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Abstract

The human guanylate-binding protein 1 (hGBP1) belongs to the dynamin superfamily proteins and represents
a key player in the innate immune response. Farnesylation at the C-terminus is required for hGBP1’s activity
against microbial pathogens, as well as for its antiproliferative and antitumor activity. The farnesylated hGBP1
(hGBP1fn) retains many characteristics of the extensively studied nonfarnesylated protein and gains
additional abilities like binding to lipid membranes and formation of hGBP1fn polymers. These polymers are
believed to serve as a protein depot, making the enzyme immediately available to fight the invasion of
intracellular pathogens. Here we study the molecular mechanism of hGBP1 polymer formation as it is a crucial
state of this enzyme, allowing for a rapid response demanded by the biological function. We employ F€orster
resonance energy transfer in order to trace intra and intermolecular distance changes of protein domains.
Light scattering techniques yield deep insights into the changes in size and shape. The GTP hydrolysis driven
cycling between a closed, farnesyl moiety hidden state and an opened, farnesyl moiety exposed state
represents the first phase, preparing the molecule for polymerization. Within the second phase of polymer
growth, opened hGBP1 molecules can be incorporated in the growing polymer where the opened structure is
stabilized, similar to a surfactant molecule in a micelle, pointing the farnesyl moieties into the hydrophobic
center and positioning the head groups at the periphery of the polymer. We contribute the molecular
mechanism of polymer formation, paving the ground for a detailed understanding of hGBP1 function.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Introduction

Guanylate-binding proteins (GBPs) belong to the
dynamin superfamily of large GTPases and are key
players in the vertebrate immune response against
microbial pathogens [1e8]. Furthermore, GBPs
show antitumor and antiproliferative activities
[9e11]. GBP-mediated defense against bacterial,
viral, and protozoan pathogens ultimately triggers
pyroptosis [12,13], apoptosis [14], or some other
unspecified form of cell death [15,16]. Although the
molecular mechanisms underlying GBP-mediated
uthors. Published by Elsevier Ltd. This
ses/by/4.0/).
host defense remain poorly understood, it is well
known that in order to execute their antimicrobial
functions, GBP often requires both associations with
cellular and microbial membranes and the ability to
form GTP-dependent dimers or higher ordered
structures [17e24]. Membrane association of sev-
eral GBPs is achieved by isoprenylation of the
proteins’ CaaX box at their C-terminus [25e27].
Self-assembly into dimers and higher ordered
structures, as well as GTP hydrolysis, is best
characterized for the most prominent isoform of the
seven human GBPs (hGBPs), hGBP1. Biochemical
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studies revealed that hGBP1 is unique in its catalytic
mechanism, i.e., it hydrolyzes GTP in a cooperative
manner not only to yield GDP but in a subsequent
step GMP as the major product [28e30].
The x-ray structure shows hGBP1 to consist of an

N-terminal, globular, large GTPase-domain (LG
domain) and a C-terminal, purely helical domain,
which is subdivided in the middle domain (MD) and
the GTPase effector domain (GED) (Fig. 1 A). The
MD stretches away from the LG domain in two three-
helix bundles (a7-11), and the GED, formed by two
helices (a12-13), folds back to the LG domain
[31,32]. Positively and negatively charged side
chains located in the LG domain and the GED,
respectively, form salt bridges mediating tight
intramolecular interactions, which result in a closed
conformation of the hGBP1 molecule with low GTP
hydrolysis activity [29,33,34]. Upon GTP-binding,
hGBP1 dimerizes via an LG:LG domain interface,
and this intermolecular interaction leads to confor-
mational changes with the following consequences:
(1) a catalytic arginine residue is repositioned into
the nucleotide-binding site resulting in an increased
GTPase activity [29], and (2) the salt bridges
between the LG domain and the GED are disrupted
resulting in intramolecular structural rearrangements
in which the GED moves against the rest of the
protein [33,34]. This open conformation leads to
Fig. 1. Domain architecture of the farnesylated
human guanylate-binding protein 1 (hGBP1fn). (A)
Crystal structure of the nucleotide-free hGBP1fn (Protein
Data Bank ID code: 6K1Z). The protein consists of three
domains: The large GTPase domain (LG domain; blue),
the helical middle domain (MD; a7-11; yellow), and the
helical GTPase effector domain (GED, a12-13; orange)
with the attached farnesyl moiety (black; circled). (B)
Schematic representation of the crystal structure with the
different domains colored as in (A).
increased GMP production [33,35e37]. In contrast to
the polymerization of farnesylated hGBP1, which
needs active GTP turnover, the association to
artificial membranes requires only the binding of
GTP [38,39]. We revealed in our previous work that
the farnesyl moiety, which is attached to the GED’s
C-terminus, becomes accessible upon GTP binding
and hypothesizes that in the nucleotide-free state of
hGBP1 the farnesyl moiety is located in a protein
binding pocket. This hypothesis was recently con-
firmed by a crystal structure of farnesylated hGBP1,
which shows the farnesyl moiety accommodated in a
hydrophobic pocket, built by residues located in the
MD and GED [40].
Polymer formation in the absence of lipids has

been observed for other members of the dynamin
superfamily, such as dynamin itself, MxA, MxB,
Vps1, dnmA, Irga6, and Drp1 [41,42]. Whereas
most of the dynamin superfamily proteins (DSP)
mediate their function of membrane fission or fusion
by polymerizing on and around membranes [42],
the biological function of hGBP1 polymers is not
revealed yet. Studies of murine GBPs (mGBPs)
suggest that GBPs assemble to supramolecular
complexes on vesicle-like structures, which attack
the vacuole of the protozoan pathogen Toxoplasma
gondii [23,24]. Also, in uninfected cells, mGBP2
and its human ortholog hGBP1 appear as vesicle-
like or granular structures within the cytosol [27,43].
However, hGBP1 is not permanently membrane-
associated within the cell, but in a dynamic
exchange with the cytosol [39]. Therefore, a part
of these vesicle-like or granular structures can be
interpreted as a cytosolic pool of hGBP1 polymers.
Similar to polymers of the DSP Mx proteins and
Drp1 [44e46], hGBP1 polymers might serve as
protein depots for rapid mobilization of the protein
during the innate immune response or might build
the scaffo ld for inf lammasome assembly
[4,39,47,48]. Thus, the formation of hGBP1 poly-
mers is an essential feature of this enzyme crucial
to understand the antimicrobial function of hGBP1.
We use various fluorescence labels, light scatter-
ing, enzymology, as well as fluorescence micro-
scopy, in order to address kinetic and structural
aspects of hGBP1 polymerization. The results allow
us to suggest a detailed model for the molecular
mechanism of polymerization.
Results

Polymerization of hGBP1fn is preceded by
dimerization and an intramolecular rearrange-
ment of the GED

The farnesylated form of hGBP1 (hGBP1fn) shows
special features compared with the nonfarnesylated
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wild type protein, which is gained by the lipid moiety.
We recently demonstrated that hGBP1fn is able to
form polymeric structures in a GTP dependent and
reversible manner [39]. In our previous work, we
monitored polymerization with an absorbance-based
turbidity assay and analyzed the accompanying
GTP-hydrolysis over time. By this, we could link
different rates of GTP hydrolysis to different phases
of polymer growth and could attribute the final
disassembly of the polymer to GTP depletion [39].
Like in our previous work, we refrained from cleaving
off the three C-terminal residues of hGBP1 after
enzymatic farnesylation. In the x-ray structure of
hGBP1fn, the three residues are also present, and
they do not show any intramolecular contacts in
addition to the farnesyl tail [40].
As the process of polymerization is based on

intermolecular interactions, we hypothesized that
polymerization could be tracked by our developed
intermolecular F€orster resonance energy transfer
Fig. 2. Inter- and intramolecular distance changes of hG
Top: Overview of the labeling positions in hGBP1fn with the dom
domain blue, MD yellow, GED orange. The farnesyl moiety is de
a green star, and AlexaFluor647 is depicted as a red star, loc
courses of intermolecular FRET of differently labeled constructs
respectively, were mixed with an equimolar ratio. Labeling p
labeled hGBP1fn, blue curve: MD labeled hGBP1fn, in the prese
Area in pink: phase I, area in green: phase II. (C,D): Fluorescen
hGBP1fn (D), respectively, in the presence of different nucleo
GDP).
(FRET) assay [37] (see Methods section). There-
fore, we mixed equimolar concentrations of acceptor
and donor labeled hGBP1fn, respectively, and
induced interaction by the addition of 1 mM GTP.
The course of intermolecular interaction was then
monitored by exciting the donor fluorophore (Alexa-
Fluor488) and detecting the emission of the acceptor
fluorophore (AlexaFluor647). The profile of the
resulting fluorescence time course equals the time
course for polymerization assayed by turbidity. Both
setups show no signal increase directly after
nucleotide addition, and this period is termed
phase I (pink). After this lag phase, the absorption/
fluorescence rises and decays after time, and this
period is termed phase II (green) (SI Fig. S1 A, B). As
there is hardly any interference of fluorescence at
664 nm and turbidity (SI Fig. S1 C), the FRET set-up
can be employed to follow hGBP1fn polymerization.
In addition, photobleaching of the donor and
acceptor dye can be excluded since the control
BP1fn domains within the course of polymer formation.
ains highlighted in different colors accordingly to Fig. 1, LG
picted as a black zigzag line. AlexaFluor488 is depicted as
ated on the respective domains. (A,B): Fluorescence time
of hGBP1fn. Donor labeled and acceptor labeled hGBP1fn,
ositions are highlighted with a star. Red curve: LG&MD
nce of 250 mMGTPgS (A) and 1 mMGTP (B), respectively.
ce time courses of intramolecular FRET of hGBP1 (C) and
tides (black: GTP, orange: GTPgS, gray: GMP, light gray:
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measurements with monomeric GMP or GDP-bound
protein (Fig. 2 C, D) show a stable signal over time.
Next, we wanted to use this FRET set up to

