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SUMMARY

SynDLP, a dynamin-like protein (DLP) encoded in the cyanobacterium Synechocystis sp. PCC 6803, has
recently been identified to be structurally highly similar to eukaryotic dynamins. To elucidate structural
changes during guanosine triphosphate (GTP) hydrolysis, we solved the cryoelectron microscopy (cryo-
EM) structures of oligomeric full-length SynDLP after addition of guanosine diphosphate (GDP) at 4.1 A
and GTP at 3.6-A resolution as well as a GMPPNP-bound dimer structure of a minimal G-domain construct
of SynDLP at 3.8-A resolution. In comparison with what has been seen in the previously resolved apo struc-
ture, we found that the G-domain is tilted upward relative to the stalk upon GTP hydrolysis and that the
G-domain dimerizes via an additional extended dimerization domain not present in canonical G-domains.
When incubated with lipid vesicles, we observed formation of irregular tubular SynDLP assemblies that
interact with negatively charged lipids. Here, we provide the structural framework of a series of different

functional SynDLP assembly states during GTP turnover.

INTRODUCTION

Dynamins and dynamin-like proteins (DLPs) are involved in
various membrane remodeling processes, including fission and
fusion of vesicles or organelle membranes.'® DLPs have also
been identified in bacteria.’ Although the physiological function
of bacterial DLPs (BDLPs) is unknown in most cases, and
BDLPs appear to be involved in membrane fission or fusion
like their eukaryotic counterparts.'®~'? DLPs are large mechano-
chemical GTPases that differ from small Ras-like GTPases by
their oligomerization-dependent GTPase activation and their
membrane interaction mode.'® DLPs are typically not highly
conserved on the sequence level, and their identity is mostly
defined by the presence of certain common structural elements.
DLPs consist of a globular GTPase domain (GD), followed by the
bundle signaling element (BSE), an a-helical stalk or trunk
domain, and a variable membrane interaction domain (MID).
These domains are connected by flexible hinges that enable ma-
jor conformational changes, "' resulting in a structural flexibility
critical for the DLP membrane remodeling activity. On the
sequence level, the GD is the only conserved element of DLPs,
as it contains the typical guanosine triphosphate (GTP)-binding

motifs, including the P loop, G2 motif/switch I, G3 motif/switch
I, and G4 motif. As for most GTPases, the core GD consists of
~160 amino acids (aa) forming a mixed six-stranded 8 sheet sur-
rounded by five a helices. In the case of DLPs, this core GD is
extended to ~300 aa and typically has a low GTP binding
affinity.'®°

A typical DLP GTPase cycle consists of GTP binding, GTP hy-
drolysis, and guanosine diphosphate (GDP) release. The energy
released by GTP hydrolysis leads to a conformational change
that triggers a rearrangement of the neighboring domains. In
contrast to Ras-like GTPases, which cannot oligomerize and
require a GTPase-activating protein (GAP) for efficient GTP hy-
drolysis, DLPs function as their own GAPs, and DLP homo-olig-
omerization stimulates the GTPase activity.'*'® Consequently,
the GTPase activity of DLPs typically increases when smaller
DLP assemblies oligomerize. On the molecular level, the cooper-
ativity is commonly realized by intermolecular GD contacts lead-
ing to a head-to-head dimerization of adjacent GDs from DLPs
oligomerized in a helical array.'”'® Prototypical Dynamin-1, a
DLP mediating membrane fission, forms dimers or tetramers in
solution via interactions in the stalk domain while it further oligo-
merizes on a membrane surface into tube-forming, helical
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Figure 1. The structure of SynDLP oligomers after addition of nucleotides
(A) The GTPase activity of SynDLP determined in the presence of increasing concentrations of GMPPNP (0, 0.05, 0.1, 0.2, and 0.3 mM, yellow-to-blue gradient).

Error bars represent SD; n > 2.
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filaments. Subsequently, dimerization of GDs from adjacent
rungs within the helical oligomer is established in a head-to-
head fashion, followed by GTP hydrolysis. The GTP hydrolysis
energy leads to a conformational change mediated by domain
movements enabled by the flexible hinges. This domain rear-
rangement results in a power stroke by a movement of the helical
turns against each other, finally constricting the membrane tube
into a hemi-fission state. Thereafter, the GD-GD dimers are de-
stabilized and dissociate, followed by GDP release. A recovery
stroke is initiated by the binding of a new GTP molecule at the
active site. Next, a GD dimerizes with the next GD on the adja-
cent rung of the filament, and the entire cycle repeats. The diam-
eter of the membrane tube is reduced by approximately 1 nm
during each cycle, and, thus, several cycle repetitions are neces-
sary for full membrane fission.'”-2%"

For most DLPs, a basal GTPase activity of ~1 min~"' was
determined in solution. Upon binding to membranes, the
GTPase activity increases more than 100-fold due to DLP oligo-
merization on membrane surfaces involving the formation of
activating GD-GD contacts.'*'7*??72* For many DLPs, oligomer-
ization on the membrane and the formation of a helical array has
been visualized in vitro by electron microscopy as tubulated ves-
icles.'"?°?° Typically, longitudinal oligomerization of DLPs is
mainly mediated by defined intermolecular contacts in the a-he-
lical stalk domain.®°=? The analyses of so-called minimal GD
(MGD) constructs has been established as a tool to study adjust-
ments in the GD structure and interactions induced by nucleotide
binding.'”**® MGDs are truncated DLP variants with an
omitted stalk domain/MID and, thus, consist of solely the GD
and the BSE domain, making them well-suited constructs for
monitoring structural changes in the GD/BSE domain during a
GTP hydrolysis cycle.'”*”

Recently, a BDLP from the cyanobacterium Synechocystis sp.
PCC 6803 has been described (SynDLP) whose basic tertiary
structure organization was found to be highly similar to eukary-
otic Dynamin-3.%® SynDLP forms, already in solution, short fila-
mentous oligomers containing approximately 40-50 molecules.
The cryo-EM structure of these oligomers revealed intra-oligo-
meric stalk interfaces typical for many DLPs. The BSE domain
of SynDLP has distinct molecular features, such as an intramo-
lecular disulfide bond or an expanded intermolecular interface
with a neighboring GD. Further, the SynDLP oligomer structure
reveals longitudinal GD-GD contacts, as observed in filaments
of the eukaryotic DLP Drp1.®" SynDLP has an unusually high
basal GTPase activity of ~45 min~" already in solution, most
likely due to its intrinsic propensity to form higher-ordered oligo-
meric structures already in the absence of membranes and the
resulting intermolecular GD-BSE interactions.*®  Although
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SynDLP has been shown to bind to negatively charged mem-
brane surfaces, the GTPase activity of SynDLP is not stimulated
in the presence of lipid membranes.*® Upon membrane binding,
SynDLP remodels negatively charged membranes, leading to
vesicle fusion by a thus far unknown mechanism. Therefore,
SynDLP has been classified as a fusogenic BDLP. As BsDynA,
a fusogenic BDLP from Bacillus subtilis, has been shown to be
involved in membrane repair and phage defense, '%*°*" SynDLP
may also be involved in stabilization and/or the repair of
membranes.*®

In the current study, we determined the cryoelectron micro-
scopy (cryo-EM) structures of filamentous SynDLP oligomers af-
ter addition of GDP at 4.1-A and GTP at 3.6-A resolution as well
as the GMPPNP-bound dimer structure of an MGD construct of
SynDLP at 3.8-A resolution. We found that the GD is tilted up-
ward relative to the stalk upon GTP binding/hydrolysis. While
the catalytic core of the SynDLP GD is similar to the canonical
GD of dynamins, GD dimerization is rather mediated by an
extended dimerization domain than by the canonical trans-stabi-
lizing loop residues known from other DLPs. Moreover, in the
presence of lipid membranes, we observed the formation of
irregular SynDLP tubular assemblies.

RESULTS

The structure of SynDLP oligomers changes after
addition of nucleotides

Previously, we determined the cryo-EM structure of SynDLP
oligomers in the absence of nucleotides.®® In the determined
short filamentous oligomers, we observed atypical longitudinal
GD-GD contacts, which have been hypothesized to be respon-
sible for the high basal activity, at least in part. The dependence
of the wild-type SynDLP steady-state GTPase activity on the
GTP concentration can be described by a hyperbolic
Michaelis-Menten curve,*® which, however, does not allow un-
ambiguous determination of dimerization and Michaelis-
Menten constants, even when considering the dependence of
the activity on the protein concentration. To obtain further in-
sights into the activation mechanism, we next investigated the
effect of the non-hydrolyzable GTP analog GMPPNP on the
SynDLP GTPase activity (Figure 1A). The presence of 0.05 or
0.1 mM GMPPNP led to sigmoidal curves with a steep increase
around the inflection points (around 0.6 and 1.4 mM GTP). How-
ever, the observed changes in the GTPase activity in the pres-
ence of GMPPNP cannot be well fitted with a model that as-
sumes competitive binding and a (simple) monomer-dimer
equilibrium (Figure S1A). Further increasing the GMPPNP con-
centration resulted in curves with increasing GTPase activity

(B) Sedimentation of SynDLP in the presence of different nucleotides. A representative SDS gel is shown in Figure S1A. Error bars represent SD; n = 3. Data

obtained with the apo protein or after addition of GDP or GTP are taken from Gewehr et al

|.38

(C) Thermal shift assay of SynDLP with and without GDP and GMPPNP. Cyan, SynDLP apo; blue, SynDLP+GDP; violet, SynDLP+GMPPNP. Error bars represent

SD; n=3.

