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The heterodimeric Rab3GAP complex is a guanine nucleotide exchange factor
(GEF) for the Rabl8 GTPase that regulates lipid droplet metabolism, ER-to-
Golgi trafficking, secretion, and autophagy. Why both subunits of Rab3GAP are
required for Rab18 GEF activity and the molecular basis of how Rab3GAP
engages and activates its cognate substrate are unknown. Here we show that
human Rab3GAP is conformationally flexible and potentially autoinhibited by
the C-terminal domain of its Rab3GAP2 subunit. Our high-resolution structure
of the catalytic core of Rab3GAP, determined by cryo-EM, shows that the
Rab3GAP2 N-terminal domain binds Rab3GAP1 via an extensive interface.
AlphaFold3 modelling analysis together with targeted mutagenesis and in vitro
activity assay reveal that Rab3GAP likely engages its substrate Rab18 through
an interface away from the switch and interswitch regions. Lastly, we find that
three Warburg Micro Syndrome-associated missense mutations do not affect
the overall architecture of Rab3GAP but instead likely interfere with substrate

binding.

Different membrane trafficking pathways mediate the movement of
proteins and other macromolecules between different subcellular
compartments, which is critical to the maintenance of organelle
identity and the execution of complex processes from protein secre-
tion to protein glycosylation'”. These pathways employ a common
mechanism that involves selecting and packaging cargo into a
membrane-bound transport vesicle at the donor organelle, moving the
cargo-laden vesicle along the cytoskeletal filaments, and docking and
fusion of the incoming transport vesicle with the membrane of the
acceptor organelle where the content is delivered'. The different steps
of membrane trafficking rely on the coordinated activity of specialized
factors. These factors include adapter proteins that are involved in
cargo selection, coat proteins that mediate vesicle budding, motor
proteins that move transport vesicles, tethers that link the incoming
vesicle to the acceptor membrane, and soluble N-ethylmaleimide-

sensitive factor activating receptors (SNAREs) that bring two mem-
branes close, reducing the energy barrier for fusion**. Fundamental to
these membrane trafficking steps are members of the Ras superfamily
of GTPases, including the Arf, Arl, and Rab subfamilies. The coordi-
nated activation and inactivation of these GTPases control the targeted
recruitment of their effectors which is critical in providing spatio-
temporal control of membrane transport'.

Amongst the different families of small GTPases, the Rab family
GTPases are considered master regulators of membrane trafficking>®.
With 11 members in yeast and over 60 members in human cells, dif-
ferent Rabs are uniquely distributed across distinct membrane com-
partments. Like other members of the Ras superfamily, Rabs switch
between a GDP-bound inactive state and a GTP-bound active state, as
well as between a cytoplasmic form and a membrane-bound form
through their prenylated C-termini and the action of chaperone-like
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GDP dissociation inhibitors (GDI). Upon activation and localization to
the proper membrane compartments, Rab GTPases coordinate dif-
ferent transport steps by recruiting diverse effectors™®. The activation
of Rab GTPases is controlled by guanine nucleotide exchange factors
(GEF) that catalyze the exchange of bound GDP with GTP and GTPase
activating proteins (GAP) that accelerate the intrinsically slow GTP
hydrolysis rate of the Rab*®. Some GEFs also play a role in assisting
recruitment of their substrate Rabs to specific membrane
compartments’. While almost all known Rab GAPs belong to the TBC
(Tre-2/Bub/Cdc16) domain family, Rab GEFs are divergent in primary
sequence and structure®®. Interestingly, despite the diversity in com-
position and structure of Rab GEFs, all GEFs characterized structurally
thus far were observed to utilize a similar strategy to promote
nucleotide exchange of their substrate Rabs®, This involves binding the
nucleotide-bound Rab at its switch I/switch Il and interswitch regions
and inducing conformational changes that open the nucleotide-
binding pocket and hinder the binding of a magnesium ion, leading
to the release of the bound nucleotide’. After this, the GEF forms a
high-affinity complex with the nucleotide-free Rab. The higher cellular
concentration of GTP compared to GDP results in the conversion of
the Rab to the GTP-bound form and displacement of the GEF’.