investigate the domains of the neighboring hGBP1fn
molecules, which interact in the course of polymer-
ization. To this end we generated hGBP1fn variants
with defined labeling positions. We were able to
guide one fluorescent label to the MD domain only
and, by choosing higher concentrations and longer
incubation time, to attach two labels to the MD&LG
domain as concluded from limited tryptic digestion
experiments (SI Fig. S2 C, D). Hence, we had
FRET pairs in hand to monitor interactions between
MDs and between LG domains, respectively,
namely only MD labeled and LG&MD labeled.
MD:MD and LG:LG domain interactions were
investigated in dependence of GTP and its non-
hydrolyzable analog GTPgS to distinguish between
interactions induced by GTP-hydrolysis (GTP) and
by GTP binding (GTPgS), respectively. The addition
of GTPgS to hGBP1fn showed an increase in
acceptor fluorescence due to intermolecular FRET
only for the FRET pair LG&MD labeled but not for
the MD labeled (Fig. 2 A). We concluded that the
binding of GTPgS only induces interactions
between the LG domains but not between the
MDs. This was also reflected in the first seconds of
the fluorescence profiles recorded for GTP (Fig. 2
B): directly after GTP addition we observed a
sudden increase in acceptor fluorescence for the
FRET pair sitting at the LG&MD but not for the
FRET pair located at the MDs (phase I, pink).
However, after a lag time, the acceptor fluores-
cence slowly increased for the latter FRET pair
matching the onset of polymerization. Simulta-
neously, an additional slow increase of acceptor
fluorescence for the LG&MD labeled FRET pair
was observed (Fig. 2 B; phase II, green). The shift
of the maximum of polymerization to earlier times
for the LG&MD labeled hGBP1fn compared to the
MD labeled hGBP1fn can be explained by a small
impact of the labels on polymerization, which is also
observed when performing turbidity measurements
with the different labeled constructs (SI Fig. S1 D).
Our previous studies with nonfarnesylated hGBP1

revealed that during dimerization, the GED rear-
ranges by detachment from the rest of the protein; of
course, MD and GED remain covalently linked
between a11 and a12. This structural rearrangement
we term “opening,” and it is (1) triggered by GTP
binding, (2) stabilized during nucleotide hydrolysis,
and (3) reverts upon GTP depletion as described for
nonfarnesylated hGBP1 [33,36,37,49,50]. Thus, we
aimed to monitor structural rearrangements within
the hGBP1fn molecule during the polymerization
process. Therefore, we employed the intramolecular
FRET assay, where both the donor and the acceptor
fluorophores are attached to the same hGBP1
molecule [37]. Having the acceptor fluorophore
placed at the C-terminus of the GED (for farnesy-
lated hGBP1 at a cysteine introduced at position
577, and for nonfarnesylated hGBP1 at position
C589) and the donor fluorophore on the opposite
side of the protein (MD or LG) (SI Fig. S2 E,F)
allowed us to monitor a change in distance between
the GED and the rest of the protein. This two-color-
labeled protein was incubated with a 10-fold excess
of unlabeled protein of the same kind to minimize
intermolecular FRET. Then GTPgS, GTP, GDP, or
GMP was added in order to monitor domain
rearrangements induced by nucleotide binding,
during GTP hydrolysis, and after GTP hydrolysis,
respectively. In this assay, an opening or a move-
ment of the GED relative to the rest of the protein is
reported by a loss in acceptor fluorescence. As
expected, no change in intramolecular FRET was
observed upon the addition of GMP or GDP for both
hGBP1 and hGBP1fn (Fig. 2 C, D). However, we
observed different fluorescence profiles for farnesy-
lated and nonfarnesylated hGBP1 when binding
GTP and during GTP-hydrolysis, respectively. The
acceptor fluorescence of nonfarnesylated protein
hGBP1 dropped instantly after GTP addition, which
we interpreted as an immediate movement of the
GED or opening of the protein (Fig. 2 C). In contrast,
the farnesylated protein opened with slower kinetics
after a lag time of 1e2 min (Fig. 2 D; phase I, pink).
Both farnesylated and nonfarnesylated hGBP1
remained open for several cycles of GTP turnover.
When GTP decayed to low concentrations and
finally was completely consumed by the hydrolysis,
both proteins showed an increase in acceptor
fluorescence suggesting the reclosing of their
structure (Fig. 2 C, D and SI Fig. S1 E, F). Of note,
the GTP-induced, time-dependent fluorescence pro-
file of intramolecular FRET for the farnesylated
protein strongly resembled the profile of polymeriza-
tion obtained from intermolecular FRET measure-
ments (SI Fig. S1 B, gray curve mirrored on the x-
axis). Intriguingly GTP binding alone, probed by the
use of GTPgS, was able to shift hGBP1 toward the
opened structure but not hGBP1fn (Fig. 2 C and D).
This is explained by a contribution from the farnesyl
tail to stabilize the closed structure.
Thus, by FRET-based tracking of distance

changes between two different LG domains,
between two different MDs, and between the GED
and the LG/MD of the same molecule, respectively,
we were able to demonstrate that (1) in phase I of
polymerization the first contact is formed rapidly
between the LG domains upon GTP binding, (2) after
a lag time the GED moves away from LG/MD, and
(3) concomitantly the MDs approach each other in
phase II. Note that within phase I (lag phase), the
GTP turnover is slow without formation of GMP,
while in phase II, the GTP turnover is much faster,
and GMP is formed.
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LG domain-mediated dimerization is crucial as
the first interaction site of polymerization

We noted that the extent of polymerization is
dependent on the concentration of hGBP1fn. Higher
Fig. 3. Polymerization kinetics of wild type and LG
interference of truncated hGBP1 constructs. (A): C
(0,5 mMe9,5 mM) in presence of 1 mM GTP. The absorbanc
section) yielding kapp values and lag times for each concent
concentration revealed the polymer association rate constant f
hGBP1-R244A fn (25e50 mM) in presence of 5 mM GTP. As in
values. (D): The linear dependency of kapp on the hGBP1-R
(EeG): Absorbance reporting polymerization of 2 mM hGBP1
with 1 mM GTP at t ¼ 0 s (black curves: 2 mM hGBP1fn only).
(2 mM), cyan: plus hGBP1-LG (2 mM). (F): orange: plus farnes
R48Afn (4 mM).
protein concentrations showed a larger absorbance,
and thus, more turbidity than smaller protein
concentrations. Still, turbidity for hGBP1fn concen-
trations as small as 0.5 mM was detectable. More-
over, the time courses of absorbance for all
:LG contact-weakened mutant hGBP1-R244Afn and
oncentration-dependent polymerization of hGBP1fn
e time courses were modeled by Equation (1) (methods
ration. (B): The linear dependency of kapp on the protein
or hGBP1fn, kass ¼ 0.006 s�1*mM�1. (C): Polymerization of
(A) the absorbance time courses yielded lag times and kapp
244Afn concentration results in kass ¼ 0.0003 s�1*mM�1.
fn in the presence of different interaction partners induced
(E): orange: plus hGBP1 (2 mM), gray: plus hGBP1-DGED
yl pyrophosphate, FPP (40 mM) (G): orange: plus hGBP1-
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concentrations showed the two characteristic
phases, namely the lag time in absorbance accom-
panied by slow GTP turnover (phase I) and the
phase of turbidity increase reporting polymer assem-
bly together with fast GTP hydrolysis (phase II)
followed by disassembly once GTP is depleted. The
smaller the concentration of hGBP1fn was chosen,
the longer the lag time, i.e., the later was the onset of
turbidity, and the slower was the rate of the turbidity
increase (Fig. 3 A). From the absorbance time
courses, we obtained information on the association
kinetics of the polymer (SI Fig. S3 A). Lag times, as
well as apparent elongation rate constants (kapp),
were obtained, the latter of which increased with
increasing protein concentration (Fig. 3 B), while the
lag time decreased with increasing protein concen-
tration (SI Fig. S3 B). The slope of the linear
dependency of kapp on hGBP1fn concentration was
interpreted as the polymer association rate constant,
yielding kass ¼ 0.0060 s�1mM�1 (Fig. 3 B). Utilizing
the intermolecular FRET-assay to monitor concen-
tration-dependent polymerization revealed almost
the same association kinetic with kass ¼ 0.0059
s�1mM�1 (SI Fig. S3 C,D).
In order to address the importance of dimer

formation for polymerization, we challenged the
LG:LG domains contact site. The arginine at
position 244 was previously identified as one of
two major determinants (next to R240) of GTP-
induced dimerization. We demonstrated that chan-
ging the arginine at position 244 to alanine results in
a dimer interface-weakened mutant, with the same
nucleotide-binding affinities and maximal GTP turn-
over number as the wild type protein [51]. The
weakened dimerization required us to determine
the polymerization kinetics of the mutant R244A to
be carried out at higher protein concentrations.
Also, since the GTP turnover of the mutant is similar
to wild type protein, we chose 5 mM GTP instead of
1 mM GTP to prevent early GTP depletion. The
dimerization interface-weakened mutant hGBP1-
R244Afn showed significant polymerization with a
concentration of up to 50 mM, while the wild type
polymerizes already at concentrations of 5 mM to
the same level (Fig. 3 A, C). This difference in
concentration requirements is rationalized by the
10-fold difference of the dimer dissociation constant
(KD; wild type ¼ 0.3 mM and KD; R244A ¼ 3.1 mM) [51].
For hGBP1-R244Afn, the resulting polymer forma-
tion rate constant (Fig. 3 D, kass ¼ 0,0003 s�1*mM-
�1) is smaller by a factor of 20 compared to the wild
type. A further difference between mutant and wild
type is that the lag phase is prolonged for the
dimerization interface weakened mutant (Fig. 3 A,
C). These differences in the process of polymer
formation allowed us to conclude that interaction via
the LG domains is central for the process of
polymerization.
Polymer formation responds sensitively to the
presence of nonfarnesylated or truncated
hGBP1