(D and F) Cryo-EM micrograph and 2D class averages of SynDLP+GDP (D) and SynDLP+GTP (F). Left: a 2D class average of uncropped SynDLP filamentous

oligomers. Right: different close-up views of particles with a box size of 391 A.

(E and G) Cryo-EM density map of SynDLP filamentous oligomers with GDP (E) and GTP (G), colored by local resolution.
(H and I) Atomic model of the SynDLP oligomer in the presence of GDP/GTP in ribbon representation. The intermolecular GD-GD and GD-BSE interfaces are

marked in red and green, respectively.
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Table 1. Cryo-EM sample details

SynDLP SynDLP SynDLP
MGD SynDLP GDP GMPPNP
Sample details SynDLP GTP ~ SynDLP GDP  SynDLP apo =~ GMPPNP apo DOPG DOPG DOPG DOPG
Protein conc. 5.0 mg/mL 5.0 mg/mL 3.0 mg/mL 3.5mg/mL 0.5 mg/mL 0.5 mg/mL 0.5 mg/mL =
Lipid conc. - - - - 5.0 mg/mL 5.0 mg/mL 5.0 mg/mL 5.0 mg/mL
NTP conc. 1mM 1mM - 1mM - 2mM 2mM -
Magnification 49 kx 49 kx 49 kx 100 kx 39 kx 39 kx 39 kx 39 kx
Physical 1.737 A 1.737 A 1.737 A? 0.816 A 2.198 A 2.198 A 2.198 A 2.198 A
pixel size
Frames 70 70 30 40 30 30 30 30
Total dose 445e—/A>  445e— /A2  265e—/A>  80.0e—/A? 48.7e—/A2  495e—/A>  495e- /A2  49.5e—/A?
Defocusrange 1.0t0o3.5um 1.0to35um 20to4.0um 1.25to0 20to4.0um 2.0to4.0um 2.0to4.0um 2.0t04.0um
2.50 ym
Videos 4,560 6,149 8,322 5,087 681 210 327 786

@Processed in super-resolution with 0.8685 A/pixel.

without any sigmoidal shape in the GTP concentration range
investigated. Thus, these data were not analyzed further. Based
on these observations, the inhibitory effect of GMPPNP cannot
be explained by assuming a simple monomer-dimer equilibrium,
while it indicates a more complex mechanism of oligomerization
and/or activation.

As apo SynDLP forms oligomeric assemblies in solution, we
next tested, through sedimentation analyses, whether nucleo-
tide binding and/or hydrolysis further affect oligomerization of
SynDLP (Figures 1B and S1B). In the apo form as well as with
GDP or GTP, respectively, SynDLP has been found to be mostly
soluble in the supernatant.®® We also tested sedimentation in the
presence of the non-hydrolyzable GTP analog GMPPNP. Here,
we found SynDLP mostly in the pellet fraction, indicating that
the SynDLP structure or assembly state changes when the
non-hydrolyzable GTP analog is bound, and SynDLP appears
to form larger assemblies in the presence of GMPPNP. Thus,
GMPPNP does not just compete with GTP, as already concluded
based on the enzymatic data, but also alters the assembly struc-
ture. Therefore, we next analyzed the structure of SynDLP in the
presence of non-hydrolyzable GTP analogs by negative staining
EM and cryo-EM and found that SynDLP forms ill-defined as-
semblies upon addition of GMPPNP or GMPPCP instead of
well-defined, short filamentous oligomers (Figure S1C). When
the thermal stability of the SynDLP tertiary and/or quaternary
structure was analyzed by an 8-anilinonaphthalene-1-sulfonic
acid (ANS) fluorescence thermal shift assay in the presence of
GDP or GMPPNP, the melting temperature increased from
46.7°C + 0.1°C (apo) to 51.8°C + 0.1°C (GDP) or 57.0°C =
0.8°C (GMPPNP), respectively (Figure 1C), again indicating
that nucleotide binding affects the structure of SynDLP. Note
that the GTP-bound state of SynDLP could not be measured
by an ANS fluorescence thermal shift assay due to the long mea-
surement time and the high GTPase activity of the protein.
Together, the combined observations suggest the formation of
structurally distinct and more stable SynDLP assemblies when
GDP or GMPPNP are bound.

To elucidate the described changes at the molecular level, we
next set out to solve the structures of SynDLP with GDP or GTP,
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using a segmented single-particle cryo-EM workflow. As already
observed in the apo state,*® SynDLP forms curved half-moon-
shaped filamentous oligomers also in the presence of GDP and
GTP with a length of about 100 nm and a curvature radius of
50-55 nm (Figures 1D and 1F; Table 1). Furthermore, the cryo-
EM reconstructions of the SynDLP oligomers revealed very
similar overall molecular dimensions and appearances as the
apo state structure (Figures 1E and 1G; Table 2). The cryo-EM
structures were resolved at 3.6-A and 4.1-A resolution according
to the FSC (0.143) cutoff for the structures solved after addition
of GDP and GTP, respectively (Figures S1C and S1D; Table 2).
For the structure with GTP, the local resolution varied from
3.5-3.7 A in the stalk domain and from 4.0-5.4 A in the GD,
whereas for the GDP-bound structure the local resolution varied
from 3.7-4.0 A in the stalk domain and from 4.4-5.9 A in the GD.
Notably, the GD had the overall poorest resolution, and, there-
fore, the density did not allow placement of the bound nucleo-
tides. In both cases, the segmented density enclosed 2 x 4
SynDLP monomers in the typical antiparallel SynDLP arrange-
ment (Figures 1H and 1l). The apo state and the states of SynDLP
incubated with nucleotides share the basic structural elements
and overall domain architecture (Figures S1E and 1F). Moreover,
as observed previously for the apo state, after addition of nucle-
otides, the BSE bundle forms an extended intermolecular inter-
face with the GD, and the neighboring GDs interact longitudinally
via a short loop region (aa 389-394). Detailed inspection of the
determined cryo-EM structures revealed common features of
the stalk domain forming three intra-oligomeric interfaces.

Just as in the apo structure, the monomer structure resolved
after addition of nucleotides consists of a stalk domain that con-
nects the BSE domain by the hinge 1 region followed by a hinge 2
connecting the BSE domain to the globular GD (Figure 2A). To
compare the structures in more detail, we overlaid the structures
with the previously solved apo structure and found that the GD is
tilted upward by 4.3° and 4.6° in the presence of GDP or GTP,
respectively (Figures 2B, 2C, and S1G). The GDs together with
the BSE domain are rotated as a rigid body around hinge 1 as
pivot point, while the rotation is restricted to a straight upward
tilt without any sidewise rotation/tilt. When we compared the
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Table 2. Cryo-EM data collection and processing

SynDLP WT SynDLP WT SymDLP MGD
GTP GDP GMPPNP
Videos 4,560 6,149 5,087
Magnification 49kx 49kx 100kx
Voltage (kV) 200 200 200
Total dose (e’/Az) 445 445 80.0
Defocus range (um) 1.0-3.5 1.0-3.5 1.25-2.50
Super-resolution pixel size (/f\) 0.8685 0.8685 0.408
Detector Gatan K3 Bioguantum Gatan K3 Bioquantum Gatan K3 Bioquantum
Symmetry imposed (074 Cc2 Cc2
Final no. of particles 279,572 395,948 219,630
Global map resolution (/f\, FSC = 0.143) 3.6 4.1 3.8
Local map resolution range (;Z\, FSC =0.5) 3.5-5.4 3.7-5.9 3.2-6.0
Initial model used (PDB code) PDB: 7ZW6 PDB: 7ZW6 AF2 prediction
Model refinement
Model resolution 3.7 4.3 3.7
CC mask 0.74 0.63 0.71
CC box 0.87 0.80 0.78
CC peaks 0.66 0.54 0.56
CC volume 0.72 0.61 0.70
CC ligands - - 0.85
Map-sharpening B-factor (Az) —128.8 —165.8 —-151.2
Model composition
Nonhydrogen atoms 50,872 50,872 8,182
Protein residues 6,336 6,336 1,024
RMSDs
Bond lengths (A) 0.003 0.003 0.004
Bond angles (°) 0.842 0.848 0.754
Validation
MolProbity score 1.24 1.38 1.46
Clash score 4.68 6.95 3.14
Rotamer outliers (%) 0.15 0.44 0.00
Ramachandran plot
Favored (%) 98.35 98.20 94.88
Allowed (%) 1.65 1.80 5.12
Disallowed (%) 0.00 0.00 0.00
Deposition IDs
EMDB EMD-19812 EMD-19813 EMD-19814
PDB PDB: 9EM7 PDB: 9EM8 PDB: 9EM9

structures with GDP or GTP, we also found a helix{31_147 kink in
the periphery of the GD in addition to the rigid body rotation of
the BSE and GD domain in the GDP structure (Figure 2D). This
kink changes the orientation of helix;31_147 Within the peripheral
three-helix bundle. The observed changes in the GD orientations
may have consequences for a potential head-to-head GD-GD
contact, as observed for the GTP-bound state of classical dyna-
mins."” Although we limited the incubation time to 5 min at room
temperature (RT) instead of 30°C prior to plunge freezing, it is
likely that SynDLP consumed a large fraction of the supplied
GTP. Limited by the low resolution in the G-domain, the corre-
sponding cryo-EM density also does not support a bound nucle-

otide. Therefore, the observed domain shifts and rotations be-
tween the structures after addition of GTP may represent any
transition state of nucleotide hydrolysis rather than a GTP-bound
structure. In this context, hereafter we refer to the structure
resolved from the GTP sample as SynDLP in the presence of or
after addition of GTP rather than a GTP (bound) structure.

