Performing the RLA on this model for positions
567 and 577 reveals calculated distance distributions centered
at ∼57 Å and ∼78 Å, respectively (Figure 2B; blue, dotted
lines). Surprisingly, the experimental distance distributions
(Figure 2B; blue, solid lines) reveal signiﬁcantly shorter
distances, 26 Å for position 567 and 22 Å for position 577.
This can only be achieved if α12 and α13 detach from the LG
domain and the two α13 helices in the dimer come into close
vicinity or associate. Such kind of detachment has already been
proposed, ﬁrst based on the observation that in the presence of
GDP·AlFx (i.e., in the course of GTP hydrolysis) helix α4′ in
the LG domain undergoes a conformational change leading to a
steric clash with α12/13, and second based on point mutations
distorting the contact site between the LG domain and α12/
13.23,27 Our results indicate that the uncoupling between α4′
and α12/13 occurs already upon dimer formation in the
presence of GppNHp.
The DEER experiment not only yields a distance distribution
but also information about the number of interacting spins,40
reﬂected in the modulation depth Δ indicated (gray) for the
DEER trace for hGBP1-C225SL. The modulation depth for
position 225 corresponds to two interacting nitroxides and
consequently >90% dimerization. For hGBP1 spin labeled at
positions 18, 567, and 577, respectively, 50%, 64%, and 75% of
the proteins show dipolar interaction between the spin labels
(the absence of distances <17 Å has been conﬁrmed by cw
EPR; see Supplementary Figure S1B, Supporting Information).
From protein concentration-dependent GTP hydrolysis
activities, an apparent dissociation constant for the hGBP1
dimer is found to be sub-micromolar.55 Yet, in the case of
GppNHp-bound hGBP1 our unpublished data indicate a Kd
value around 10 μM. Thus, small diﬀerences in the dimer
aﬃnities of the four hGBP1 variants together with experimental
uncertainties on, e.g., protein concentrations and modulation
depths, can explain the variation in the observed dimer
populations.
DEER experiments are carried out in frozen solution (50 K),
raising the question whether the observed association of the
α13 helices takes also place at more physiological temperatures.
Quantitative FRET distance measurements by eTCSPC of
hGBP1 labeled with ﬂuorescent dyes at positions 18 or 577 at
room temperature and comparison of the experimental results
to the expectancies given by the structural models corroborated
the observation made by DEER.
To study intermolecular FRET, we mixed protein singly
labeled with the donor dye Alexa488 (0.5 μM) and the acceptor

Figure 3. FRET-parameter and error-estimation using Gaussian
donor−acceptor distance distributions. (A, B) donor−acceptor
distance distributions p(RDA) in dependency of the applied ﬁtting
model (eq 4). The experimental data was either ﬁtted with a singlestate model (gray) or a two-state model (black). By ﬁtting the data
with a single-state model a mean-donor−acceptor distance ⟨RDA⟩ of 30
± 3 Å is obtained with a width of wDA = 36.2 ± 6 Å (χr2 = 1.10,
conﬁdence-level of 95%). The ﬁt of the data by a two-state model
yields the distances ⟨RDA,1⟩ = 33 ± 3 Å and ⟨RDA,2⟩ = 69 ± 3 Å with a
global donor−acceptor distribution width ωDA = 15.4 Å (χr2 = 1.04,
conﬁdence-level of 95%). The precision of the ﬁts demonstrates that
the results are independent of the applied ﬁtting model and that both
distances are well resolved. The fraction of the ⟨RDA,2⟩ population is 8
± 3%. (C) Projections of the probability density of the 2-state model
(marginal distributions) of the model parameters ⟨RDA,1⟩, ⟨RDA,2⟩, and
x2 for a conﬁdence-level 95%. All ﬁt results are summarized in
Supplementary Table S3, Supporting Information.
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Table 1. Experimental DEER and FRET Mean Distances Compared to Mean Distances Calculated by the Rotamer Library
Approach (RLA) for DEER Data and Accessible Volume (AV) Calculations for FRET Data from the Initial Model (2 × 1F5N,
Head-to-Head) and from the α13 Dimer (Helix−Helix) Modela
experiment

model

distance
technique

sample

EPRb

C225CSL
N18CSL
K567CSL
Q577CSL
N18CD-N18CA
Q577CD-Q577CA state 1
Q577CD-Q577CA state 2