Our previous study has revealed that farnesylation
of hGBP1 is mandatory for polymerization, i.e.,
hGBP1fn forms polymers after GTP addition in
contrast to nonfarnesylated hGBP1 [39]. So far, we
had shown that LG domains and MDs, respectively,
approach each other during polymerization. Next,
we wanted to know if these domains are required for
polymer formation. We hypothesized that hGBP1
variants lacking one of the interaction sites would fail
to be incorporated into the polymer. In order to test
this hypothesis, we employed the turbidity assay,
where hGBP1fn was incubated with different variants
of hGBP1 as potential copolymerization partners at
defined concentrations and polymerization was
triggered by the addition of GTP. During the course
of the polymerization, the nucleotide composition
was quantified by HPLC analysis in order to
compare the GTP hydrolysis rates in the different
phases.
Knowing that the farnesyl moiety is crucial for

polymerization [39] and having shown that in phase I
LG:LG contacts are established (Fig. 2 B), we
started to define copolymerization partners by short-
ening hGBP1fn from the C-terminus. Firstly, the
farnesyl moiety was removed, resulting in the
nonfarnesylated wild type protein (hGBP1). Sec-
ondly, a12/13 representing the GED were truncated,
resulting in the loss of the helical interaction site at
the C-terminus but preserving the LG:LG domain
and MD:MD interaction sites (hGBP1-DGED). And
third, the MD was removed in addition, yielding the
isolated LG domain without any helical domain
(hGBP1-LG). As expected, none of the interaction
partners on its own showed the ability to polymerize
after the addition of GTP. For addressing potential
copolymerization, each of the three hGBP1 variants
was added in equimolar amounts (2 mM each to 2 mM
hGBP1fn), and polymerization was triggered by the
addition of GTP. The turbidity assay showed an
almost complete abolishment of polymer formation
in all three experiments (Fig. 3 E). We concluded that
the truncated variants failed to be incorporated into
the polymer and suggested that the impairment of
polymerization was due to mixed dimer formation.
Only homodimers of hGBP1fn can build polymers
while heterodimers like hGBP1fn:hGBP1 cannot.
Already small amounts of each of the three truncated
hGBP1 variants (1 mM to 10 mM of hGBP1fn) showed
an impairment of hGBP1fn polymerization, the more
the interacting hGBP1 was truncated: Nonfarnesy-
lated hGBP1 brought the absorbance down by a
factor of 2 and hGBP1-DGED, as well as hGBP1-LG,
decreased the absorbance even by a factor of 6 (SI
Fig. S4 A). With the addition of hGBP1-DGED and
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hGBP1-LG, respectively, the lag phase of polymer-
ization was preserved while GTP was hydrolyzed
rapidly from the beginning due to the high activity of
nonfarnesylated hGBP1 variants (SI Fig. S4 A, D).
Addressing the importance of the farnesyl moiety

from the other side, i.e., by the addition of an excess
of farnesyl pyrophosphate (40 mM FPP to 2 mM
hGBP1fn), we observed a shortened lag phase of
polymerization and an increase of the turbidity
maximum (Fig. 3 F). The pronounced and premature
polymerization driven by FPP was also observed
when monitoring the intramolecular opening of
hGBP1fn in the presence of FPP, showing a shorter
lag phase and even less acceptor fluorescence (SI
Fig. S4 G). In addition, the turnover number was
increased by a factor of 1.4 in the presence of FPP
compared with hGBP1fn alone (SI Fig. S4 E). Based
on these observations, we concluded that the
hydrophobic interactions of the farnesyl moieties
enhance the polymerization of hGBP1, most likely,
due to the stabilization of the protein’s outstretched
conformation and due to the increased overall
farnesyl concentration favoring the formation of the
micelle-like, hydrophobic core.
The ability of hGBP1fn to catalyze GTP hydrolysis

has to be considered. The mutant hGBP1-R48A,
lacking the catalytic arginine at position 48, is able to
bind GTP with the same affinity as the wild type
protein but is 100 times slower in GTP hydrolysis
[52]. While the farnesylated mutant hGBP1-R48Afn,
on its own, is not capable of polymerizing [39], the
addition of this farnesylated mutant (4 mM) to
hGBP1fn (2 mM) did not interfere with polymerization,
which is in contrast to the truncated variants
described above. The maximum of turbidity of
hGBP1fn is increased in the presence of hGBP1-
R48Afn, the onset of turbidity is delayed, and
polymerization is prolonged (Fig. 3 G). The same
effects are observed when monitoring the intramo-
lecular opening of hGBP1fn in the presence of
hGBP1-R48Afn (SI Fig. S4 H). Measurements of
GTPase activity revealed in phase II, a slightly lower
hydrolysis rate compared to hGBP1fn alone (SI
Fig. S4 C, F). Based on these observations we
hypothesized that other than the truncated hGBP1
variants, the hydrolysis-deficient mutant can be
incorporated into the polymer as it offers all interac-
tion sites that are needed and as it only slightly
reduces the hydrolysis activity of hGBP1fn. Incor-
poration of hGBP1-R48Afn is furthermore confirmed
by performing concentration-dependent intermole-
cular FRET-measurements with equimolar amounts
of donor labeled hGBP1-R48Afn and acceptor
labeled hGBP1fn to reveal an association rate
constant kass of 0.00134 s�1mM�1 (SI Fig. S4 J, K).
In summarizing the observations, the farnesyl

moiety is not only important for polymerization, but
a small fraction of nonfarnesylated hGBP1 also
impairs the polymerization of hGBP1fn. This impair-
ment is even more pronounced in the presence of a
small fraction of hGBP1-DGED. Together with the
conclusions from the previous chapter, we suggest a
coparallel arrangement of the hGBP1fn molecules in
the polymer resulting in the stabilization of an
outstretched protein.

Facilitated opening favors polymer formation

In the nucleotide-free state, hGBP1fn shows a
compact structure, and the farnesyl moiety is
suggested to strengthen the contact between GED
and LG/MD by residing in a hydrophobic protein
pocket [40]. In the course of the polymerization, the
protein changes its conformation by opening, and it
ends up fully outstretched in the polymer as we
concluded from negative stain EM data [39] and as
supported by our observations described above. As
we could see with the aid of the intramolecular FRET
assay (Fig. 2 D), the shift of the equilibrium toward
the open conformation takes some time, and this
process coincides with the first phase of polymeriza-
tion and slow GTP hydrolysis. Beforehand most of
the protein population remains closed. Thus, a
hGBP1 mutant with a weakened contact between
LG domain and GED will be suitable in order to test if
the first phase of polymerization is a process of
establishing and stabilizing the opened and finally
the outstretched conformation. We hypothesized
that a constitutively open hGBP1 mutant should
facilitate establishing the outstretched protein. The
double mutant hGBP1-R227E/K228E (termed
hGBP1-RK) lacks the electrostatic interaction
between the a40-helix in the LG domain and the
GED due to charge reversal [33], leading to a
facilitated opening. This feature is still preserved
after the farnesylation of the protein, as we demon-
strated by intramolecular FRET measurements
(Fig. S5 A). In the time course of the polymerization,
we observed that hGBP1-RKfn lacks the first phase
of polymerization (Fig. 4 A), where wild type turbidity
is not detectable, and GTP is only slowly hydrolyzed
(Fig. 4 B). Immediately after addition of GTP to
hGBP1-RKfn, all characteristics of phase II (Fig. 4,
marked in green) of polymerization were observable:
the polymer instantly started growing, reflected by an
immediate increase of absorbance, and GTP was
turned over immediately with high catalytic activity.
Notably, the extent of polymer formation of hGBP1-
RKfn was decreased compared to the wild type
protein. This was reflected by an 8 � times smaller
absorbance maximum and depolymerizing within
half of the time compared to hGBP1fn (Fig. 4 A, B).
Smaller turbidity of hGBP1-RKfn due to much earlier
depletion of GTP (Fig. 4 A, B) tracking the nucleotide
amounts of GTP, GDP, and GMP) is observed for
two reasons: the GTPase activity is 2e3 times higher
and, noteworthy the lag phase in GTPase activity is
completely missing for the RKfn mutant whereas wild



Fig. 4. Opening and polymer formation of the LG:GED contact-weakened mutant hGBP1-RKfn. (AeD):
Absorbance time course of polymerization at 10 mM each of the open mutant hGBP1-RKfn (A,C) and hGBP1fn (B,D)
after injection of 1 mM GTP (A,B) and 5 mM GTP (C,D), respectively, superimposed by the time course of nucleotide
composition in the same solution (black: GTP, red: GDP, blue: GMP, phase I: pink, phase II: green).
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type shows slow GTP hydrolysis for the initial
2e3 min. Having demonstrated, that depolymeriza-
tion takes place when GTP is completely turned over
by hGBP1, we asked, if we obtain a higher extent of
polymerizationdcharacterized by higher absor-
bance values and/or longer polymerization time-
sdwhen providing more substrate. And indeed,
when offering a 5 � times higher amount of GTP
the persistence of the RKfn mutant and wild type
polymerization was prolonged 3� times to 4� times
(Fig. 4 C, D). Changes due to higher GTP
concentration were even more distinct for the
hGBP1-RKfn mutant. While hGBP1fn showed no
significant increase of turbidity with 5 mM GTP, for
hGBP1-RKfn, an increase of the maximum of
absorbance by a factor of 10 was observed, reach-
ing the level of wild type. Nevertheless, the lag phase
(phase I) of polymerization and of GTPase activity
was not detectable for hGBP1-RKfn, and it instantly
showed polymer formation after GTP addition. Also,
the intramolecular FRET data support a facilitated,
instantaneous opening of hGBP1-RKfn. In contrast to
the wild type, which shows a delay (see Fig. 2 D), for
hGBP1-RKfn, an immediate drop of the FRET
efficiency is observed (SI Fig. S5 A). Noteworthy,
this drop in FRET is not as pronounced, as for wild
type (compare Fig. 2 D and SI Fig. S5 A), suggesting
an equilibrium of opened and closed structure for
hGBP1-RKfn without nucleotide while the farnesy-
lated wild type resides only in the closed population
before GTP is added.
To further address the relationship of opening and
polymerization, we used the transition state analog
GDP*AlFx. In our previous study, we interpreted the
EM structure of the hGBP1fn polymer in the presence
of GDP*AlFx as one or a few circular layers of the
molecule based on the coincidence of their radius
and the length of the hGBP1fn molecule completely
stretched out [39]. Using the established assay for
intramolecular FRET [37] (see Methods section) we
observed, that GDP*AlFx opens the conformation of
hGBP1fn in a nonreversible manner (SI Fig. S5 B). A
permanently outstretched conformation is even
detectable for the farnesylated hGBP1-RK mutant
in the presence of GTPgS and GppNHp, respec-
tively, which can be attributed to the facilitated
opening for the RK mutant (SI Fig. S5 A). We
checked by dynamic light scattering analysis if these
nucleotides lead to polymer formation of hGBP1-
RKfn as observed for the wild type protein in the
presence of GDP*AlFx. First, the nucleotide-free
states of nonfarnesylated and farnesylated hGBP1
and hGBP1-RK, respectively, were examined.
Within the error limits of the instrumentation
(HPPS-High Performance Particle Sizer, Malvern)
and data analysis, no significant difference was
found between the four experiments. The presence
of the nonhydrolyzable analogs, GTPgS, as well as
GppNHp, led to a shift toward larger radii (SI Fig. S5
C). In the case of hGBP1 and nonfarnesylated
double mutant, this is accounted for by the establish-
ment of a monomer/dimer equilibrium. In contrast,
the farnesylated RK mutant showed diameters close