Rab3GAP is a heterodimeric complex composed of the 130 kDa
Rab3GAP1 and the 150 kDa Rab3GAP2 subunits. Originally isolated
from rat brain tissues and identified to be the GAP for brain-specific
Rab3, Rab3GAP was later shown to exhibit GEF activity on Rabl8, a Rab
that is ubiquitously expressed in all human tissues and is one of the six
primordial Rabs found in the last eukaryotic common ancestor'®™,
Subsequent studies revealed that mutations in genes encoding Rab3-
GAP1, Rab3GAP2, and Rabl8 cause Warburg Micro Syndrome (WMS),
an autosomal recessive genetic disorder characterized by postnatal
growth retardation, microcephaly, congenital cataracts, optical atro-
phy, spastic paraplegia, hypogonadism, and delayed motor and intel-
lectual development™?°, These observations suggest that activating
Rabl8 might be the primary function for Rab3GAP in most cell types.
Rab3GAP facilitates the recruitment of Rab18 to lipid droplets (LDs),
the endoplasmic reticulum (ER), and the Golgi apparatus'>**. Rabl8
has been implicated in LD metabolism, establishing and/or maintain-
ing ER morphology, ER-to-Golgi trafficking, autophagy, secretion,
peroxisome regulation, and viral assembly'>?**’, Rabl8 has also been
shown to promote the formation of ER-LD contact sites by recruiting
the NAG-RINTI-ZW10 (NRZ) tethering complex and ER-associated
SNAREs, Syntaxinl8, Usel, and BNIP1, to facilitate lipid transfer
between these organelles”. Apart from the findings that both subunits
are required for the Rabl8 GEF activity of Rab3GAP and that three
WMS-associated point mutations disrupt this activity, little is known
about the biochemical and structural properties of Rab3GAP™. Fur-
thermore, how this heterodimeric complex engages its cognate sub-
strate and promotes GDP-to-GTP exchange and how WMS-associated
point mutations affect this critical function remain obscure due to the
lack of sequence and structural similarities to other Rab GEFs. Lastly,
what allows Rab3GAP to perform two seemingly opposite functions in
Rab3 inactivation and Rab18 activation is still a mystery.

In this work, we characterize the biochemical and structural
properties of human Rab3GAP using a combination of negative stain
electron microscopy (EM) and cryo-EM, in vitro GEF assays, hydrogen-
deuterium exchange mass spectrometry (HDX-MS), and in silico
structural modeling. We find that full-length Rab3GAP is con-
formationally flexible and adopts a range of open-to-closed con-
formations. We observe that Rab3GAP exhibits enhanced Rabl8 GEF
activity in the presence of a membrane. We also find that core Rab3-
GAP composed of Rab3GAP1 and RabGAP2 devoid of its C-terminal
domain, shows increased Rabl8 GEF activity, raising the possibility that
the full-length complex is autoinhibited. We subsequently determine
the high-resolution structure of core Rab3GAP by cryo-EM and validate
the observed intersubunit interface by hydrogen-deuterium exchange

mass spectrometry (HDX-MS). Furthermore, by combining AlphaFold3
modeling, targeted mutagenesis in conjunction with in vitro GEF
assays, confocal microscopy, and WMS disease mutation mapping, we
find that Rab3GAP likely binds its substrate Rab18 through a platform
opposite of the critical switch and interswitch regions. Collectively, our
work provides biochemical and structural insights on human Rab3GAP
and how this complex may engage its substrate Rabl8, and presents a
molecular framework to predict how WMS disease mutants interfere
with Rabl8 binding and activation.