Irregular SynDLP tubular structures form in the
presence of lipid membranes

Previously, we have shown that SynDLP binds to membranes
containing negatively charged lipids.®® To elucidate the
SynDLP-membrane interaction on a structural level, we analyzed

Cell Reports 43, 114657, September 24, 2024 5
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SynDLP incubated with DOPG SUVs with or without nucleotides
using cryo-EM. Upon incubation with SUVs, we observed flex-
ible, crooked tubular structures with irregular features and diam-
eters of 90-110 nm next to SUVs and occasionally proteina-
ceous density attached to otherwise “naked” SUVs without
any apparent coat (Figure 3A). Upon incubation of SynDLP/
DOPG SUVs with GDP, we did not observe the irregular SynDLP
tubes anymore, instead we found single filamentous oligomers
apparently not interacting with liposomes (Figure 3B). To mimic
the GTP-bound state, we next incubated SynDLP with DOPG
SUVs plus GMPPNP (Figure 3C). Here, instead of the irregular
SynDLP tubes, we found smaller, less structured agglomerates
of SynDLP sitting close to lipid membranes. Given their hetero-
geneity, these assemblies can still be classified as elongated
structures, and when found isolated, they have diameters of
40-50 nm. Their shape and appearance resemble the irregular
SynDLP tubes found in the apo state. In addition to the
changes of the SynDLP structure, we observed changes in the
morphology of the membrane vesicles upon incubation with
SynDLP. In the micrographs of the apo and GMPPNP samples,
we identified long extended vesicles of smooth texture and
tubular shape presumably made of a continuous lipid mem-
brane, while in the GDP sample, such shapes only occur rarely.
We found 1-3 tubulated vesicles per 1.2-um hole in both the apo
and GMPPNP sample, with approximately 50-100 untubulated
vesicles per hole. The length of the tubulated vesicles varied
from approximately 200-800 nm in both samples. Interestingly,
the tubule diameter in the apo sample was wider (approximately
40 nm) compared with the narrower tubes in the GMPPNP sam-
ple (approximately 25 nm).

As no protein density was identified on the membranes, the
formation of these structures currently remains unclear. For a
quantitative analysis of the changes in membrane morphology
of individual vesicles, we statistically analyzed the vesicle cir-
cumferences of complete datasets of 200-800 micrographs
per sample and included an additional control sample of
DOPG-only SUVs (Figure S2C). In the control sample, the distri-
bution of circumferences showed a peak at approximately
170 nm. We found that, upon addition of SynDLP, an additional
peak with a nearly doubled circumference emerged, resulting in,
presumably, two major populations of 170 and 320 nm (Fig-
ure 3D), in line with the previous observation that SynDLP
induced vesicle fusion even in the absence of nucleotides.® A
similar but stronger population shift was observed in the
SynDLP+GDP sample, while in the SynDLP+GMPPNP sample,
an almost complete shift to the 320-nm-circumference popula-
tion was detected, indicating that nucleotides enhance the
SynDLP fusion activity. Due to the irregular nature of the tubular
SynDLP structures observed in the micrographs, a defined mo-
lecular assembly model cannot be determined experimentally.
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Nevertheless, as we only observed the irregular SynDLP assem-
blies in the presence of lipid membranes, we conclude that the
SynDLP interaction with lipids triggers the formation of these
tubular structures, possibly by associating with lipids.

Therefore, we re-examined our cryo-EM data of the apo sam-
ple to reconstruct larger oligomers at full length without using the
segmentation approach. Typically, the filamentous oligomers
had a variable length and, therefore, did not show a discrete olig-
omeric state. Although the resulting cryo-EM map had an overall
poorer resolution (5-7 A), we could rigidly place two copies of the
determined atomic octamer models along the filament (Fig-
ure S2A). We determined the displacement shift and angle
between the two octamer models and converted it to a helical
rotation and rise of 8.178 A and —6.156° for each dimeric asym-
metrical unit (ASU) of the apo structure. When we applied the he-
lical transformations to 20-40 ASUs, the resulting polymers
formed a spring-like assembly with a diameter of approximately
106 nm (Figure S2B). After applying the same strategy to the
structures determined in the presence of GDP and GTP, the re-
sulting tubes had highly similar diameters of 97 nm and 94 nm,
respectively. Importantly, the modeled tubes have dimensions
similar to the irregular tubular assemblies observed after lipid
interaction; i.e., diameters of 90-110 nm (Figure 3A). In support
of this, similarly sized though non-regular tubes have been
observed for other DLPs; i.e., Drp1 .1 Due to its interaction
with negatively charged membranes, we hypothesized that
SynDLP interacts with negatively charged lipids via a positively
charged stretch facing the lumen of the SynDLP tubes
(Figures S2D and S2E). Thus, to abrogate SynDLP membrane
binding, we mutated the RKxxR motif making up a positive bind-
ing stretch in the assembly. The mutated protein formed the in-
tramolecular disulfide bond as well as oligomeric structures
and was as GTPase active as the wild type (Figures S2F-S2H).
While in our previous analyses, we had detected some changes
in the membrane binding propensity, mutating the three posi-
tively charged residues to alanine had essentially no impact on
membrane binding, demonstrating that the positively charged
surface stretch on the concave surface of SynDLP oligomers
(i-e., in the inner lumen of [modeled] SynDLP tubes) is not signif-
icantly involved in interaction with negatively charged membrane
surfaces (Figure S2I).

The G-domain dimerizes by head-to-head GD-GD
interactions

Inthe SynDLP apo structure as well as in the structures with GDP
or GTP, respectively, only small longitudinal GD interactions
were observed. Typically, DLPs have additional transverse GD-
GD contacts (i.e., inter-rung contacts via head-to-head GD-GD
contacts)'® that were not found in our experimental SynDLP olig-
omer structures but are, in principle, possible based on our

Figure 2. Changes of the SynDLP monomer structure upon nucleotide addition

(A) Domain architecture of SynDLP: BSE1-BSES3 (violet), G-domain (GD) (red), three-helix bundle (orange), and stalk (blue).

(B and C) Comparison of the SynDLP monomer structure in the apo (cyan) (PDB: 7ZW6) and GDP-bound (blue) state and upon addition of GTP (violet). In the
presence of GDP, the GD is tilted upward by an angle of 4.34°. Upon addition of GTP, the GD is tilted upward by an angle of 4.59° (measured as center of mass

rotation of the GD relative to the hinge between the stalk and BSE domain).

(D) Comparison of the SynDLP monomer in the presence of GDP (blue) and GTP (violet). While the GD is mostly tilted as a rigid body in the presence of GDP, part of
helix;31-147 shifts upward relative to the surrounding helix bundle upon addition of GTP (red arrowheads).

Cell Reports 43, 114657, September 24, 2024 7
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Figure 3. Interaction of SynDLP with lipid membranes

(A) Left: cryo-EM micrograph of SynDLP in the presence of DOPG SUVs. SynDLP oligomers assemble to large crooked tubes with irregular features (indicated by
cyan dashed lines). The red arrowhead indicates a tubulated vesicle. Right: magnified image of a membrane vesicle (a green arrowhead indicates proteinaceous
density occasionally found close to vesicles) and SynDLP tubes.

(B) Cryo-EM micrograph of SynDLP in the presence of DOPG SUVs and GDP. SynDLP oligomers remain in the filamentous oligomeric state.

(C) Cryo-EM micrograph of SynDLP in the presence of DOPG SUVs and GMPPNP. SynDLP oligomers assemble into elongated agglomerates (cyan arrowheads).

Red arrowheads indicate extended tubulated vesicles.
(D) Analysis of the vesicle circumference observed in control vesicles in the absence of SynDLP, vesicles in the presence of SynDLP, SynDLP+GDP, and

SynDLP+GMPPNP.

modeled structure of spring-like assembled oligomers and our  designed a truncated SynDLP construct lacking the stalk domain
enzymatic data (Figure S2). To test whether such transverse responsible for longitudinal interactions in the oligomer. This
GD-GD interactions are putatively involved in the SynDLP supra-  minimal GD construct (SynDLP MGD) consists solely of the GD
molecular organization and to enable the investigation of nucle- and the BSE, with BSE2 and BSE3 connected by a short linker
otide-dependent changes in the GD on a structural level, we (Figure 4A). SynDLP MGD formed an intact intramolecular

8 Cell Reports 43, 114657, September 24, 2024
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disulfide bridge in the BSE (Figure S3A), indicating proper folding
of the protein. Strikingly, in the absence of longitudinal activating
interactions, we determined a GTPase activity significantly lower
than that of the full-length protein but still as high as ~10 min™"
(Figure 4B). Detected by size exclusion chromatography, the apo
state of SynDLP MGD formed monomers, whereas in the pres-
ence of the GTP analogs GMPPNP (mimicking the GTP-bound
state) and GDP-AIF, (mimicking the transition state), SynDLP
MGD formed dimers (Figure 4C). Moreover, upon addition of
GDP or GTP, SynDLP MGD remained in the monomeric form,
showing that GD-GD contacts do not form or persist after GTP
hydrolysis (Figures S3B and S3C). These results suggest that
the MGD construct dimerizes upon binding of a non-hydrolyz-
able GTP analog through transverse interactions to form
GTPase-competent GDs.