FRETc

a

1F5N
w

mean
40
54
26
22
63
35
67

±
±
±
±
±
±
±

1
1
1
1
9
2
12

4
10
8
7
14
16
18

±
±
±
±
±
±
±

2
2
2
2
4
4
4

helix−helix

mean

w

mean

w

37
50
57
78
67
68

8
12
12
10
16
26

20
20

9
12

32

16

All distances are given in Å. bThe EPR-model distances are based on the RLA approach. cFRET-model distances are based on the AV-approach.

N18CA, no additional broadening beyond the expected dyelinker distribution was observed. Only one Gaussian distributed
FRET population (⟨RDA⟩ = 63 ± 9 Å, wDA = 14 ± 4 Å) is
needed to describe the decay satisfactorily which agrees well
with the MEM analysis in Figure 2.
In the second step of the data analysis, we estimated the
precision of the parameter by a Markov chain Monte Carlo
sampling as described in the method section. The obtained
results are presented in Figure 3C in form of two twodimensional histograms. These histograms represent possible
realizations of the model parameters given a conﬁdence level of
Pselect,max = 95, where the uncertainties correspond to the width
of the bar plots in Figure 3A,B.
The accuracy of the inter dye distances is mainly governed by
uncertainties of the dye orientation factor κ2. Independent
single-molecule measurements of donor and the acceptor
anisotropy (data not shown) show that κ2 only contributes only
by 6% percent to the total uncertainty.55 Even though the
geometric accessible volume approach is a rough approximation
of the dye probability distribution, it proved to be a very good
estimate in previous studies.37,44 The results of the accessible
volume (AV) simulations37 (Figure 2B, Supplementary Figure
S6, Supporting Information) reveal good agreement for
position 18, corroborating the relative LG/LG domain
orientation in the dimer, but a strong deviation for the major
population in position 577 with the experimental distance being
33 Å shorter compared to the simulation results and well above
the estimated errors (Figure 2). To conclude, the precision of
the ﬁts demonstrates that the results are independent of the
applied ﬁtting model (MEM or Gaussian distance distributions)
and both the distances are well resolved.
Consequently, the results of the FRET and DEER measurements which are summarized in Table 1 indicate, within the
given experimental errors, the same type of structural
alterations. Hence, we conclude that the major mode of
dimerization via the LG domains and the conformational
change leading to association of the α13 helices prevails also at
physiological temperatures.
Being conﬁdent that the observed close association of the
α13 helices in the hGBP1 dimer is of physiological relevance,
we constructed a dimer of two such helices and conﬁrmed by
molecular dynamics (MD) simulations that they can form a
stable dimer.
Inspection of the primary sequence reveals that one surface
of α13 comprises hydrophobic residues (M572, I576, L579,
and M583) that could stabilize a parallel helix dimer by van der