Results

Human Rab3GAP adopts a flexible bilobal overall architecture
To facilitate biochemical and structural analyses, we established a
baculovirus-insect cell-based method to reconstitute the dimeric
complex of human Rab3GAP1-Rab3GAP2. In brief, we constructed a
plasmid encoding a Rab3GAP1-Rab3GAP2 two-gene cassette using
the biGBac system and then generated baculoviruses for infecting
and co-expressing the two Rab3GAP subunits in Sf9 cells®®. Recon-
stituted human Rab3GAP was subsequently purified using anti-FLAG
affinity chromatography and size exclusion chromatography. Rab3-
GAP elutes at a volume corresponding to the predicted mass for a
~300 kDa complex, which is consistent with the previously proposed
1:1 subunit stoichiometry for this complex (Fig. 1a)"'>. We next
examined the ability of the reconstituted complex to promote
nucleotide exchange by carrying out an in vitro GEF assay on
recombinant human Rabs loaded with the fluorescent GDP analog 3-
(N-methyl-anthraniloyl)-2-deoxy-GDP (Mant-GDP) (Fig. 1b). The
fluorescent signal of Mant-GDP bound to a Rab is substantially
stronger than free Mant-GDP, allowing nucleotide dissociation to be
monitored as a decrease in fluorescence”. We found that recombi-
nant Rab3GAP promotes GDP release of its cognate substrate Rab18
but not Rablla (Supplementary Fig. 1). We also validated the previous
finding that both subunits of Rab3GAP are required for this Rabl8
GEF activity as Rab3GAP1 subunit alone cannot promote nucleotide
exchange (Fig. 1c)”. By measuring Mant-GDP release at different
concentrations of Rab3GAP, we determined that Rab3GAP has a
catalytic efficiency of 2.5x10°M™s™, a value that is comparable to
those reported for other Rab GEFs (Fig. 1d)*°*.

Having successfully reconstituted Rab3GAP, we next examined
the overall architecture of this complex by negative stain single-
particle EM. Class averages generated from our two-dimensional (2D)
analysis revealed that Rab3GAP is composed of an extended but rigid
arm region attached to the head of a tadpole-shaped body (Fig. 1e).
The gallery of class averages revealed that the arm can rotate around
the junction point at the head of up to 180° with respect to the body
and this results in a range of architectures from fully clasped V-shaped
to fully opened I-shaped.

The C-terminal domain of Rab3GAP2 confers flexibility to
Rab3GAP

The conformational heterogeneity of Rab3GAP posed technical chal-
lenges to high-resolution cryo-EM analysis. To mitigate this problem,
we investigated the basis of the conformational flexibility of the arm
region by first examining the AlphaFold predicted structural models of
human Rab3GAP1 and Rab3GAP2. Rab3GAP2 is predicted to be com-
posed of two globular domains that show low predicted alignment
error (PAE) joined by an unstructured linker (Fig. 2a and Supplemen-
tary Fig. 2a, b). Based on the predicted Rab3GAP2 structural model, we
designed two expression constructs encoding either Rab3GAP2N (N-
terminal domain: 1-544) or Rab3GAP2C (C-terminal domain: 545-1393)
and then prepared two biGBac vectors encoding Rab3GAP1 and one of
the Rab3GAP2 domains. We found that Rab3GAP1 is only capable of
binding the N-terminal domain of Rab3GAP2, and we were able to
purify the reconstituted Rab3GAP1-Rab3GAP2N complex (Supple-
mentary Fig. 2¢). This truncated complex eluted as a monodisperse
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Fig. 1| In vitro GEF assays and negative stain EM analysis reveal that recon-
stituted human Rab3GAP is a Rab18 GEF exhibiting conformational flexibility.
a Analytical gel filtration elution profile of Rab3GAP on an ENrich™ SEC 650 column
and representative SDS-PAGE gel of the reconstituted complex stained with Coo-
massie Blue. Analytical gel filtration and SDS-PAGE gels were performed in biolo-
gical triplicate (n=3). b Schematic of in vitro GEF assays to assess nucleotide
exchange activity towards Rabs using the fluorescent GDP analog, Mant-GDP. ¢ GEF
assays on Rab18 with Rab3GAP1 and Rab3GAP1/2. Nucleotide exchange was
detected by measuring fluorescent decrease in reactions containing O nM GEF
(Mock) or 300 nM GEF with 4 uM Mant-GDP loaded Rabl8 and 100 uM GTPyS. Data

are presented as mean with error bars showing SEM for assays performed in
technical triplicate (n =3). d Determination of catalytic efficiency (kc./Kim) using
reactions with Rab3GAP1 + 2 (0-300 nM), 4 uM Mant-GDP loaded Rab18 and

100 uM GTPYS. Reactions were conducted in technical triplicate (n =3). Data are
presented as mean with error bars showing SEM and k../K,, was calculated as
described previously*. e 2D class averages showing the general architecture of
Rab3GAP and schematic representation of core Rab3GAP (pink) and the flexible
arm (orange) adopting closed, V-shaped, and extended conformations. Source data
are provided as a Source Data file.