To solve the structure of the SynDLP MGD dimerized via GD-
GD contacts, we plunge froze SynDLP MGD after incubation
with GMPPNP and subjected it to cryo-EM structure determina-
tion (Figure S3C). Based on the class averages showing distinct
features and a two-fold symmetry (Figure 4D), we were able to
solve the structure of the SynDLP MGD dimer at a global resolu-
tion of 3.8 A (Figure S3D). The local resolution in the periphery of
the reconstruction was between 4.5 and 6.0 A, while in the core
of the reconstruction, the resolution was 3.6-4.0 A (Figure 4E).
The derived atomic model shows that the dimer interface is indeed
formed via transverse (head-to-head) dimerization of the GD, and
the BSE domains form arms projecting away from the dimer cen-
ter (Figure 4F). The EM density in the center of the dimer, at the
dimer interface, was of appropriate quality to model side chains
and to place a model of the bound GMPPNP, revealing the sur-
rounding catalytic residues. When we aligned the monomer of
the full-length apo oligomer with the GMPPNP-bound MGD struc-
ture at the BSE domain, we found a downward tilt of the GD rela-
tive to the BSE domain by an angle of —3.6°, in contrast to the up-
ward tilt of 4.3° and 4.6° of the GD in the oligomer structures with
GDP and GTP, respectively (Figure 4G; see also Figure 2). When
we aligned the structures at the GD, we found an additional
displacement of the three-helix bundle relative to the GD (Fig-
ure 4H). This displacement moved the three-helix bundle toward
the stalk/BSE domain, which, in turn, exposed the dimerization
interface, enabling interaction of opposing monomers. The BSE
domain does not appear to undergo major structural changes
upon GMPPNP-induced dimerization in the MGD construct.

Upon inspection of the determined structure, we could identify
the three-helix bundle (aa 105-174) at the periphery of the GD, in
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addition to an extended domain outside the catalytic core, which
seemed to be involved in dimerization of the MGD construct
(Figures 5A and 5B, left, blue dimerization domain, aa 330-
422). When the catalytic core regions of the apo and
GMPPNP-bound GDs were aligned, a shift of the switch | loop
and a minor shift of the P loop in the catalytic core was observed,
similar to what has been described for human Dynamin-1'" (Fig-
ure S3E). When overlaying the full-length oligomer of the struc-
ture solved in the presence of GTP with the MGD dimer structure
in a putative transversal head-to-head interaction of the GDs, un-
resolvable clashes occur. However, when the MGD conforma-
tions (without an opposing GD in head-to-head interaction) are
overlaid with the oligomer structures, the observed molecular
displacements can be accommodated within the half-moon-
shaped oligomer (Figure S3F). Together, the observed MGD
conformation is compatible with the full-length SynDLP olig-
omer, whereas the transverse dimers observed with the MGD
could not occur in the context of the determined SynDLP olig-
omer structures due to steric clashes, suggesting a distinct reor-
ganization of the monomers in a GTP-bound oligomer.

We compared the structure of the GD with that of human
Dynamin-1 (PDB: 2X2E and 3ZYC)'"*? (Figure 5A, right) and
found that the BSE domain of SynDLP MGD with bound
GMPPNP is similar to the open conformation of the dynamin-1
BSE. We did not find any regions corresponding to the dimeriza-
tion domain and the three-helix bundle in Dynamin-1, which is
supported by sequence alignment of the respective GDs. The
comparison reveals additional subdomains that correspond to
the three-helix bundle and an extended dimerization domain
(Figure S4). The catalytic cores of SynDLP and Dynamin-1 are
highly similar (root-mean-square deviation [RMSD] < 1 ;Z\). Apart
from the additional dimerization domain, the dimerization
interface appears to be very similar between SynDLP and
Dynamin-1 (Figure 5B, right). In-depth comparison of the cata-
lytic cores revealed that the switch | and P loop are similar,
although the switch Il and trans-stabilizing loop from the
opposing monomer are shorter in SynDLP than in Dynamin-1
(Figures 5C and 5D). Moreover, SynDLP’s residue D269 appears
not to interact with the opposing switch I and P loop, whereas the
corresponding residue D180 in Dynamin-1 is directly interacting
with the opposing switch | and P loop. In addition, the G4 motif in
SynDLP is shorter than in Dynamin-1, and the G4 motifs of
opposing monomers are further apart in SynDLP, so there are
no major trans-stabilizing interactions via the G4 motif. Although
SynDLP’s cis interaction within the monomer of the guanine base

Figure 4. The MGD construct forms dimers in the presence of GTP analogs
(A) AlphaFold2-predicted structure of the minimal G-domain (MGD) construct, where the stalk domain has been removed (aa 474-748) and replaced by a linker of

9 aa.

(B) GTPase activity of SynDLP WT (black) vs. SynDLP MGD (red). Error bars represent SD; n = 3.
(C) Size-exclusion chromatogram of SynDLP MGD in the absence (cyan) and presence of GDP-AIF, (green) or GMPPNP (violet). SynDLP MGD in the absence of
nucleotides forms monomers (1.54 mL). Discrete peaks for dimers (1.35 mL) and monomers (1.54 mL) were observed upon addition of GDP-AIF,_ In the presence

of GMPPNP, SynDLP MGD mainly forms dimers (1.35 mL).
(D) Class averages of SynDLP MGD with bound GMPPNP.

(E) Local-resolution map of the cryo-EM structure of the SynDLP MGD dimer with bound GMPPNP.
(F) Cryo-EM structure with the corresponding atomic ribbon model of the SynDLP MGD dimer with bound GMPPNP. The top right inset shows details of the
bound nucleotide GMPPNP, including relevant side chains, involving the previously identified catalytically relevant residue K61.%° The bottom right inset shows

details of the dimer interface.

(G and H) Comparison of the apo SynDLP full length and the GMPPNP-bound MGD structure aligned at the BSE (G) and the GD (H).

10 Cell Reports 43, 114657, September 24, 2024



Cell Reports ¢? CellP’ress

OPEN ACCESS

3-Helix
Bundle

BSE-Domain aa 105-174

Dimerization
Domain
aa 330-422

SynDLP Dynamin-1 Dynamin-1
open conformation closed conformation open conformation
PDB: 2X2E PDB: 3ZYC

Dynamin-1 Dimer

Switch Il

Dyn-1
(g 3 |
Dyn-1

G4 motif

3-Helix bundels

SynDLP N siten
>
D269
Trans

stabilizing
loop

SynDLP '
H
SynDLP D

Dimerization Domains

Figure 5. Comparison of the SynDLP MGD dimer with the dynamin-1 dimer

(A) Domain architecture of the SynDLP G-domain and comparison of the GDs of SynDLP and Dynamin-1 in the closed and open conformation. The structures of
the SynDLP and Dynamin-1 catalytic cores (orange) are highly similar (RMSD 0.937 A). The structure of the SynDLP BSE (red) is similar to the Dynamin-1 BSE in
the open conformation. The dimerization domain (blue) and three-helix-bundle (green) are not present in Dynamin-1.

(B) Models of GD dimers of SynDLP (left) and Dynamin-1 (right). Models are colored by domain architecture.

(C and D) The dimer interface in the catalytic core of the GDs of Dynamin-1 (C) and SynDLP (D). Left: comparison of switch I, the P loop, and the trans-stabilizing
loop. Center: comparison of the G4 motifs. Right: simplified model of trans-stabilizing interactions in the respective head-to-head GD-GD dimers.
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with D299 analogous to D208 in Dynamin-1 appears to be
conserved, trans interaction could not be identified in the G4
motif of SynDLP while being present for D211 in Dynamin-1.
Instead, the SynDLP GD dimer appears to be mainly stabilized
by the extended additional dimerization domain. The catalytic
core of SynDLP contains less trans-stabilizing interactions
compared to what has been observed thus far in DLPs, while
the dimer is stabilized largely by an extra domain that is not pre-
sent in classical dynamins.

DISCUSSION

In this study, we provide the structural basis for conformational
adjustments mediated by GTP binding and/or hydrolysis by
means of determined SynDLP cryo-EM structures from short
oligomers upon addition of GDP and GTP, respectively (Figure 1).
We show that the presence of nucleotides led to tilting of the GD
and BSE domain by ~4.5° in comparison with the previously
resolved apo structure,®® which, in turn, translates to a slightly
altered oligomeric assembly architecture (Figure 2). Upon incu-
bation of SynDLP with DOPG vesicles, we experimentally
observed formation of large tubular SynDLP assemblies (Fig-
ure 3). Based on structural analyses of the oligomer, we devel-
oped an expanded SynDLP model resulting in tubular assem-
blies with dimensions similar to the experimentally observed
tubular structures. Moreover, we showed that SynDLP GD-GD
dimerization is mediated by an extended dimerization domain
rather than via the trans-stabilizing loop and residues of the G4
motif, as observed for other DLPs (Figures 4 and 5).