2172 Molecular Mechanism of Polymer Formation
to 50 nm suggesting polymer formation and again,
supporting the notion that opening and polymeriza-
tion is facilitated by this double mutation (Fig. S5 C).
For GDP*AlFx-bound hGBP1 we had already shown
that the equilibrium for the nonfarnesylated protein
[37] is shifted, presumably, completely to the dimer
population as confirmed here, and the same was
observed for the double mutant (SI Fig. S5 C). The
farnesylated wild type, as well as the double mutant
form polymers, when bound to GDP*AlFx and DLS
revealed a similar, large diameter of almost 50 nm,
which is in good agreement with the value observed
with EM for the circular structures previously [39].
Nevertheless, neither the GTP-analogs GTPgS,
GppNHp nor the GTP transitions state analog
GDP*AlFx induced polymerization in the same way
and to the same extent as GTP did (SI Fig. S5 D).
To summarize, polymerization is enabled by

GTPase activity driven opening of hGBP1fn. This
can be mimicked by the transition state analog
Fig. 5. Analysis of hGBP1fn polymerization by static
averages revealing the molecular weight of hGBP1fn before
addition of GTP (MW ¼ 93,600 g/mol). The data after addition o
6 min after addition of GTP at 15 �C. The concentration of hGBP
open circle) and 5 mM (blue open circle) hGBP1fn induced by
mass (upper panel) and the radius of gyration (lower panel). (C)
addition of 250 mM GDP*AlFx. Evolution of the molar mass (up
two symbols represent two runs performed under identical con
gyration with the corresponding weight average molar mass of t
same meaning as in panels B and C.
GDP*AlFx, at least, leading to the formation of small
polymers. In the case of the intrinsically opened RK
mutant, a nonhydrolyzable analog-like GTPgS
responsible for LG:LG contact formation is sufficient.
This means that the opening is required for
polymerization. As characteristic differences in
polymerization behavior became evident between
GTP and GDP*AlFx, we may further hypothesize the
relevance of dynamic changes in hGBP1 structures
due to the cycling through GMP-, GDP- and GTP
bound states as opposed to the kind of static
situation in the hGBP1fn-GDP*AlFx complex.

GTP induced hGBP1 polymer formation is dis-
tinguished by the continuous addition of
hGBP1fn units

We wanted to explore further the mechanism of
polymer formation and therefore employed time-
dependent dynamic and static light scattering, which
and dynamic light scattering. (A): Zimm-plots of time
(filled circle) (MW ¼ 77,000 g/mol) and after (open circle)
f 1 mM GTP are based on a time average covering the first
1fn is 10 mM. (B): Polymerization of 10 mM (black filled and

the addition of 1 mM GTP at 15 �C. Evolution of the molar
: Polymerization of 10 mM hGBP1fn at 25 �C induced by the
per panel) and the radius of gyration Rg (lower panel). The
ditions. (D): Correlation of the size in terms of the radius of
he growing particles, both from SLS. The symbols have the



2173Molecular Mechanism of Polymer Formation
enabled us to record time courses of polymerization
and to characterize the appearance of the formed
polymers in terms of size, shape, and number of
incorporated proteins.
SLS data yielding the weight averaged mass of the

proteins in solution showed an immediate increase
from 0.7.105 g/mol to 1.0.105 g/mol after GTP
addition (Fig. 5 A, B). This supports the notion of
the establishment of a monomer/dimer equilibrium in
the GTP bound state. Given this equilibrium, a
weight averaged molar mass of 1.0.105 g/mol
corresponds to 30%, 22%, and 18% by weight of
the dimer fraction for the three experiments carried
out (Fig. 5 A, B), respectively.
Fig. 6. Localization in HeLa cells that were transfecte
hGBP1 and hGBP1-C589S. Nuclei were counterstained with D
in the cytoplasm with a partly granular structure. mCherry-hGB
Co-expression of mCherry-hGBP1 and GFP-hGBP1 (upper p
structures in the cytosol. Co-expression of mCherry-hGBP
homogenous cytoplasmic distribution. Coexpression of mCher
co-localization of both proteins in large granular structures in t
Obviously, the time of partial dimerization coin-
cided with the lag phase described above and
termed phase I. Then, the average mass starts to
increase further, and a more or less steady growth
up to 108 g/l is observed within 50 min (Fig. 5 B). This
polymerization leads to the size of 100 hGBP1fn
molecules per polymer after 30 min, growing steadily
further to 1000 molecules per polymer or more.
In order to learn more about the shape of the

polymers, the ratio r of the radius of gyration Rg and
the hydrodynamic radius Rh of the growing polymer
was determined to serve as a shape-sensitive
parameter (SI Fig. S6 A). For the GTP-induced
polymer, this shape-sensitive ratio r equals 0.7 over
d with plasmids encoding GFP and mCherry-tagged
raq5. (A):GFP-hGBP1 and mCherry-hGBP1 is distributed
P1-C589S is distributed homogenously in the cytosol. (B):
anel) results in co-localization of both proteins in granular
1-C589S and GFP-hGBP1 (middle panel) results in a
ry-hGBP1-R48A and GFP-hGBP1 (lower panel) results in
he cytosol. Scale bar: 25 mm.
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the full-time course, which is compatible with
compact structures [53] with a homogenous density.
All time-resolved light scattering experiments

carried out with GTP in the presence or the absence
of BSA (see methods section: Sample preparation
for Static and Dynamic Light Scattering experiments)
reveal the same trend, which is after the lag phase
the continuous growth of particle mass and size at a
constant shape parameter r. A closer look on the
data from DLS shed light on the polymerization
mechanism. The intensity-time correlation functions
indicate two well-separated decays (Fig. S6 B),
suggesting diffusional modes from two different
species. Decomposition of the field-time correlation
function with a bimodal decay, revealing an increase
of the contribution of the slow mode at the expense
of the fast mode (Fig. S6 C, D). Accordingly, the fast
mode, can be attributed to the monomers/dimers,
which decreases with time, and the slow mode to the
growing polymer. The observed loss of the fast
mode, which is in line with the rise of the fast mode
can be attributed to a growth of the polymer by the
addition of monomeric or dimeric protein units. This
process describes phase II of polymerization.
Coalescence of any two approaching particles
according to a step-growth process would reveal a
monomodal distribution of decay times throughout
the entire process. Finally, it should not be left
unmentioned that the dimer shows a relatively large
size as the radius of gyration has a value of 20e30
nm suggesting an opened structure (Fig. 5 B, lower
panel).

GDP*AlFx induces formation of polymers with-
out lag phase

A different growth pathway is revealed by time-
resolved light scattering for the polymerization in the
presence of the transition state analog GDP*AlFx
(Fig. 5 C). After nucleotide addition, polymerization
of hGBP1fn occurs immediately without delay. Within
2 min, the weight averaged molar mass value
increases by approximately two orders of magnitude
to 107 g/mol. This is 100e200 fold larger than the
monomeric unit, which was defined prior to nucleo-
tide addition with 0.8.105 g/mol. Thus, the observed
increase in the molecular weight suggests an
assembly of 100e200 hGBP1fn molecules. In con-
trast to the cycling between monomer and dimer
species and the delayed polymerization induced by
GTP, i.e., phases I and II, polymerization in the
presence of GDP*AlFx occurs instantaneously. This
is also supported by FRET experiments. After the
addition of GDP*AlFx, the contacts between the LG
domains, as well as between MDs, are detected
without delay, and the opening as reported by the
drop of intramolecular FRET occurs instantaneously
as well (SI Fig. S5 B).
In the presence of GDP*AlFx, the radius of
gyration Rg measured for the degree of polymeriza-
tion of 100e200 molecules is close to 25 nm, and
thus, similar to the GTP bound dimer mentioned
above. The formed polymers remain unchanged in
shape and mass for 10 min and thereafter resume
growth during a second period with the polymer
mass increasing by more than one order of
magnitude within 2e3 min. During the first time
period, immediately following the addition of
GDP*AlFx the ratio Rg/Rh also remains constant at
r¼ 0.8, which is similar to the value observed for the
intermediates growing in the presence of GTP and
which is compatible with spherical [53] or disc-like
objects [54]. The plateau is followed by another
phase of growth, leading to highly anisometric
shapes, since the ratio r steeply increases with the
onset of further growth (SI Fig. S6 E). During the
entire time course of the polymerization, the inten-
sity-time correlation function did not show any
bimodal behavior (SI Fig. S6 F). Therefore, we can
conclude that the formation of the small polymers up
to 100e200 molecules in phase II occurs instantly
(skipping phase I), depleting the dimeric protein in
the solution below the detectable concentration limit.
The third phase shifts the whole population of small
polymers toward the larger polymers, i.e., the further
growth up to 1000 or more molecules per polymer is
established by the association or coalescence of
correspondingly smaller polymers similar to a step-
growth mechanism first treated by von Smolu-
chowski [55].
The striking difference between the two types of