peak with 1:1 subunit stoichiometry in size exclusion chromatography
(Fig. 2b). We next subjected the Rab3GAP1-Rab3GAP2N complex to an
in vitro GEF assay and found that this complex retains the ability to
promote Rabl8 nucleotide exchange, revealing that the C-terminal

domain of Rab3GAP2 is not required for GEF activity (Fig. 2c). In light of
this finding, we hereafter refer the Rab3GAP1-Rab3GAP2N complex as
“core Rab3GAP” and Rab3GAP1-Rab3GAP2 as “full-length Rab3GAP”.
We next analyzed core Rab3GAP by negative stain EM. Our 2D analysis
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Fig. 2 | In vitro GEF assays and negative stain EM analysis reveal that the
reconstituted core Rab3GAP complex retains GEF activity towards Rab18 and
adopts only one main conformation. a Schematic of Rab3GAP1 with GAP domain
annotated, and Rab3GAP2 domain 1 and Rab3GAP2 domain 2 connected by a
flexible linker. b Analytical gel filtration elution profile of core Rab3GAP on an
ENrich™ SEC 650 column and representative SDS-PAGE gel of the reconstituted
complex stained with Coomassie Blue. Analytical gel filtration and SDS-PAGE gels
were performed in biological triplicate (n=3). ¢ GEF assays on core Rab3GAP.
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Nucleotide exchange was detected by measuring fluorescent decrease in reactions
containing O nM GEF (Mock) or 300 nM GEF with 4 uM Mant-GDP loaded Rab18 and
100 uM GTPyS. Data are presented as mean with error bars showing SEM for assays
performed in technical triplicate (n =3). d Representative 2D class averages com-

paring the general architecture of core Rab3GAP to full-length Rab3GAP. Schematic
showing only a single conformation for core Rab3GAP compared to the open and
closed conformation of full-length Rab3GAP, with Rab3GAP1 in blue and Rab3GAP2
in pink. Source data are provided as a Source Data file.

showed that this truncated complex is structurally homogeneous and
retains only the tadpole-shaped body without the flexible arm (Fig. 2d).
In summary, we were able to identify that the Rab3GAP2 C-terminal
domain confers conformational flexibility to full-length Rab3GAP, and
this domain is not required for Rab18 GEF activity.

Rab3GAP GEF activity is enhanced by membrane-

anchored Rabl8

Having confirmed that core Rab3GAP represents the minimal
machinery necessary to catalyze Rab18 nucleotide exchange, we next
compared the GEF activity of core Rab3GAP to full-length Rab3GAP.
Intriguingly, we found that the core complex exhibits enhanced Rab18
GEF activity, with its catalytic efficiency (5.5x10*M™s™) more than
twice as high as the full-length complex (Fig. 3a, b). This raises the
possibility that the activity of full-length Rab3GAP is autoinhibited by

the C-terminal domain of Rab3GAP2. Previous studies showed that
many Rab GEFs show enhanced rates when their substrates are pre-
sented on a membrane®*, To determine if Rab3GAP activity is affec-
ted by a membrane, we incubated Mant-GDP-loaded, C-terminally His-
tagged Rabl8 with 100 nm-diameter lipid vesicles containing Ni-NTA
conjugated lipids and then carried out an in vitro GEF assay using the
resulting membrane-anchored Rabl8 as a substrate (Fig. 3c). We found
that the GEF activity of both full-length and core Rab3GAP increased
more than ten-fold when Rab18 was presented on a membrane, with a
catalytic efficiency of 6.6x10*M*s? for FL Rab3GAP and
4.4x10*M™s™ for core Rab3GAP (Fig. 3d). Finally, we carried out
systematic GEF assays using Rabl8 anchored to vesicles with different
lipid compositions mimicking different cellular organelles (Fig. 3e).
Ordinary one-way ANOVA showed that varying the lipid composition
of the vesicles does not result in significant differences in nucleotide
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Fig. 3 | In vitro GEF assays reveal that core Rab3GAP has enhanced activity and
membrane-presentation of Rab18 causes increased nucleotide exchange rate.
a In vitro GEF assays with full-length Rab3GAP or core Rab3GAP to detect activity
towards Rab18. Nucleotide exchange was detected by measuring fluorescent
decrease in reactions containing O nM GEF (Mock) or 300 nM GEF with 4 uM Mant-
GDP loaded Rab18 and 100 uM GTPyS. Data are presented as mean with error bars
showing SEM for assays performed in technical triplicate (n =3). Data from Fig. 2¢
was used to generate this plot. b Determination of catalytic efficiency (Kca/Km)
using reactions with full-length Rab3GAP or core Rab3GAP (0-300 nM), 4 uM Mant-
GDP loaded Rabl8 and 100 uM GTPyS. Reactions were conducted in technical tri-
plicate (n = 3). Data are presented as mean with error bars showing SEM and k¢,/Ki,
was calculated as described previously**. Data from Fig. 1d was used to generate this
plot. ¢ Schematic of Mant-GDP based GEF activation assay with C-terminally His-
tagged Rabl18 anchored to NiNTA-containing lipid vesicles. d Evaluation of mem-
brane regulation for full-length or core Rab3GAP activity towards Rab18. Catalytic