Our analysis of the full-length SynDLP structure with nucleo-
tides was limited by the observation that GTP analogs cause for-
mation of ill-defined SynDLP assemblies as well as the high
GTPase activity of SynDLP. However, we observed small
domain shifts and rotations between the full-length structures
in the GDP and GTP-added samples. Therefore, the full-length
structure solved after addition of GTP is likely a post-GTP hydro-
lysis structure. Oligomeric structures as observed for SynDLP in
its apo state or upon addition of GDP and GTP, respectively,
have been observed for the mitochondrial DLP Drp1,°" which
forms tetramers and other small oligomers in the apo state.
Nevertheless, upon addition of GTP, Drp1 (co-assembled with
MID49) forms curved filamentous copolymers that can close to
form ring-like structures, resembling the SynDLP filamentous
oligomers observed here. However, in the presence of the GTP
analog GMPPCP, Drp1-MID49 copolymers extend to form linear
filaments. The monomer structure of Drp1 in the linear filament is
reminiscent of the SynDLP full-length structures (with or without
nucleotides) determined here.

In the filamentous SynDLP oligomers, the GDs form stable lon-
gitudinal GD-BSE contacts that appear to be critical for the re-
ported high GTPase activity.*® In line with this observation, the
MGD mutant lacking the ability to form longitudinal GD-BSE con-
tacts showed significantly lowered GTPase activity. However,
binding of a non-hydrolyzable GTP analog induces structural re-
arrangements, as observed with the MGD, leading to the forma-
tion of a SynDLP head-to-head GD-GD dimer. GD dimerization
of GTP-bound states, mimicked via binding of non-hydrolyzable
GTP analogs such as GMPPNP, has also been shown for similar
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constructs of eukaryotic MGDs.**** However, nucleotide-
dependent dimerization of MGD constructs is typically observed
in the presence of a transition state analog, such as GDP-AIF4, as
demonstrated for the eukaryotic DLPs Dynamin-1, MxA, Drp1,
mitofusin 1, OPA1, Sey1p, atlastin, and Vps1.'7:3336:43.44 pg
most eukaryotic DLPs form oligomeric filaments on membrane
surfaces, resulting in the formation of membrane tubes, a low
dimerization affinity in the GTP-bound state appears to be suffi-
cient at the locally high monomer concentration to mediate GD-
GD dimerization. A more stable GD-GD dimer is required during
the power stroke.”® In the case of SynDLP, GTP binding
(mimicked by GMPPNP) was found to trigger GD dimerization,
whereas the MGD dimer was less stable with the transition state
analog GDP-AIF,. Of note, the yeast DLP Sey1p, which mediates
fusion of the endoplasmic reticulum membrane, completely di-
merizes in the presence of GMPPNP.® Together with the obser-
vations described here, these data indicate that an increased af-
finity of GD-GD dimerization in the GTP-bound state is critical for
membrane remodeling triggered by fusogenic DLPs.

In comparison with human Dynamin-1, the SynDLP catalytic
core lacks critical trans-stabilizing features (shorter trans-stabi-
lizing loop, switch Il and G4 motif, fewer trans-stabilizing resi-
dues). Instead, SynDLP GD dimerizes via its unique dimerization
domain. Furthermore, the SynDLP GD possesses an additional
three-helix bundle,*® and our analysis here shows that this
three-helix bundle blocks head-to-head GD-GD dimerization in
the apo state, while it appears to be displaced when GMPPNP
is bound, enabling GD dimerization. Thus, the three-helix bundle
is a regulatory domain that potentially controls GD-GD dimeriza-
tion in a DLP subclass. Remarkably, analysis of cyanobacterial
DLP sequences indicates that this three-helix-bundle appears
to be conserved at least in the KGK (lysine-glycine-lysine
domain) clade of cyanobacterial DLPs.“® In contrast, we
observed neither the three-helix bundle nor the extended dimer-
ization domain in the published structures of other fusogenic
DLPs, such as atlastin, Seylp, Mgm1, mitofusin 1, and
OPA1,36:43:44:47.98 nor in other resolved prokaryotic DLPs struc-
tures from Nostoc punctiforme BDLP, IniA, Campylobacter jejuni
DLP1/2, and LeoA."""??%49 Therefore, we currently cannot link
the special structural characteristics of the SynDLP GD identified
here to other dynamin members or other protein functions, such
as membrane fusion activity. Thus, to date, we consider these
structural features to be unique.

In classical dynamin filaments (i.e., Dynamin-1°%), head-to-
head GD dimers connect two adjacent helical rungs through
the trans-stabilizing loop that bridges from one GD to the nucle-
otide binding site of the opposing GD. Thereby, flexible switch
regions within the catalytic core are stabilized, and the adjacent
helical rungs are pulled together by a GTP-driven domain move-
ment of the two hinges. The domain rearrangement allows
sliding of adjacent rungs and dimerization with the next GD after
binding a new GTP molecule and thus enables constriction of the
dynamin filament. However, the structures of SynDLP deter-
mined here reveal that this DLP is not capable of forming canon-
ical head-to-head GD dimers in the apo state, as access to the
GD is blocked by the longitudinal GD-GD contacts and the addi-
tional three-helix bundle. Nevertheless, the latter domain is dis-
placed in the presence of the GTP analog GMPPNP, enabling
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head-to-head GD-GD dimerization via the dimerization domain.
However, the full-length oligomer structures of the apo state as
well as in the presence of GDP and GTP are not compatible
with formation of the head-to-head GD-GD interactions deter-
mined based on the MGD dimer because (1) the three-helix
bundle of the opposing GD will clash with the stalk region of
the oligomer and (2) the SynDLP rung will cross with the
opposing rung. Therefore, the SynDLP oligomer possibly un-
dergoes significant rearrangements involving the stalk domain
to form a new oligomeric assembly upon GTP binding, or
head-to-head interactions will either only be possible at the
ends of oligomers or will lead to disassembly of the oligomers,
at least in part. The latter is consistent with our observation
that no filamentous oligomers were found in the GMPPCP
and GMPPNP samples of the wild-type protein. Furthermore,
the full-length SynDLP likely also dimerizes via longitudinal
GD-GD contacts. The full-length interaction cannot be
described by a simple monomer-dimer model, as it appears to
be more complex, in agreement with the observation that
multiple and diverse oligomeric structures are involved in the
SynDLP activity. For Dynamin-1, it is thought that the constric-
tion activity involves sliding of adjacent rungs and GD dimeriza-
tion with the next GD after binding a new GTP molecule while
retaining interactions in the stalk domain. Based on the data pre-
sented here, an analogous activity appears to be unlikely for
SynDLP.

Typically, DLPs use a combination of GTPase-driven confor-
mational changes and mechanical force generated by their olig-
omerization to tubulate membranes and/or induce fission. The
GTPase activity of DLPs leads to a conformational change that
causes them to form helical assemblies around a membrane
neck. Preceding the interaction with the membrane, prototypical
dynamins, containing a relatively large Pleckstrin homology
domain as MID, form an auto-inhibitory (tetrameric) oligomer
that undergoes structural rearrangements to form a GTPase
active assembly.®">> Formation of this assembly generates the
mechanical force that increases the curvature of an enclosed
membrane and eventually destabilizes a bilayer due to extreme
curvature and subsequent constriction of the assembly. The
induced curvature can either result in membrane fission (rupture
of the tube at the destabilized bilayer) or membrane fusion (spon-
taneous connection of two opposing destabilized bilayers to
release the curvature stress). In addition to transverse GD-GD
contacts, the conformational changes during a GTP hydrolysis
cycle include relative domain movements enabled by a pro-
nounced flexibility of the two hinges. Noteworthy is that the exact
conformational changes differ significantly among members of
the dynamin superfamily.”® DLP assemblies that tubulate mem-
branes typically have outer diameters between 25 and 50 nm."*
The diameter of the experimentally observed irregular tubes that
form when SynDLP is co-incubated with DOPG vesicles is 90—
110 nm and, thus, significantly larger than most other compara-
ble assemblies. Based on the analyzed micrographs, the identi-
fied SynDLP tubes were not straight and did not form a regular
array on continuous lipid tubules, as observed for other
DLPs."®°%5* However, yeast Dnm1, which acts as a eukaryotic
fission DLP at the outer mitochondrial membrane, forms protein
tubes around appropriate membranes with an outer diameter of
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approximately 130 nm,”® which is comparable to the size

of SynDLP tubes. Although we observed membrane tubules in
the SynDLP+DOPG sample that shrank from 40 to 25 nm
upon addition of GMPPNP, we could not unambiguously
observe SynDLP-mediated constriction of tubes. Nevertheless,
the SynDLP monomers undergo substantial conformational rear-
rangements upon GTP binding, as suggested by our GMPPNP-
bound MGD structure.