the presence of donor-dyes in absence of acceptor (monomeric
proteins). In the Q577CD-Q577CA sample, two distinct well
separated peaks at ∼35 Å (peak 1) and ∼67 Å (peak 2) are
observed. The widths of all peaks determined by MEM are
comparable and range from 14 to 18 Å. These widths are within
the expectance values for ﬂexible coupled dyes.37 Compared to
model-based approaches MEM has some drawbacks. For
instance, the peak width is to some extent determined by the
choice of the regularization parameter and depends on the
noise level of the data.
To ensure that the second low amplitude peak (∼10%) is
justiﬁed (signal-to-noise) the L-curve criterion was applied to
determine the regularization parameter (see Supplementary
Experimental Procedures and Figure S5A−D). Additionally the
data were analyzed by model functions where the donor−
acceptor distances are Gaussian distributed (see eq 4). The use
of simple Gaussians to describe the donor−acceptor distance
distributions is justiﬁed by the comparison of Gaussian with
identical mean and width with distributions calculated by the
AV approach and is supported by the maximum entropy
method (see Figure 2 and S6 in Suppporting Information). The
ﬁt of the Q577CD-Q577CA sample using a one-state/distance
model results in a mean inter dye distance ⟨RDA⟩ = 29 Å and an
unusual broad distance distribution with a width of wDA = 36.2
Å (see Figure 3A). This width cannot be explained by dyelinker distributions (see Supplemental Table S1, Suppporting
Information). The broadening of the ﬂuorescence signal by
dye-linker distributions not averaging out during the
ﬂuorescence lifetime of the dye usually only contributes up to
a width from 12 to 22 Å.37 Besides the unusual broad width, a
strong correlation of the ﬁtted width and the donor−acceptor
distance was observed (see Supplementary Figure S8B,
Suppporting Information). Therefore, the experimental data
(Q577CD-Q577CA) was ﬁtted using two Gaussians with a
global width wDA and the species fractions xi. Two populations
with mean inter dye distances ⟨RDA⟩ of 36 Å (x1 = 92%) and 67
Å (x2 = 8%) and a global width of wDA = 15.4 Å were obtained
(see Figure 3A). This high sensitivity of ﬂuorescence
spectroscopy to minor populations with a high ﬂuorescence
quantum yield is given by the fact that the quality of the ﬁt is
not weighted by the species fraction of each state xi but by its
ﬂuorescence fraction f i (see eq 5). For Q577CD-Q577CA, the
ﬂuorescence fraction of the population with the long inter dye
distance is signiﬁcant ( f 2 = 0.32) so that it is clearly detectable.
The same analysis was performed also on the data of the
N18CD-N18CA sample (Figure 3B). In the sample N18CD4596
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but also the shape of the distance distribution agrees almost
perfectly with the calculations for our α13 dimer model. The
calculated distance widths are largely comparable with the
experimental distance distributions being broader toward
shorter distances. The DEER and FRET results are also
consistent for position 577 (Figure 4C, red). Analogous to our
interpretation in the case of the LG domain label positions, we
suggest the α13 dimer to be rather stable and rigid,
corroborating the observed stability of the model in the MD
simulations.

Waals interactions. We manually constructed a model with two
α13 helices (F565-M583) being in contact via the abovementioned residues in a parallel orientation (Figure 4A), and
performed, after an initial energy minimization, MD
simulations in explicit water at 298 K (see Supporting
Information).

■

DISCUSSION
Dimerization of hGBP1 is triggered by GTP binding and small
conformational changes in the LG domain interface. GTP
binding alters the conformation of the guanine cap, exposing
residues R240 and R244 in a way that a LG domain dimer is
formed.22,54 In another work a buried, hydrophobic helix (α6,
P291−S306) in the connecting region between the LG and the
middle domain is reported to become exposed upon GTP
binding and suggested to mediate dimerization.56 Using a
combination of pulsed EPR and ﬂuorescence spectroscopy
based inter label distance measurements with model free
analysis approaches for both data sets, we ﬁnd actually two
conformers of the hGBP1 dimer (see Figure 5). For the majorly

Figure 4. α13 dimer MD simulation. (A) Initial dimer structure after
energy minimization. (B) Ensemble of structures from the MD
trajectory, taken at simulation times of 0, 5, 10, ..., 100 ns (ribbons)
and average structure (ribbon + side chains) calculated from the MD
trajectory. (C) Experimental DEER (blue, solid) vs calculated (RLA,
blue, dotted) distance distributions from the average dimer structure
for K567CSL and Q577CSL (K567 and Q577 are shown in blue in
panels a and b) and corresponding FRET data for Q577 (red, solid:
experiment (MEM), dotted: calculated (AV)).

Figure 5. Mechanistic insightsthe oligomerization mechanism of the
hGBP1 dimerdashed parts are currently unknown. Blue, LG
domain; green, middle-domain; yellow, helix α12; orange, helix α13;
red spheres, nucleotide (GTP/GppNHp). The structure of the protein
in the apo-form is known and was already solved by X-ray
crystallography. Binding of GTP/GppNHp leads to the formation of
a putative head-to-head dimer. The protein structure of the nucleotide
bond state prior oligomerization is unknown. Experimental data
indicate the presence of an equilibrium between dimers with helix α13
contacts (∼90%) and the simple putative head-to-head dimers (
10%). Our experimental data do not allow assumptions on the relative
orientation of the middle domain and α12; therefore, these protein
regions are depicted with higher transparency.