growth experiments induced by GTP or GDP*AlFx is
further substantiated by the correlation of the radius
of gyration Rg with the corresponding mass Mw of the
growing particles (Fig. 5 D). The experiments where
the polymerization is triggered by GTP instanta-
neously leads to a mixture of monomers and dimers,
noticeable with a measurable size close to a radius
of 20 nm (Fig. 5 B,D). Successively, the mass
gradually increases by more than two orders of
magnitudes with an increase of the radius by a factor
of only 5. In contrast, in the experiments carried out
in the presence of GDP*AlFx the drastic increase of
the mass during the first 2 min at an Rg close to
25 nm shifts the onset of correlation to 107 g/mol
(Fig. 5 D), well separated from the corresponding
onset observed in the presence of GTP. Only after
phase II is completed, does the third phase
commence, which most likely progresses according
to a step-growth process. Noticeably, the trends
overlay for each type of experiments (Fig. 5 D),
making this plot an efficient tool to discriminate
between the mechanisms of the two types of
nucleotides.
We hypothesize that phase II, leading to compact

particles with Rg ~25 nm and Mw ~107 g/mol is the
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one consuming the hGBP1fn dimers via the addition
of dimer units. In the presence of GDP*AlFx, this
phase is too fast to be identified with a bimodal
analysis of the field-time correlation function but fast
enough to be unambiguously separated in time from
phase III. This distinct separation of the two phases
by 10 min in the presence of GDP*AlFx also enabled
us to observe the onset of an anisometry in shape
from the beginning of phase III. In the presence of
GTP, the two phases may just overlay throughout
the entire time course of the experiments.
Taken together, we approved for GTP-dependent

polymerization, that (1) the start is dominated by a
dynamic equilibrium between monomers and bulky
dimers and (2) that this monomer-dimer equilibration
is followed by sequential addition of GTP-bound-
monomer or -dimer in a chain reaction-like “mono-
mer-addition process.” With the help of the GTP
transition state analog GDP*AlFx, hGBP1fn directly
forms small polymers without cycling in the mono-
mer-dimer equilibrium. The same type of small
polymer may also be formed in the presence of
GTP, yet, without being identified as its generation is
overlaid by its coalescence to larger polymers.

hGBP1fn loses its granular structure by interac-
tion with nonfarnesylated hGBP1 within the cells

In cells, hGBP1 is located at the plasma mem-
brane and appears as granular or vesicle-like
structures in the cytosol [27]. This granular distribu-
tion is abolished when preventing farnesylation of
hGBP1. Endogenous hGBP1 in cells treated with an
FTase inhibitor, as well as an ectopically expressed
hGBP1 mutant lacking the CaaX box, were found
homogeneously distributed in the cytosol [27]. Here,
we confirmed these findings by expressing the
nonfarnesylated mutant hGBP1-C589S in HeLa
cells, which lacks the CaaX box cysteine. Whereas
wild type hGBP1 appeared as granular structures in
the cytosol, the C589S mutant failed to do so (Fig. 6
A). Based on our previous study, where we demon-
strated that hGBP1 is in a dynamic exchange with
the cytosol and not stably membrane-associated
[39], we hypothesized that a part of the observed
granular structures represents hGBP1 polymers. We
tested this hypothesis by co-expressing GFP-tagged
hGBP1 wild type and mCherry-tagged hGBP1
mutants, which influenced polymerization in our
biochemical experiments and tested localization
and colocalization. In agreement with our turbidity
assay, which showed that nonfarnesylated hGBP1 is
not incorporated into the polymer and inhibits
polymer formation, GFP-hGBP1fn and mCherry-
hGBP1-C589S both displayed a homogenous dis-
tribution in the cytosol when co-expressed in HeLa
cells (Fig. 6 B). Interestingly, GFP-hGBP1 and
mCherry-hGBP1-R48A co-localized and appeared
as granular structures, which were significantly
larger than the structures observed for GFP- and
mCherry-tagged wild type protein (Fig. 6 B). These
larger structures formed by the R48A mutant and
wild type protein were also confirmed with bimole-
cular fluorescence complementation (BiFC) analysis
(SI Fig. S7). These observations support the notion
that the granular structures might not only be
identified as an accumulation of hGBPs around
small vesicles, but rather as hGBP1 polymers.
Discussion

hGBP1 operates in cell-autonomous defense
against numerous bacterial, viral, and protozoan
pathogens [4,5,7,57]. These counteractions are
mostly mediated by membrane binding, for which
the farnesyl moiety is necessary. Next to membrane
interaction, the farnesylation of the protein provides
the ability of nucleotide-dependent, reversible poly-
merization. The biological significance of these
polymers remains mostly unclear to the present
stage. It is conceivable that the polymers serve as
protein storages after interferon-induced, strong
upregulation of hGBP1 synthesis. With this work,
we want to gain a better understanding of the
underlying mechanism of polymer formation.
In our previous work [39], negative stain electron

microscopy revealed GTP dependent formation of
disc-shaped polymers, and further growth by stack-
ing of such entities was suggested. The different
levels of GTPase activity were explained by different
orientations of the LG domains within the polymers.
We want to extend this model and to render it more
precisely based on the observations described in
this work. First, we could show that the mechanism
of polymerization relies on different domain interac-
tions between the hGBP1fn molecules successively
established, directly after GTP-binding dimerization
is induced by the interaction of the LG domains.
These LG-contacts turned out to be crucial not only
for dimer formation but also for the polymerization as
confirmed by the experiments with the mutant
R244A located in the LG:LG interface. Dimer
formation precedes polymerization, and alterna-
tively, it is also conceivable that polymer growth is
performed by the addition of GTP-bound monomers,
which attach to an LG domain at the periphery of the
polymer.
What happens prior to polymer formation? Dimer-

ization of hGBP1fn, presumably as a dynamic
equilibrium with the monomeric protein, dominates
phase I. Within this lag phase of 3 min (for 10 mM
hGBP1 at 25 �C) the protein undergoes 3e5 cycles
of GTP hydrolysis, GDP release, and GTP rebinding.
Of note, no GMP is formed at this early stage. Within
this phase I, FRET reports that LG domains bind to
each other immediately after the addition of GTP
while donor and acceptor labels attached to the MD
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do not respond initially. Only after the lag phase and
most presumably concomitantly with the establish-
ment of the first polymers (beginning of phase II)
FRET increases reporting MD:MD proximity. One
should make the point here that the reported MD:MD
contacts do not necessarily go back to contacts
within the dimer. In light of the delayed and slow
kinetics, it is also conceivable that MDs approach
each other only when built into the polymer. Along
the same line, the opening of the structure, i.e.,
separation of the GED from the LG domain, should
be considered. It is not immediately triggered by
GTP binding, which is in contrast to the nonfarnesy-
lated variant. Rather, the opening of hGBP1fn occurs
simultaneously to the approach of the MDs to each
other, and thereby simultaneously to the establish-
ment of the first polymers. Thus, it is suggested that
in the dimer, both GEDs swing open upon GTP
hydrolysis, which presumably is supported by addi-
tional contacts between the C-terminal part, includ-
ing the farnesyl moiety. The involvement of contacts
between two a13 helices in dimerization was
demonstrated by an earlier study on nonfarnesylated
hGBP1 [36]. Once this stage is reached, this dimer is
incorporated into the polymer leading to permanent
stabilization of an outstretched structure, i.e., the
GED having turned by 180�. The establishment of an
opened and finally, outstretched dimer might repre-
sent the bottleneck for the initiation of polymeriza-
tion. Multiple GTPase cycles are required to reach
thise just as if it needs some attempts to present the
outstretched dimer, which then readily associates
with the polymer.
Intriguingly, in the first phase of polymerization low

GTPase activity and no GMP production is
observed. This can be rationalized by mechanical
constraints due to intramolecular interactions within
the enzyme that have to be overcome. Such
constraints come up when GTP gets hydrolyzed,
i.e., when changing from the GTP to the GDP bound
state. For example, the intramolecular constraints
reinforced by the farnesyl moiety may impede the
structural change from the GTP to the GDP or GMP
bound state. The tighter the interaction between LG
and GED the lower the GTPase activity and the less
GMP is produced: Starting with the covalently linked
LG:GED variant with the tightest link between LG
domain and GED, going on to wild type with a
moderate affinity between LG and GED due to the
salt bridges, and finally to the RK double mutant with
the loss of these salt bridges, we previously
observed an increasing GTPase activity and an
increasing fraction of GMP produced [33,49]. In the
first phase of polymerization, farnesylated hGBP1
fits seamless into this series as it shows only low
GTPase activity and no GMP production, like the
covalently linked LG:GED, since the farnesyl moiety
contributes to the binding affinity between GED and
the rest of the protein. Only after persistent opening,
which is the case after incorporation into the polymer
in phase II a high GTPase activity and a high level of
GMP production are observed similar to the non-
farnesylated hGBP1. The importance of structural
opening driven by GTPase activity for the mechan-
ism of polymer formation is supported by the
observations made with the RK double mutant. The
loss of the LG:GED contact facilitates opening,
which leads to immediate polymerization by skipping
phase I.
Usually, the lag phase in a polymerization process

is defined by the formation of the first polymer seeds
acting as a nucleus for further growth. Our data
suggest that nucleation is not the critical step for
hGBP1 polymer formation as we do not see any lag
phase for polymerization of the RK mutant and not
for the polymerization of the wild type in the
presence of GDP*AlFx either. Both hGBP1-RKfn in
the presence of GTP, and hGBP1fn in the presence
of GDP*AlFx exhibit a permanently open structure.
There is no cycling between open and closed states
like in the case of wild type and GTP, which
produces fruitful open states for a short moment
but may fall back to the unproductive closed state
again and again. Therefore, we disfavor the idea of
nucleation to be responsible for the lag phase but
rather attribute the lag to the arduous opening of the
structure driven by GTPase cycles, i.e., phase I.
Consistent with the previously published findings