So far, we failed to identify a single membrane interaction site
for SynDLP, and the membrane-interacting residues of SynDLP
remain unidentified. It is well possible that multiple regions of the
SynDLP oligomers are involved in membrane binding. While
other DLPs have defined MIDs that mediate membrane binding
and subsequently trigger protein oligomerization, SynDLP forms
large homo-oligomers already in solution in the absence of mem-
branes. For example, in Dynamin-1 or Drp1, oligomerization in
solution is prevented by steric interference between the mono-
mers caused by additional domains inserted into the stalk
domain, such as the Pleckstrin homology domain (Dynamin-1)
oran intrinsically disordered variable domain (Drp1).°%>” Howev-
er, SynDLP shows a less complex domain arrangement without
such additional domains, enabling protein oligomerization
already in solution without the need for switching of domains
induced by nucleotide and/or membrane binding. While we
were unable to detect membrane-bound protein density of
SynDLP in our micrographs, occasionally proteinaceous density
was found loosely attached to vesicles. However, as shown pre-
viously,*® SynDLP is binding to PG vesicles under the given con-
ditions. Therefore, we reason that the membrane-bound form of
SynDLP is either too small and/or short lived to be visualized by
cryo-EM. Another possibility is that the SynDLP tubes observed
here already represent the membrane-bound form of SynDLP.
Due to their irregular shape, it is possible that they have incorpo-
rated small membrane pieces or individual lipids in their tube
lumen.

Like other DLPs, SynDLP has been shown to destabilize PG-
containing membranes, which enables liposome fusion in vitro
in the absence of nucleotides.®® By measuring the vesicle
circumference under different conditions, we now show that
SynDLP is capable of membrane fusion in the absence of nucle-
otides (as shown before) as well as in the presence of GDP. The
strongest increase in vesicle size and, therefore, membrane
fusion was observed upon addition of GMPPNP. While SynDLP
clearly remodels membranes by fusing (and tubulating) vesicles
in the absence of nucleotides, as also observed for BsDynA, the
fusogenic BDLP of B. subtilis, nucleotide binding and/or hydro-
lysis may well be involved in regulating the protein activity, as
observed for BsDynA.'%%%*® Although SynDLP destabilizes
and remodels membranes, it is possibly involved in membrane
repair processes caused by environmental stresses or phage
infection, similar to BsDynA acting against pore-forming antibi-
otics by fusing membranes.’®°® Given the size of the SynDLP
tubes and its structural similarity to Drp1, it may also be possible
that SynDLP is involved in fusion/fission of large internal mem-
brane systems; i.e., the cyanobacterial thylakoid membrane sys-
tem during cell division.

In conclusion, our study provides insights into changes of
the SynDLP structure mediated by GTP binding and/or
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hydrolysis. Initially, apo SynDLP is organized in short, filamen-
tous, half-moon-shaped oligomers in solution. In the presence
of membranes, these SynDLP oligomers form extended irregular
tubes. GTP binding induces structural rearrangements in the GD
and BSE domains, leading to GD dimerization, as shown here
with a minimal GD construct. While the three-helix bundle
partially blocks access to the nucleotide binding site in the apo
state, it is displaced in the GMPPNP-bound state, enabling
head-to-head dimerization via a unique dimerization domain.
Further, we show that nucleotides may stimulate the membrane
fusion activity of SynDLP. Our study thus provides a basis for
future research aiming to elucidate the mechanisms underlying
BDLP-mediated membrane remodeling.

Limitations of this study

We monitored SynDLP-mediated membrane fusion of nega-
tively charged liposomes in a previous study via DLS and a fluo-
rescence resonance energy transfer (FRET)-based fusion
assay®® and in this study by cryo-EM imaging. Although
SynDLP shifted the size of the vesicles to larger diameters, it
is not clear how SynDLP mediates membrane fusion, as we
could not clearly identify any prototypical fusion intermediates
or membrane-attached protein density. Capturing these fusion
intermediates is a challenging task, as the reaction appears to
be either too fast or the intermediates are too short-lived/unsta-
ble to be captured by conventional plunge freezing and cryo-
EM. One option to tackle this issue would be the creation of
SynDLP mutations that slow down or halt the fusion process
at specific stages (as has been done for eukaryotic DLPs
before) or to use different nucleotide states to modify the fusion
process in such a way that intermediates can be captured.
Importantly, thus far we were unable to unambiguously identify
a membrane binding domain in SynDLP. The analyses are
complicated by SynDLP forming large oligomers already in so-
lution, in the absence of membranes. Further analyses of
SynDLP variants will help to eventually describe the mode by
which SynDLP interacts with membranes. Further, we showed
that the SynDLP MGD construct readily forms GD head-to-
head dimers in the presence of nucleotide analogs, while the
full-length protein only produces aggregates under the same
conditions. The discrepancies between the MGD and full-
length protein are somewhat enigmatic and suggest either rear-
rangement of the oligomers or disassembly of the oligomers
upon GTP binding. Thus, this issue should be addressed in
future experiments. Finally, while our previous and current an-
alyses have enabled us to structurally describe SynDLP, its pre-
cise in vivo function remains to be elucidated.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains
E. coli Rosetta-gami (DE3) Novagen 71136-3
Chemicals, Peptides, and Recombinant Proteins
SynDLP This study UniprotKB: P73765
SynDLP MGD This study NA
SynDLP-RKxxR-A This study NA
DOPG AvantiPolarLipids Cat#840475C
DOPC AvantiPolarLipids Cat#850375C
Laurdan Sigma-Aldrich Cat#40227
GTP Sigma-Aldrich Cat#51120-1G
GDP Sigma-Aldrich Cat#G7127-1G
GMPPNP Jena-Bioscience Cat#NU-401-50
GMPPCP Jena-Bioscience Cat#NU-402-25
Deposited Data
SynDLP+GDP structure This study PDB: 9EM7
EMD-19812
SynDLP+GTP structure This study PDB: 9EM8
EMD-19813
SynDLP MGD+GMPPNP structure This study PDB: 9EM9
EMD-19814
SynDLP apo structure Gewehr et al*® PDB: 7ZW6
EMD-14993
Dynamin-1 MGD Chappie et al.'” PDB: 2X2E
Dynamin-1 MGD Chappie et al.*? PDB: 32YC
Oligonucleotides
Primers see Table S1 NA
Recombinant DNA
pET303-s/r0869-CT/His Gewehr et al.*® NA
pET303-s/r0869-CT/His SynDLP MGD This study NA
pET303-s/r0869-CT/His SynDLP-RKxxR-A This study NA
Software and Algorithms
ImageJ Rueden et al.?® https://imagej.nih.gov/ii/
OriginPro2023b OriginLabCorp. https://www.originlab.com/
cryoSPARC v3 Punjani et al.®’ https://cryosparc.com/
Co0t0.9 Emsley et al.®? https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/
Phenix Afonine et al.5*% https://phenix-online.org/
WARP Tegunov and Cramer®® http://www.warpem.com/warp/
EPU ThermoFisher Scientific https://www.thermofisher.com/de/
de/home/electron-microscopy/products/
softwareem-3d-vis/epu-software.html
UCSF ChimeraX Goddard et al.®® https://rbvi.ucsf.edu/chimerax/
ISOLDE Croll®” https://tristanic.github.io/isolde/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LocSCALE Jakobi et al.®® https://gitlab.tudelft.nl/aj-lab/locscale
AlphaFold2 Jumper et al.®® https://github.com/google-deepmind/alphafold
Other

Quantifoil Grids R1.2/1.3 Cu 200 mesh Electron Microscopy Sciences Cat#Q210CR1.3

Quantifoil Grids R2/1 Au 200 mesh Electron Microscopy Sciences Cat#Q210AR1

Quantifoil Grids R2/1 Cu 200 mesh Electron Microscopy Sciences Cat#Q210CR1

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carsten
Sachse (c.sachse@fz-juelich.de).

Materials availability
All unique and stable reagents generated in this study are available from the lead contact with a completed Material Transfer
Agreement.

Data and code availability
® The EMDB accession numbers for cryo-EM maps and SynDLP models are EMD-19812, EMD-19813, EMD-19814 and PDB:
9EM?7, 9EMS8, 9EM9.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E. coli Rosetta-gami (DE3) transformed with the respective plasmids (see key resource table) were grown at 37°C in LB medium until
an OD600 of 0.6-0.8 was reached with appropriate antibiotic supplementation. Expression of SynDLP was induced via addition of
IPTG (1 mM). Cells were grown at 20°C overnight, harvested by centrifugation.