efficiency (kcay/Km) was calculated using reactions with full-length Rab3GAP or core
Rab3GAP (0-15 nM), 4 uM Mant-GDP loaded Rab18, 0.2 mg mL™ liposomes (75% PC,
20% PE, 5% 18:1 DGS-NTA(Ni), 100 nm) and 100 uM GTPyS. Reactions were con-
ducted in technical triplicate (n =3). Data are presented as mean with error bars
showing SEM and k../K, was calculated as described previously**. e Comparison
between various membrane compositions with respect to regulation of Rab3GAP
activity. Nucleotide exchange was detected by measuring fluorescent decrease in
reactions containing 300 nM GEF, 4 uM Mant-GDP loaded Rab18, 100 uM GTPyS
and 100 nm extruded liposomes with various lipid composition (Supplementary
Table 2) at 0.2 mg mL™. Data are presented as mean with error bars showing SEM
for assays performed in technical triplicate (n = 3). f Data from e was fit to a non-
linear one-phase exponential decay model to determine the rate of nucleotide
exchange (kops). Data are presented as mean with error bars showing SEM. p values
were generated using an ordinary one-way Anova (ns indicates p > 0.05). Source
data are provided as a Source Data file.

exchange rates (kops), suggesting that the enhancement in GEF activity
is not induced by a specific type of lipid (Fig. 3f).

Cryo-EM structure of human core Rab3GAP

Knowing that core Rab3GAP retains Rabl8 GEF activity and is struc-
turally homogeneous, we next pursued high-resolution structural
analysis of this complex using cryo-EM. By performing PEGylation on
core Rab3GAP, we were able to minimize aggregation at high protein
concentrations which we observed in our initial vitrification trials*.
We subsequently acquired a cryo-EM dataset of 19,822 movies. The
class averages obtained from the 2D analysis showed that the
tadpole-shaped core Rab3GAP contains a knob-shaped region for the
head connected to a central body density that carries an extended
curved tail (Supplementary Fig. 3). The curved tail is blurry, sug-
gesting that core Rab3GAP contains another conformationally flex-
ible region. Local refinement to this flexible tail region however did
not improve the resolution of the tail region. Following multiple
rounds of 3D classification and local refinement to improve the rigid
region of the core, we obtained a final density map with an average
resolution of 3.37 A from a final stack of 170,636 particles (Fig. 4a and
Supplementary Fig. 3). We could visualize side chain densities in the
central core but the map region proximal to the tail is smeared and
has a lower local resolution (Fig. 4b, c). We next iteratively fit the
AlphaFold2-predicted models of the Rab3GAP1 and Rab3GAP2

subunits into the density map and then further optimized the fit and
refined the structural model (Fig. 4d). The flexible tail, which was
excluded in local refinement, comprised residues 332 to 781 of
Rab3GAP1 and could not be accurately modeled. Our final structural
model consists of residues 19 to 331 and 782 to 981 for Rab3GAP1 and
residues 2 to 544 for Rab3GAP2. We were unable to model the first
N-terminal 18 residues, residues 242 to 263, 902 to 929 of Rab3GAP1,
and the N-terminal residue, residues 27 to 60, 328 to 363, and 437 to
456 of Rab3GAP2 due to the lack of or poorly defined densities
(Fig. 4b, d and Supplementary Fig. 3).