of Shydlovskyi et al. [39], that the farnesyl moiety is
required for polymerization, our results reinforce this
observation by showing that addition of polymeriza-
tion partners without the farnesyl moiety (hGBP1) or
without the helical parts of the protein (D-GED and
LG) impair polymerization. On the one hand, these
nonfarnesylated interaction partners hold hGBP1fn
molecules back from incorporation in the polymer by
the formation of a nonfruitful dimer harboring only
one farnesyl moiety. On the other hand, the
nonfarnesylated variant, when transiently incorpo-
rated into the polymer by coupling to a hGBP1fn
molecule, destabilizes the polymer and makes it fall
apart as each farnesyl moiety is critical for the fate of
the whole polymer e bad spots cannot be tolerated.
This view is further substantiated by our observa-
tions in HeLa cells. The cytosolic granular structures
might represent the polymers since we could see in
cells the same effect as in vitro when offering
nonfarnesylated protein as a polymerization partner.
In vitro, the disappearance of turbidity is seen upon
the addition of nonfarnesylated hGBP1, while in the
cells, the granular structures are dissolved, and the
proteins distribute homogeneously in the cytosol
when hGBP1fn is co-expressed with a nonfarnesy-
lated variant. Furthermore, the importance of the
farnesyl moiety for polymerization is supported by
the observation that the addition of FPP shortens the
lag phase. This extra FPPmight lead to an enhanced
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gluing effect of the hydrophobic center in the core of
the polymer formed by the farnesyl moieties.
GTP hydrolysis activity is crucial for all aspects of

hGBP1fn polymerization. It is responsible for the
opening of the protein in phase I, which serves in its
opened conformation as an entity building up the
polymer. Not surprisingly, the polymer disassembles
after all GTP is used up. Most likely, GDP, GMP, and
Pi dissociate from hGBP1fn, which is integrated into
the polymer and GTP will rapidly rebind since a small
fraction of hGBP1fn molecules without GTP could be
stabilized in the opened structure by the neighboring
molecules. Nevertheless, it is conceivable that single
molecules leave the polymer after GTP hydrolysis,
Fig. 7. Mechanism of hGBP1fn polymer formation. In
phase I of polymerization (pink) hGBP1fn cycles between a
closed (1) and more or less opened forms (2e4) in a
nucleotide and enzymatic activity dependent manner. In
phase II (green) the opened dimer (4) is incorporated in the
polymer (5,6,7 gray). Upon GTP hydrolysis single hGBP1fn
molecules may or may not dissociate from the polymer and
may reassociate after passing through phase I again.
Eventually, after depletion of GTP the polymer will dissolve
completely. Coalescence of smaller polymers to yield
larger ones (phase III) occurs in the presence of GTP, as
well as GDP*AlFx. Only in the case of the latter nucleotide
this process is well separated on the time scale while in the
presence of GTP there is overlap of dimer addition and
coalescence mechanisms.
and it is also possible that single, GTP bound
hGBP1fn molecules will add to the polymer as
pointed out above. This part of the mechanism will
become important when single hGBP1fn molecules
have reached a low concentration and dynamic
equilibrium with hGBP1fn molecules going on and off
the polymer is established. We had previously
reported that the GTPase deficient mutant R48A
does not form polymers on its own. Here we show
that it gets incorporated into the polymer in combina-
tion with the wild type. Again, we see two possible
explanations. Preformed homodimers of hGBP1-
R48Afn do not overcome the hurdle in phase I, which
they can pass by forming a heterodimer with
hGBP1fn. Alternatively, a GTP-bound, monomeric
hGBP1-R48Afn molecule forms a heterocomplex by
attaching to a wild type LG domain at the periphery of
the preformed polymer and then gets incorporated.
The scheme in Fig. 7 illustrates the mechanism of

polymerization accounting for all details observed for
hGBP1fn labeled by fluorophores at various posi-
tions, modified by mutations and bound to various
nucleotides. The first phase of polymerization (pink)
is dominated by a cycle between monomers and
dimers. GTP binding evokes the release of the
farnesyl moiety from the binding pocket, but it is not
sufficient for opening the structure (2 in the scheme).
This is based on the observations that the binding of
nonhydrolyzable analogs like GTPgS and GppNHp
trigger the attachment to lipid membranes through
the farnesyl moiety but cannot initiate polymerization
[39]. Nevertheless, these analogs are reported to
lead to an equilibrium of monomer and dimer (3). It is
also possible that the release of the farnesyl moiety
occurs concomitantly with dimer formation. Further
structural changes within hGBP1fn can only be
achieved upon nucleotide hydrolysis, eventually
leading to the opening of the structure (4). As
pointed out, under constrained conditions, GTP
hydrolysis is slow, and the hydrolysis of GDP as a
second step does not happen. Rather, the dimer
may fall apart, going back to the start (1). It may cycle
like this a few times before the opened dimer is
caught by the polymer (depicted in gray) (5), i.e.,
entering the cycle of polymer growth in phase II
(green). The full opening of the dimer as transiently
achieved through GTP hydrolysis is permanently
established when hGBP1fn is bound to GDP*AlFx
(4). Thus, this species is not short-lived but can
easily and without delay build the polymer as
observed for hGBP1fn-GDP*AlFx, and the RK
mutant in the presence of GTPgS. As substantiated
above, the nucleation of hGBP1fn molecules is not
the bottleneck for polymer formation. Growth of the
polymer in phase II is conceived as the addition of an
open dimer where one or two farnesyl moieties are
heading for the hydrophobic center, and the protein
is incorporated alongside the other molecules in the
polymer (6 or 7) giving rise to MD:MD, as well as
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LG:LG proximity, which was observed to develop
coincidently with polymer growth. The second half of
the dimer (6) may swing inwards to propagate
growth (7). Alternatively, the LG domains may
detach from each other as the GDP, or GMP state
is established, and one half of the dimer may
dissociate from the polymer (8) reentering as
monomer the cycle of phase I. Once small polymers
are formed facing LG domains outwards it could be
possible for GTP bound hGBP1fn molecules to bind
to such an LG domain as it happens when dimers
are formed. In this way, the polymer grows through
the addition of hGBP1fn monomers (going from 8 to
6), but still through the LG:LG contact and GTP
hydrolysis mediated opening. After nucleotide hydro-
lysis leading to the GDP or the GMP bound state, the
hGBP1fn molecule has the chance to release the
products of hydrolysis and to rapidly rebind GTP,
and thus, to stay in the polymer. Alternatively, the
tendency to close the structure by LG:GED contact
formation may win, and the hGBP1fn molecule will
dissociate from the polymer (going from 7 to 8 and
further to 5). When the GTP concentration
decreases below some value or as soon as there
is less GTP than GMP in the solution, the dissocia-
tion of hGBP1fn molecules will be the prevailing
action, eventually leading to the dissolution of the
polymer. Altogether the mechanism suggests a
highly dynamic polymerization reaction allowing for
growth, as well as shrinking of polymer entities.
Finally, polymer particles may coalesce and con-
tribute to polymer growth (9) as soon as polymers
are generated in phase II large enough to do so. We
term the process of coalescence phase III (violet),
which in the presence of GDP*AlFx is nicely
separated from the dimer addition process in
phase II (see Fig. 5 C). In the presence of GTP
likely a shift from phase II to III, i.e., a shift from the
dimer addition mechanism to coalescence will occur
after some time when small polymer particles are
formed, and less dimer is available in the solution.
For quite a number of proteins, the function is

based on the formation of polymers. The most
prominent examples may represent actin, tubulin,
and dynamin. Like hGBP1, they have all in common
that polymerization is controlled in some way by the
bound nucleotide. Actin and tubulin build long
filaments, which serve for directed movement or
transport of cargo, and for example, the polymeriza-
tion of dynamin leads to the deformation of lipid
membranes. So far, the role of hGBP1 polymeriza-
tion is not clear. Many interaction partners are
reported like membranes and proteins from patho-
gens and like inflammasome proteins. hGBP1
comes in three variants, namely, evenly distributed
in the cytoplasm, bound to plasma or endomem-
branes, and concentrated in granular or punctate
structures inside the cell. In this context it is to be
noted that hGBP1 is only synthesized to reach high
intracellular concentration levels after interferon
stimulation of the cell. Therefore, it is conceivable
that this protein developed a mechanism that allows
it to drop out partially from the intracellular environ-
ment and to form a kind of depot, which we described
and analyzed here as polymerization. The reversible
and highly dynamic formation of such a highly
concentrated protein pool allows for the rapid
retrieval of the protein whenever pathogen defense,
covering of membranes, or other tasks demand this.
Although the exact requirement of mobilized hGBP1
is still outstanding, we have elucidated here the
molecular mechanism of the reversible and dynamic
formation of an enzyme polymer, which is controlled
by nucleotide binding and hydrolysis.
Methods and Materials

Protein synthesis and purification

The proteins were generated and purified accord-
ing to our previously described procedures [37] and
as described in the following paragraph. Nonfarne-
sylated hGBP1 was cloned into pQE80L expression
vectors, expressed in Escherichia coli BL21(DE3)-
CodonPlus RIL (Stratagene, Heidelberg, Germany).
hGBP1 was farnesylated by incubating nonfarnesy-
lated hGBP1 with farnesyl pyrophosphate (Cayman
Chemicals, Ann Arbor, Michigan, USA) and FTase
(ratio 1 : 2.5 : 0.02) in farnesylation buffer (50 mM
Tris-HCl pH 7.9, 5 mM MgCl2, 150 mM NaCl, 10 mM
ZnCl2) for 16 h at 4 �C in a glass vial. The reaction
mixture was adjusted to a final concentration of
1.25 M (NH4)2SO4 and applied to a Butyl Sepharose
High-Performance Column (GE Healthcare, Munich,
Germany) to separate farnesylated from nonfarne-
sylated protein (adapted from Refs. [38,39]). After
loading of protein solution to a previously equili-
brated column (high salt buffer: 50 mM Tris-HCl pH
7.9, 5 mM MgCl2, 1.2 M (NH4)2SO4), the concentra-
tion of ammonium sulfate was decreased to 0 M in
four successive steps. Initially, the concentration of
(NH4)2SO4 was reduced to 60%, and then to 45% in
a continuous gradient over 3 column volumes (CV)
(elution of hGBP1fn). In a third step, the concentra-
tion of (NH4)2SO4 is further decreased continuously
to 25% over 3.75 CV (elution of hGBP1), followed by
a step to 0% (NH4)2SO4. hGBP1fn was concentrated
by ultrafiltration (Vivaspin 20; 10 kDa cut-off,
Sartorius, G€ottingen, Germany), and applied to a
gel filtration chromatography column (Superdex 200
26/60, GE Healthcare, Munich, Germany) run with
buffer C (50 mM Tris-HCl pH 7.9, 5 mM MgCl2,



2179Molecular Mechanism of Polymer Formation
150 mM NaCl) to remove ammonium sulfate and
isolate monomeric protein.
Bacterial synthesis and purification of truncated

mutants of hGBP1 (hGBP1-LG (aa 1e327) and
hGBP1-DGED (aa 1e418)) were performed as
described for hGBP1 full length (for hGBP1-LG
ultrafiltration was performed with Vivaspin 20; 5 kDa
cut-off, Sartorius, G€ottingen, Germany). hGBP1-
Q577Cfn was expressed, purified, and farnesylated
as described for hGBP1fn, while the point mutants
hGBP1-RKfn, hGBP1-R244Afn, and hGBP1-R48Afn
were co-expressed with recombinant FTase and
purified as described previously [38].