METHOD DETAILS

Expression and purification of SynDLP

SynDLP WT (ORF s/r0869 of Synechocystis sp. PCC 6803) and SynDLP-RKxxR-A were expressed in E. coli Rosetta-gami (DE3) using
pET303-CT/His plasmids. The cell pellet was resuspended in buffer (50 mM NaH,PO,4, 300 mM NaCl, 10% glycerol, 10 mM imid-
azole, pH 8.0). After homogenization with a Potter-Elvehjem device cells were lysed with an LM20 microfluidizer (Microfluidics inter-
national cooperation, Westwood, MA, USA) for four rounds at a pressure of 18,000 psi. The crude cell extract was centrifuged
(15,000g, 10 min, 4°C) and the supernatant was mixed with a Ni-NTA matrix (Protino, Macherey-Nagel, Duren, Germany). After in-
cubation at 4°C for 2 h, the matrix was washed six times with the same buffer supplemented with either 20 mM, 40 mM or 50 mM
imidazole, respectively. SynDLP was finally eluted with buffer containing 500 mM imidazole. After addition of 0.2 mM DTT, the pro-
teins were further purified via gel filtration using a Sephacryl S-400 HR column (Cytiva, Freiburg, Germany) equilibrated with 20 mM
HEPES pH 7.4, 0.2 mM DTT on an AKTA purifier 10 system (GE Healthcare, Munich, Germany). Protein concentrations were deter-
mined using a reducing agent compatible BCA assay kit (PierceTM, Thermo Fisher Scientific, Darmstadt, Germany). For expression
of the SynDLP minimal G-domain construct (SynDLP-MGD), the pET3083-s/r0869-CT/His plasmid was mutated via Gibson assem-
bly’® (primers in Table S1). SynDLP-MGD was expressed and purified analogous to SynDLP except that the gel filtration step was
performed using a Superdex 200 Hi-Load 16/600 column (Cytiva, Freiburg, Germany) with some exceptions: The cell pellet was incu-
bated with 25 ng/mL lysozyme for 30 min prior to cell lysis. The purification included only four washing steps with buffer supple-
mented with 20 mM or 40 mM imidazole, respectively.

Liposome preparation and lipid reconstitution

Dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) dissolved in chloro-
form were purchased from Avanti polar lipids (Alabaster, Alabama, USA). Lipid films were produced by evaporating the solvent under
a gentle stream of nitrogen and vacuum desiccation overnight. The lipid films were rehydrated in 5 mM MgCl,, 7.5 mM KCI, 20 mM
HEPES pH 7.4 by shaking for 30 min at 37°C. The resulting liposome solution was subjected to five freeze-thaw cycles, combined
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with sonication at 37°C in a bath sonicator. SUVs (small unilamellar vesicles) were generated by extrusion of the liposome solution
through a porous polycarbonate filter (100 nm pores). For SynDLP lipid reconstitution, SynDLP was added to DOPG SUVs together
with or without 1 mM nucleotides and incubated at RT for 3 h. Then the mixture was applied to TEM grids and plunge frozen (see below).
In the membrane binding experiments, DOPC/DOPG (70:30) liposomes were used. Laurdan (Sigma-Aldrich, Munich, GER) was added
at a molar ratio of 1:500 to the lipid mixture in the organic solvent (CHCIz/MeOH 2:1 (v/v)). The lipid film was completely dried by evap-
orating the solvent under a nitrogen stream and vacuum desiccation overnight. Liposomes were prepared by hydrating the lipid film in
storage buffer (20 mM HEPES, 0.2 mM DTT, pH 7.4) and via freezing in liquid nitrogen and thawing at 37°C, repeated five times.

Membrane binding assay

The fluorescent dye Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine) is a lipophilic probe that incorporates into lipid bilayers.
It can be used to analyze interactions of proteins with membranes via monitoring changes in the membrane lipid order upon addition
of protein.®®”" Polarity changes in the fluorophores environment caused by protein adhesion to the membrane surface result in
changes of the Laurdan emission spectra. 0.1 mM DOPC/DOPG (70:30) liposomes were incubated with 0.5 uM protein and without
protein in buffer for 1h at RT. Laurdan fluorescence emission spectra were recorded from 400 to 550 nm at 25°C with excitation at
350 nm using a Fluoromax-4 spectrometer (Horiba Scientific, Kyoto, JPN). The excitation and emission slit widths were adapted to a
spectral resolution of 3 nm. The data were analyzed with MS Excel (Office 365) and OriginTM (OriginLab Corporation, Northampton,
MA, USA). After subtraction of a buffer blank spectrum, the generalized polarization value (GP) value was calculated via Equation 1:

GP = (lsso — lago) / (laao + lago) (Equation 1)

la40 and l4go represent the Laurdan fluorescence emission intensities at 440 and 490 nm. To obtain the AGP values, the value deter-
mined with liposomes in absence of protein was subtracted.

GTPase assay

GTPase activity was measured using a modified version of a continuous, regenerative and coupled GTPase assay. Reaction buffer
(final concentrations: 20 mM HEPES pH 7.4, 150 mM NaCl, 7.5 mM KCI, 5 mM MgCl,, 0.2 mM DTT) was mixed with phosphoenolpyr-
uvate (final concentration: 1 mM). 2.33% v/v PK/LDH (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and NADH (final concen-
tration: 0.6 mM) (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) were added to obtain a master mix. Different concentrations of GTP
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) dissolved in 20 mM HEPES pH 7.4 were added to the master mix, and the so-
lutions were incubated at 4°C for 15 min to convert all remaining GDP to GTP. The protein (0.5 uM final concentration) and pure buffer
(blank) were placed into a 96-well plate and mixed with the GTP-containing master mix, resulting in a final volume of 150 pL per well.
The absorption at 340 nm was observed over 2-3 h with a microplate reader (FLUOstar Omega, BMG Labtech GmbH, Ortenberg, Ger-
many) at 30°C. The activities at different substrate concentrations were calculated as follows: The absolute value of the slope of the
blank measurement was subtracted from the absolute value of the maximum linear absorption decrease at 340 nm, yielding the cor-
rected decrease of the absorption at 340 nm over time (Aacorr). The GTP hydrolyzing activity was calculated with Equation 2:

Activity = d*?ficg”, (Equation 2)
protein

¢ refers to the molar extinction coefficient of NADH at 340 nm (6220 M~" cm™") and d is the thickness of 150 uL sample volume in a
96-well plate (0.38 cm). The calculated activities were plotted against the GTP concentrations. The data points were fitted with a
Michaelis-Menten equation (Equation 3) to determine the turnover rate (kcat) and the Michaelis-Menten constant (Km).

_[GTP]  Keat

Activity (|GTP]) = (GTP]+Knm

(Equation 3)

When the inhibitor guanosine-5'-[B,y-imido]triphosphate (GMPPNP) was used, SynDLP (final concentration: 0.25 uM) was incu-
bated for 15 min at RT in the presence of the 0 mM, 0.05 mM, 0.1 mM or 0.3 mM GMPPNP before the remaining assay components
were added. The steady-state kinetics of the SynDLP GTPase activity revealed a cooperative behavior in the presence of GMPPNP
(as further outlined in the text). Consequently, the experimental data were analyzed based on the Monod-Wyman-Changeux (MWC)
model.”? In the MWC model, it is assumed that cooperativity arises from the concerted transition of n functionally coupled subunits
(the allosteric unit) from a low affinity T-state to a high affinity R-state upon increase of substrate concentration. Cooperativity is
observed only, if in the absence of substrate (or ligand) the T-state strongly dominates. If the R-state prevails, no or only weak co-
operativity is observed. In the MWC model, an inhibitor preferentially binds to the T-state, shifting the conformational distribution to
the T-state, thus more substrate is needed to populate the R-state. The steady-state kinetic observed at different GMPPNP concen-
trations were analyzed by globally fitting Equation 4 to the data:

[GTP) + (an + (14K + [GTP]+Z5 + [GMPPAP])"~"+ar + L(1+Kr + [GTP}+Zr + [GMPPnP])" ")
(

Activity ((GTP]) = (1+Kg * [GTP|+Z5 * GMPPRP])"+L + (1+Kr * [GTP|+Z+ * GMPPP])"

Equation 4)
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Here, L is the allosteric equilibrium constant that describes the ratio of the concentration of allosteric units in the T- and R-state in the
absence of substrate or inhibitor: L = [TyJ/[Ry]. The affinity of substrate and inhibitor for the R and T-states are Kgr (K7) and Zxr (Z7),
respectively. Additionally, the catalytic activity might differ for the R and the T-state, denoted by Vg and V7, respectively. For numer-
ical reasons, the products VgrKr and V7Kt are treated as individual parameter in the fit, denoted by ag and ar, respectively. N is the
number of allosteric subunits and was set to a fixed value before the fit. In this way, varying values of n were tested and the resulting fit
curves were evaluated with regard to how they match the experimental data points based on the value of /.

Sedimentation assay

0.5 uM SynDLP was incubated for 30 min at 4°C in reaction buffer. Optionally, 2 mM nucleotide (GTP, GDP, GMPPNP) was added
before the incubation. Reactions were centrifuged in a TLA-100 rotor (Beckman Coulter GmbH, Krefeld, Germany) at 4°C, 60,0009 for
30 min using an Optima MAX-XP ultracentrifuge (Beckman Coulter GmbH, Krefeld, Germany). Supernatant (S) and pellet (P) were
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie staining. SynDLP
band intensities were determined using the software Fiji-iImageJ.®® Relative intensities were calculated by dividing supernatant or
pellet band intensity by the sum of supernatant and pellet band intensity.