The two α13 helices remained reproducibly associated over
the whole trajectory length of 100 ns, exhibiting only small
ﬂuctuations of the overall dimer arrangement, although the
simulations were carried out without any constraints on the
atom positions. The persistence of the isolated α13 dimer
during the simulations indicates that interaction via this helix
could signiﬁcantly contribute to stabilization of the hGBP1
dimer. Closer inspection of the MD results revealed that
interaction between the two helices is mainly conferred by the
four hydrophobic side chains mentioned above and depicted in
Figure 4A and Supplementary Figure S7, Supporting
Information.
Figure 4B shows an ensemble of 21 structures from the MD
simulation and an average structure calculated from the MD
trajectory. A RLA performed on the latter structure, shown in
Figure 4C, yields a calculated distance for K567CSL being ∼7 Å
shorter compared to the experimentally determined one. A
more distant location of the N-terminal ends of the helices than
in our α13 dimer model might be caused by their connection to
α12, thereby creating additional constraints on the N-termini of
the α13 helices that prevent their close interaction. Nevertheless, an almost perfect match of the experimental and the
calculated inter spin distances is observed for Q577CSL.
Remarkably, here not only the experimental mean distances

(∼90%) populated state 1, we identify a new conformer with
another dimerization interface which is formed by the Cterminal helix α13. Moreover, we ﬁnd a low (∼10%) populated
state 2 characterized by long distances (67 Å for position 577
from the FRET measurements, ∼40−50 Å for K567CSL from
DEER) that is well described by the known dimer structure
(helix α13 at large distances). We propose that α13 detaches
from α12 enabling it to establish additional contacts for
dimerization together with α13 from the other hGBP1
molecule. Using a ﬂexible assembly of four rigid domains
(LG, middle, α12 and α13) for each molecule, we propose a
model for the dimer as illustrated in Figure 5 taking into
account all experimental observations of this study. Investigations to clarify the dimerization process as well as
conformational changes of the middle domain and helix α12
in the hGBP1 dimer are subject of ongoing research in our
groups.
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Notes

Our measurements and simulations suggest that the binding
of GppNHp leads to a dimerization of helices α13 (Figure 4).
This association brings two lipid modiﬁcations into close
vicinity as hGBP1 possesses a “CaaX” motif at the end of helix
α13 that is farnesylated in vivo.57,58 In addition, a polybasic
sequence directly adjacent to the CaaX box (582KMRRRK587)
might further increase membrane aﬃnity.59,60 Therefore,
membrane association, that has already been proposed to be
regulated by dimerization,27,59 might be directly controlled by
association of the α13 helices. Recent studies revealed that also
hGBP2 and hGBP5 are isoprenylated in vivo and that they can
form not only homo- but also heterodimers,59 suggesting that
association of the C-terminal domains might be a general
feature of this subclass of GBPs with substantial importance for
membrane localization and physiological function.
Finally, we would like to reﬂect the mechanism of dimer or
oligomer formation for members within the dynamin superfamily. It was shown earlier that the LG domain of hGBP1 is
essential to form homo dimers and to increase its GTPase
activity.23 Together with our observation of the additional
interaction of the α-helical C terminus as illustrated in Figure 4,
we ﬁnd a striking similarity to the dimer structure of bacterial
dynamin-like protein (BDLP).61 It also forms contacts between
the G domains, and in addition, between the α-helical, so-called
paddle regions at the C-terminus which can be regarded to be
homologous to α13 of hGBP1. This close relationship is also
reﬂected in the phylogenetic analysis of the dynamin family
members carried out by Low and Löwe on the basis of the LG
domain sequences.61 In contrast, other members of the family
of large GTPases form homo-oligomers by a diﬀerent
mechanism. For example, the closely related dynamin and
MxA are known to be associated through the helical part of the
enzyme in the ﬁrst place, and LG domain contacts come into
play only later.62−64 Future studies will have to answer the
question if and how the two mechanisms of oligomer formation
described here are governed by the evolutionary origin of the
LG domain.
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