Labeling of protein with fluorescent dyes

Many of our experiments are based on FRET-
based experiments. Therefore we produced two
variants to study intermolecular processes like
dimerization and polymerization, namely a variant,
which is labeled predominantly at Cys396, termed
MD labeled, and another variant labeled at Cys396
and additionally at Cys12 and/or Cys270, termed
LG&MD labeled. This was defined by adjusting the
temperature, concentration of the dye, and incuba-
tion time. The results were evaluated by SDS gel
electrophoresis after limited tryptic digestion (see
below). In order to track intramolecular processes,
namely the opening of the enzyme, i.e., increasing
the distance between GED and the LG domain/MD
part, we produced a third variant labeled with two
colors: the acceptor attached to the GED (Cys589
in the case of nonfarnesylated hGBP1 and Cys577
introduced by mutagenesis in the case of farnesy-
lated hGBP1) and the donor attached to LG/MD.
We used AlexaFluor488-C5-maleimide dye
(Thermo Scientific, Waltham, MA, USA) as a
donor and AlexaFluor647-C2-maleimide dye
(Thermo Scientific, Waltham, MA, USA) as an
acceptor in buffer L (50 mM Tris-HCl pH 7.4,
5 mM MgCl2 150 mM NaCl) on ice. In order to
obtain the MD labeled hGBP1fn, the protein was
either incubated with acceptor fluorophore or with
donor fluorophore (for 10 min and molar ratio: 1.0
each). For LG&MD labeled hGBP1fn the protein
was incubated with either acceptor or donor
fluorophore (both, molar ratio: 4.0 and 50 min).
For two-color labeling of farnesylated proteins the
mutation Q577C was generated by using a Quick-
Change site-directed mutagenesis kit according to
the manufacturer’s protocol (Merck, Darmstadt,
Germany), for ensuring a labeling position at the
C-terminus. The labeling procedure for two-color
labeling (donor and acceptor dye on the same
molecule) was established previously [37], and it is
the same for all three constructs (hGBP1-Q577Cfn/
hGBP1/hGBP1-RK-Q577Cfn later referred to as
hGBP1-RKfn). The protein was labeled sequentially
by incubating the protein with acceptor fluorophore
using a molar ratio of 0.9 dye/protein for 10 min and
directly afterward with the donor fluorophore using a
molar ratio of 1.0 dye/protein for 5 min. All reactions
were stopped by addition of 2 mM DTT. Unbound
fluorophore was removed via buffer exchange
(buffer C) followed by concentrating the protein by
ultrafiltration (Vivaspin Turbo 4; 10 kDa cut-off,
Sartorius, G€ottingen, Germany). Labeling efficien-
cies were calculated from absorbance at wave-
lengths 280 nm (hGBP), 491 nm (Alexa488, donor)
and 651 nm (Alexa647, acceptor) in buffer
C þ 2 mM DTT, using molar absorption coefficients
of e280: 45,400 (M*cm)�1, e491: 71,000 (M*cm)�1,
e647: 268,000 (M*cm)�1, and the correction factors
provided by the company. Labeling efficiencies
were as follows: two-color-labeled: hGBP1fn: LED:
58%, LEA: 90%; hGBP1-RKfn: LED: 54%, LEA: 80%;
hGBP1: LED: 86%, LEA: 68%. MD-labeled hGBP1-
fn: LED: 31%, LEA: 21%. LG&MD labeled hGBP1fn:
LED: 203%, LEA: 90%.
In SI Fig. S2 we point out in more detail how we

come to the assignment of the labeling positions.
They are based on surface accessibility calculations
[66], the observations after tryptic digestion, and on
conclusions from FRET experiments. In SI Fig. S2 B,
G we have also collated the relevant cysteine
residue distances within the protein and within
possible dimeric structures in order to compare
them to the F€orster radius.

Trypsin digestion

In order to define the domain of hGBP1 that is
labeled, limited tryptic digestion was performed as
described in Ref. [37]. In brief, labeled hGBP1 with a
concentration of 1.15 g/l was digested with 0.005 g/l
trypsin in buffer C at 25 �C. Samples were taken prior
to trypsin addition and 1, 5, and 15 min after addition.
The reaction was immediately stopped by the
addition of SDS-sample buffer (125 mM Tris/HCl,
pH 6.8, 50% glycerol, 10% SDS, 10 mM b-
mercaptoethanol, and 0.01% bromophenol blue),
followed by incubation at 95 �C for 5 min. Samples
were analyzed by SDS-PAGE. The protein bands
were fixed, and the fluorescence image was taken
by exciting the fluorophores with a BioLite Multi-
Spectral Source (UVP, Cambridge, UK) and detect-
ing the fluorescence with a BioSpectrum Imaging
System (UVP), using the respective excitation and
emission filters. Afterward, protein bands were
stained with Coomassie, and images were
superimposed.

Intra- and intermolecular FRET

Intra- and intermolecular FRET measurements
were performed on an LS55 fluorescence spectro-
meter (PerkinElmer, Waltham, MA, USA) in quartz
glass cuvettes (Hellma Analytics, Mühlheim,
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Germany) with a path length of 10 mm. The
temperature was set to 25 �C if not indicated
otherwise. The donor (Alexa488) was excited at
498 nm, and the acceptor (Alexa647) was detected
at 664 nm. Excitation and emission slits were set to
10 and 15 nm, respectively and detector voltage was
set to 775 mV. Measurements were carried out in
buffer C or buffer C þ AlFx (buffer C þ 10 mM
NaF þ 300 mM AlCl3) with addition of 50 mM BSA. In
total 2 mM of protein were incubated at 25 �C prior to
nucleotide addition (1 mM GTP, 250 mM GTPyS,
250 mM GDP in order to form GDP*AlFx, 1 mM
GppNHp, 250 mM GMP, respectively). For intramo-
lecular FRET 0.2 mM of two-color-labeled hGBP1-
Q577Cfn/hGBP1/hGBP1-RKfn was mixed with
1.8 mM of the corresponding nonlabeled protein
(hGBP1fn/hGBP1/hGBP1-RKfn). To track intermole-
cular FRET between the middle domains donor and
acceptor labeled hGBP1fn were mixed in equimolar
concentrations. For LG-mediated intermolecular
FRET 0.2 mM of donor-labeled hGBP1fn þ 0.8 mM
of acceptor-labeled hGBP1fn were mixed with 1 mM
of nonlabeled hGBP1fn. If not indicated otherwise,
changes in fluorescence at 664 nm (F) were
normalized by initial fluorescence (F0) before nucleo-
tide addition (fluorescence plotted as F/F0). For the
concentration-dependent intermolecular FRET mea-
surements (Fig. S1 B and C, S3 C, S4 J), data were
treated differently: For facilitating the comparability
with the concentration-dependent absorbance mea-
surements, the initial fluorescence prior to nucleotide
addition was subtracted from the fluorescence time
course (fluorescence plotted as F664).

Rate constants of polymerization and of GTPase
activity

Absorbance based measurements of polymeriza-
tion were performed as described previously [39].
Briefly, different concentrations of protein were
incubated in buffer C with 50 mM BSA at 25 �C for
5 min, and polymerization was induced by the
addition of 1 mM GTP. Absorbance was measured
at a wavelength of 350 nm, reflecting the loss of light
intensity due to the scattering of the turbid solution.
The scattering intensity I(scattered) depends on the
wavelength l of the transmitting light obeying a
power law of I(scattered) e l�4. Hence, scattering
and along with this, the absorption due to transmis-
sion losses drastically increases with decreasing
wavelength. Therefore, a good measure of turbidity
is the absorption/transmission of a liquid at a short
wavelength, preferably not interfering with UV
absorption of the protein. Nucleotide composition
during polymerization was monitored by taking 2 ml-
samples from the cuvette, stopping GTP hydrolysis
by addition of 5 ml 10% H3PO4, and neutralization
with 15 ml of 0.77 M K2HPO4. Nucleotide composi-
tion was further analyzed by separation of GTP,
GDP, and GMP by reversed-phase HPLC (Chromo-
lith Performance, RP-18 endcapped column (Merck,
Darmstadt, Germany)). Elution of nucleotides was
detected at 254 nm (MD-2010 Plus, Jasco, Pfung-
stadt, Germany), and peak areas were integrated
and quantified with the manufactures software [58].
To reveal the polymer formation rate constant kass,

the association process of the polymer, including the
first phase and the growth phase up to reaching the
maximal absorbance, can be modelled by eq. (1)
also used to describe protein fibril formation [59,60].

y¼ yi þ mi*xþ yf þmf*x

1þ e
�ðx�x0Þ

t

ð1Þ

The half-maximal signal is reached after time x0,
and the apparent elongation rate constant of the
polymer is kapp ¼ t�1. kapp shows a linear
dependence on the protein concentration, where
kass equals the slope.