Size exclusion chromatography

SynDLP-MGD (10 pM) was incubated in reaction buffer with 2 mM nucleotides at 4°C. The transition state analog GDP-AIF, was
generated from a mixture of 2 mM GDP, 2 mM AICl; and 20 mM NaF. After 30 min incubation, a Superdex 200 3.2/300 column (Cytiva,
Uppsala, Sweden), equilibrated with reaction buffer, was loaded with 30 L of the reactions. Proteins were eluted using an AKTA pu-
rifier 10 system (GE Healthcare, Munich, Germany) at 7°C and a flow rate of 0.04 mL/min). Typical standard proteins (Figure S3B)
were used for protein size estimation.

ANS fluorescence thermal shift assay

For the fluorescence thermal shift assay, SynDLP (5 uM) was mixed with 50 pM of the fluorophore 8-anilinonaphthalene-1-sulfonic
acid (ANS) in reaction buffer in the absence or presence of 2 mM nucleotide. Fluorescence emission was recorded from 400 to
600 nm using a JASCO FP-8500 fluorescence spectrometer (JASCO cooperation, Tokyo, Japan) upon excitation at 370 nm. Integra-
tion time was 0.1 s and the excitation and emission slits were set to 2.5 nm. Spectra were recorded with a scan rate of 200 nm/min,
1 nm steps at temperatures ranging from 20°C to 80°C in 1°C steps and a heating rate of 1°C/min. The fluorescence intensity at
470 nm was used as a measure of the SynDLP folding state. Three independent measurements were combined for each sample.
The datasets were interpolated due to different actual temperatures and then averaged to obtain a melting curve of the protein.
The transition temperature was determined using an adapted Boltzmann fit (Equation 5):

Freas(T) = (T x mN+FN)T_ (;.— * Mo +Fp +(T «+mp + Fp) (Equation 5)
- m

1+e dT

Freas denotes the measured fluorescence intensity at 470 nm, while T is the temperature. Fy and F are the fluorescence intensities
at the plateau regions of the native and the denatured protein, my and mp are the slopes of the corresponding plateaus. It is important
to note that fitting using Equation 5 could not be applied to the entire measured temperature range, as the ANS fluorescence strongly
depends on the temperature besides binding to a folded or denatured protein. Therefore, the adjusted data includes a temperature
range of 20°C-25°C capturing the transition phase.

Electron cryomicroscopy

SynDLP was incubated with 1 mM GTP or GDP inin 5 mM MgCly, 7.5 mM KCI, 20 mM HEPES pH 7.4 for 5 min at RT and stored onice
for plunge freezing (20 min max). Grids were prepared by applying 3.5 uL SynDLP to glow-discharged (PELCO easiGlow Glow
Discharger, Ted Pella Inc.) Quantifoil grids (R1.2/1.3 or R2/1 Cu or Au 200 mesh, Electron Microscopy Sciences). The grids were
plunge-frozen in liquid ethane using a ThermoFisher Scientific Vitrobot Mark IV set to 90% humidity at 10°C (blotting force —5, blot-
ting time 3 to0 3.5 s, 30 s preincubation on the grid for sample containing DOPG). Movies were recorded on a 200 kV Talos Arctica G2
(ThermoFisher Scientific) electron microscope equipped with a Bioquantum K3 (Gatan) detector operated by EPU (ThermoFisher
Scientific).

The SynDLP MGD sample was incubated with 2 mM GMPPNP for 45 min at 4°C. Then the sample was applied to SEC to isolate the
dimer fraction (Superdex 200 10/300 column, elution buffer: 150 mM NaCl, 0.2 mM DTT, 5 mM MgCI2, 7.5 mM KCI, 20 mM HEPES pH
7.4). Fractions of the dimer peak were pooled, concentrated to 3.5 mg/mL and immediately plunge frozen. 4.0 uL sample were
applied to glow-discharged (PELCO easiGlow Glow Discharger, Ted Pella Inc.) Quantifoil grids (R1.2/1.3 Cu 200 mesh, Electron Mi-
croscopy Sciences). The grids were plunge-frozen in liquid ethane using a Leica EM GP2 set to 70% humidity at 10°C (sensor guided
backside-blotting, blotting time 4 s). Movies were recorded on a 200 kV Talos Arctica G2 (Thermofisher Scientific) electron micro-
scope equipped with a Bioquantum K3 (Gatan) detector operated by EPU (ThermoFisher Scientific).

Sample and data collection details are included in Table 1.
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Cryo-EM image processing

SynDLP WT: Movie frames in super resolution were gain corrected, dose weighted and aligned using cryoSPARC Live.®" All following
image processing steps were performed using cryoSPARC. The steps were similar for the GTP and GDP dataset. Particles were
picked using the template picker with the 20 A low-pass filtered SynDLP apo map (EMD-14993)*® as template. The picked particles
were extracted with a box size of 450 px and Fourier cropped to 256 px. The extracted particles stack was cleaned up by multiple
rounds of 2D classification. An ab-initio reconstruction was created from these particles and further refined by multiple rounds of non-
uniform refinements and heterogeneous refinements. The particles from the last step were then re-extracted at full resolution (450 px
box size with 0.8685 A voxel spacing), subjected to a last round of heterogeneous refinement and non-uniform refinement with de-
focus and CTF refinement to correct for higher order aberrations. The resolution of the final reconstructions was determined by Four-
ier shell correlation (auto-masked, FSC = 0.143) (Figure S1C). The local resolution distribution and local filtering was performed using
cryoSPARC.

SynDLP MGD: Movie frames were binned to the physical pixel size, gain corrected, dose weighted and aligned using WARP.®® All
following image processing steps were performed using cryoSPARC.®" Initially, particles of a 350-micrograph subset were picked
using a blob picker (146 A blobs). The nine best-looking 2D classes of these particles were used as templates for a template-based
picker. The picked particles were extracted with a box size of 300 px (245 A) and Fourier cropped to 100 px. The extracted particles
stack was cleaned up by multiple rounds of 2D classification. The final particle subset contained only classes that could be success-
fully centered on a single particle. These particles were extracted with a 450 px box (367 A). A two-class ab-initio job was performed
to further clean the particle stack in 3D, followed by multiple rounds of heterogeneous refinement. The particles from the last step
were subjected to non-uniform refinement with imposed C2 symmetry and then subjected to defocus and CTF refinement to correct
for higher order aberrations. To relax the imposed symmetry, a symmetry expansion job followed by local refinement without
imposed symmetry was used. The resolution of the final reconstructions was determined by Fourier shell correlation (auto-masked,
FSC = 0.143) (Figure S3D). The local resolution distribution and local filtering was performed using cryoSPARC.

Cryo-EM map interpretation and model building

The 3D reconstructions were B-factor sharpened in phenix (phenix.auto-sharpen).”® The handedness of the final map was deter-
mined by rigid-body fitting the structure of SynDLP (PDB:7ZW86)*® into the final maps using ChimeraX®®"* and flipped accordingly.
PDB: 7ZW6 was MDFF fitted to the 3D reconstructions using ISOLDE.®” Then an assembly of eight monomer copies was built to fit
the whole map. The assembly models were subjected to auto-refinement with phenix.real_space_refine®*(with NCS constraints and
NCS refinement). After auto-refinement the models were used for local model based map sharpening with LocSCALE®® to produce
the final maps. The auto-refined models were checked/adjusted manually in Coot® before a final cycle of auto-refinement with phe-
nix.real_space_refine®*(with NCS constraints and NCS refinement). After final inspection, the model was validated in phenix.valida-
tion_cryoem®*/Molprobity’®. The same procedure was used for building of the SynDLP MGD dimer model, except that a
AlphaFold2°° prediction of the dimer was used as initial model.

To create the structures of fully assembled SynDLP tubes, two octameric assembly were fitted to the density of uncropped SynDLP
half-moon shaped oligomers (see Figure S2A) and measuring the displacement and rotation axis between the central dimers of each
octamer. This refers to a displacement of four asymmetric units, therefore the measured rotation and rise were divided by four to get
the helical symmetry parameters for the asymmetric units. These parameters were then applied to the dimer (the asymmetric unit) to
create the structural model of the fully assembled SynDLP tubes. Image processing and model building was completed using
SBGrid-supported applications.”® Cryo-EM structure determination and model refinement details are given in Table 2.

Analysis of membrane images

For characterization of the membrane morphology, SUV only (control), SUVs with SynDLP, SynDLP+GDP, and SynDLP+GMPPNP
datasets were analyzed. Statistical analysis of the membrane features was performed on segmentations of the micrographs. Multiple
micrographs from each dataset were manually segmented at a pixel size of 7 A and given as patches as a training dataset to a stan-
dard U-Net”” with a depth of 4, patch size of 256, kernel size of 3 and batch size of 32. The micrographs were divided into patches,
normalized to a mean of 0 and a standard deviation of 1, and simple rotations (90°, 180°, 270°) as well as flipped patches were added
as data augmentation. The individual membranes are represented as the skeleton of their segmentation,”® and highly aggregated or
overlapping sections of the images were discarded as the automatic identification of the membrane shapes was ambiguous. Further-
more, only closed-segmented vesicles were analyzed. The circumference of a vesicle was estimated by calculating the sum of the
distances between neighboring points of the skeleton.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data and statistical analysis were performed using OriginPro 2023b (OriginLab Corp., Northampton, USA). Detailed descriptions of

quantifications and statistical analyses (exact values of n, dispersion and precision measures used and statistical tests used) can be
found in the respective Figures, Figure legends and Methods section.
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