Dynamic light scattering

A dynamic light scattering of nonfarnesylated and
farnesylated hGBP1 and hGBP1-RK was performed
on a HPPS-High Performance Particle Sizer (Mal-
vern Instruments, Malvern, UK). 10 mM of protein
were incubated at 25 �C in a total sample volume of
400 ml in buffer C or buffer C þ AlFx. Measurements
were started directly after nucleotide addition
(250 mM GDP or GTPyS, 1 mM GppNHp). The
change in the particle size was measured in two
independent measurements over 8e10 data points,
and the mean diameter of the particles were
determined by the manufacture’s software. The
results of this type of experiments are displayed in
SI Fig. S3 C.

Combined static and dynamic light scattering

Time-resolved static (SLS) and dynamic light
scattering (DLS) measurements were performed on
an ALV/CGS-3/MD-8 multidetection system (ALV
Laservertriebsgesellschaft, Langen, Germany). A
HeeNe laser was used as a light source, with a
wavelength of l0 ¼ 632.8 nm and a power of 35 mW.
The instrument consists of an array of eight
detectors with two neighboring detectors separated
by 8�, covering an angular range of 30� � q � 86�,
which corresponds to a q-range in water of 6.3.10�3

� q � 18.10.3 nm�1 with

q¼ 4pn

l0
,sin

�q
2

�
ð2Þ

being the momentum transfer, n ¼ 1.332 (at
T ¼ 25 �C), the refractive index of water, q the
scattering angle, and l0 the laser wavelength in
vacuum. The time resolution of time-resolved SLS/
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DLS experiments was 10 s, corresponding to the
time needed to acquire an angular dependent set of
SLS/DLS data.
The excess Rayleigh ratio DR of the solute is

provided by SLS

DR¼RRq;std

�
rq;sol � rq;solv

�
rq;std

ð3Þ

With RRq,std the absolute Rayleigh ratio of toluene
as standard and with rq,sol, rq,solv and rq,std the
measured scattering signal of the solution, the
solvent, and toluene, respectively. Data were treated
with the Guinier approximation [61]

ln
�
Kc

DR

�
¼ ln

0BBB@ 1

Mwe

 
�R2

gq
2

3 þB,q4

!
1CCCA ð4Þ

where the factor B. q4 is introduced to take into
account a bending of the scattering curves. In eq.
(4), c is the mass concentration of protein and K is
the contrast factor

K¼ 4p2n2

NAl
4

�
dn

dc

�2

ð5Þ

with Avogadro’s number NA and the refractive
index increment dn/dc of hGBP1 in buffered
solution. A value of dn/dc ¼ 0.185 ml/g was used
for hGBP1, as being typical for proteins [62].
Obtained values for Mw and Rg have to be
considered as apparent because time-resolved
measurements could not be extrapolated to the
infinite dilution limit. However, the investigated
concentrations usually justify the neglecting of
interparticle interactions.
DLS provides the field correlation function g1(t),

which was treated in two different ways to gain
information about the hydrodynamic properties of
the investigated samples. A cumulant analysis was
applied [63].

lnðg1ðtÞÞ¼C�GðqÞ , tþ m2

2G2
t2 ð6Þ

with C a constant and G(q) the mean inverse
relaxation time of diffusive modes, which is given by
the initial slope of ln(g1(t)).
An alternative method of data evaluation was used

in the case of field correlation functions with two
distinguishable decays, indicating two species in
solution, which differ in size. In such a case, field
correlation functions were evaluated with a biexpo-
nential approach.
g1ðt; qÞ ¼ aðqÞ þ b1ðqÞ$expð�t$G1ðqÞÞ

þ b2$expð�t$G2ðqÞÞ
ð7Þ

In eq. (8) a(q) is the incoherent background, bi(q) is
the intensity weighted weighing factor, and Gi(q) is
the inverse relaxation time of species i at angle q,
respectively.
The z-averaged diffusion coefficient D0 is obtained

as the intercept of G(q)/q2 vs q2 at q ¼ 0.

Dz ¼GðqÞ
q2

¼D0 þCD ,R2
g,q

2 ð8Þ

Dz(q) is the apparent diffusion coefficient at angle
q, and CD is a shape sensitive constant. No
concentration dependence of D0 was considered
for the same reason as mentioned in the context of
SLS data.
The hydrodynamically effective radius Rh is

calculated with the Stokes-Einstein relationship

Rh ¼ kbT

6phD0
ð9Þ

Where kb is the Boltzmann constant, T is the
temperature in Kelvin, and h is the dynamic viscosity
of the solvent (0.897 mPa*s (25 �C), 1.1 mPa*s
(15 �C).
The size parameters Rg and Rh are used to

calculate the structure sensitive parameter r.

r¼Rg

Rh
ð10Þ

The ratio r adopts values characteristic for the
respective particle shape. Typical values are
r ¼ 0.77 for compact spheres, 1.2 < r < 1.6 for
polymer coils and r > 2 for rod-like particles [53,64].
The results obtained employing these techniques
are displayed in Fig. 5 and in SI Fig. S4.

Sample preparation for static and dynamic light
scattering experiments

A solution of 15 mM hGBP1fn was freshly prepared
either in buffer C or in buffer C þ AlFx to reach a
sample volume of 2.5 ml. The samples were then
filtered (0.45 mm, PES-membrane, Acrodisc Supor)
into cylindrical quartz cuvettes with a diameter of
24 mm (Hellma Analytics, Mühlheim, Germany),
whereby the first 0.5 ml were used to equilibrate the
filter and discarded. Time-dependent SLS/DLS
measurements were then carried out at 25 �C with
buffer C þ AlFx or at 15 �C with buffer C. Ten SLS/
DLS measurements were carried out prior to the
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addition of the initiating solution (GDP or GTP) in
order to characterize the initial state of the solution.
Successively, 1.5 ml of a freshly prepared solution
containing either 3 mM GTP (for buffer C) or 750 mM
of GDP (for buffer C þ AlFx) in buffer C was filtered
(0.45 mm, PES-membrane, Acrodisc Supor) into the
cuvette in order to initiate the polymerization,
whereby the first 0.5 ml were used to equilibrate
the filter and discarded. Thus, the sample volume
inside the cuvette then amounts to 3 ml, leading to
final concentrations of 10 mM for hGBP1fn, 1 mM for
GTP, and 250 mM for GDP*AlFx. After gently shaking
the cuvette to ensure homogeneity, time-resolved
SLS/DLS measurements were carried out with time
zero corresponding to the addition of the nucleotide.
Experiments were by default carried out without BSA
since it has a similar size as hGBP1, and thus, would
interfere with the signal on the monomeric state of
hGP1 or on the state of small oligomers. Never-
theless, in order to ensure comparability with the
other experiments of this work, the SLS/DLS
measurements were carried out, as well as with
buffers, including 50 mM BSA.

Cell culture

Plasmids

The plasmids pMCV1.4 (�) and (þ) were obtained
from Mologen (Berlin, Germany). A Flagetag
sequence (abbreviation: F) was cloned into the
pMCV1.4(�) plasmids using EcoRV/EcoRI restric-
tion sites, followed by the in-frame insertion of the
GFP sequence into pMCV1.4-Flag using the EcoRI
restriction site. For obtaining a GFP-GBP1 fusion
protein the GBP1 sequence (NCBI accession
number: NM_002053.2) was inserted into the
pMCV1.4-Flag-GFP vector using SnaBI and SalI
restriction sites. To obtained mCherry fusion pro-
teins, the sequence of hGBP1 or hGBP1-C589S was
cut out of the pQE80L vector using BamHI and SalI
restriction enzymes, and cloned into the pmCherry-
C1 vector using the BglII and SmaI restriction sites.
The mutant mCherry-hGBP1-R48A was obtained by
site-directed mutagenesis of pmCherry-C1-hGBP1
using the QuickChange site-directed mutagenesis
kit according to the manufacturer’s protocol (Merck,
Darmstadt, Germany). For bimolecular fluorescence
complementation (BiFC) analysis, plasmids were
cloned as previously described [27]. Briefly, the
coding sequences of GBP1 and GBP1-R48A were
inserted into pMCV1.4-Venus1 and pMCV1.4-VSV-
Venus2, respectively, in 30 of the Venus sequence
using EcoRV and XhoI restriction sites.
Cell culture and transfections

HeLa cells were purchased from ATCC and
cultured in DMEM supplemented with 10% (v/v)
fetal bovine serum (FBS) from Gibco (Thermo
Fisher Scientific, Dreieich, Germany). One day
prior transfection, HeLa cells were seeded in Lab-
Tek chamber slides (Nunc™, Thermo Fisher
Scientific). One microgram of plasmid was trans-
fected per well using the calcium phosphate method
[65].
Fluorescence microscopy

Twenty-four hours after transfection, cells were
fixed in 10% buffered formalin and permeabilized
with 0.1% Triton X100 (both from Sigma-Aldrich).
Nuclei were counterstained with Draq5 (1:800 in
water, Cell Signaling Technology, Frankfurt am
Main, Germany) for 10 min at room temperature.
Coverslips were mounted in fluorescence mounting
medium (Dako, Hamburg, Germany). Fluorescence
was visualized using the confocal microscope, TCS
SPE (Leica Microsystems, Wetzlar, Germany) using
a 63x magnification. Pictures were obtained using
the LAS AF software (Leica Microsystems). The
following excitation wavelengths (Ex) and spectral
detection windows of the photomultiplier (PM) were
used: for GFP, Ex ¼ 488 nm, PM: 500e625 nm; for
Venus-1/Venus-2, Ex ¼ 488 nm, PM: 492e610 nm;
for mCherry, Ex ¼ 561 nm, PM ¼ 565e674 nm and
for Draq5, Ex ¼ 635 nm, PM ¼ 650e750 nm. Laser
power was 10 mW (488 nm), 10 mW (561 nm) and
18 mW (635 nm), and intensity was set between 50
and 60% for all three lasers. All images presented
are single sections in the z-plane (airy unit ¼ 1) and
are representative of at least 80% of the transfected
cells.
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