Our refined structure revealed the Rab3GAP1 consists of two
structural domains (Fig. 4d). Domain 1, which formed the central body
density seen in the 2D class averages, comprises an aff domain.
Interestingly, Domain 1 forms a curved f-sheet from both the Rab3-
GAP1 N-terminal (58-316) and C-terminal region (880-981). This
curved B-sheet is composed of 1 to 36, followed by the last 3 3-strands
of the C-terminal region and then 37 to (39. Aside from the 33-p4 pair,
the extended B-strands of Domain 1 are antiparallel. Domain 2 contains
a group of five mapped a-helices that form the extended stalk that
leads to the unmapped tail density. Foldseek analysis of our model
revealed that Rab3GAP1 shows structural similarities to Zwilch, a sub-
unit of the ROD-Zwilch-ZW10 (RZZ) complex that is a component of
the outer kinetochore and mediates recruitment of the dynein and
Madl-Mad2**, On the other hand, Rab3GAP2 N-terminal domain
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represents the head of the tadpole-shaped complex and forms a
canonical seven-bladed B-propeller with each blade having four anti-
parallel B-strands. This subunit also contains three «-helices (residues
15to 21, 74 to 78 and 221 to 241 of Rab3GAP2) that are located distal to
the interfacial region of the complex. Relative to Rab3GAPI, the f3-
propeller is perched onto the curved B-sheet of Rab3GAP1 along its
edge. Sandwiched between the B-propeller and the curved B-sheet in
the subunit interaction region are a-helices from each subunit (resi-
dues 142 to 159 and 22 to 37 of Rab3GAP1 and 277 to 287 of Rab3GAP2).

The Rab3GAP1-Rab3GAP2N subunit interaction interface

The binding of Rab3GAP1 to Rab3GAP2N results in the burial of
2063 A? of surface area. The interaction between Rab3GAP1 and
Rab3GAP2N is held together by hydrophobic packing, hydrogen
bonds from 8 residue pairs (T19 to K423, E24 to K423, H170 to N286,
E191 to K282, V193 to S276, K215 to D279, P950 & G457, and Y951 to
R197) (Supplementary Fig. 4a) and electrostatic interactions (Sup-
plementary Fig. 4b). The negative electrostatic potential of Rab3-
GAPT’s interface is composed of E24, E142, E180, D189 and the C-term
has complementary charges to the positive electrostatic potential of
Rab3GAP2’s R197, R377, R415, and K423 (Supplementary Fig. 4b). To
determine if the observed interface in our cryo-EM-derived structure
of core Rab3GAP is consistent with that of full-length Rab3GAP, we
conducted HDX-MS analysis. HDX-MS measures the exchange of
protein backbone amide hydrogens with deuterated solvent, with
amide exchange rates acting as a useful surrogate for the stability of
protein secondary structure. HDX-MS therefore is useful in mapping

both direct protein-protein interactions, and allosteric changes in
protein conformation*®*,

As we could only purify the Rab3GAP1 subunit but not the
Rab3GAP2 subunit, we designed HDX-MS experiments to measure
conformational differences between Rab3GAP1 alone and Rab3GAPl in
the presence of Rab3GAP2. In brief, we incubated Rab3GAP1 and full-
length Rab3GAP in deuterated buffer and measured deuterium
incorporation over 5 time points (3, 30, 300, 3000 s at 18 °C and 3 s at
0 °C, whichis referred to as 0.3 s). For Rab3GAP1 the HDX-MS coverage
spanned 83.6% of the primary sequence, with the full raw deuterium
incorporation data for all generated peptides provided in the source
data. The HDX-MS experiment comparing Rab3GAP1 alone and Rab3-
GAP1 in the fully assembled Rab3GAP complex had multiple significant
decreases in H/D exchange (defined as having >5%, >0.4Da and
p <0.01inan unpaired two-tail t test at any time point), with the largest
changes occurring at the N-terminus of Rab3GAP1 (residues 25-32,
37-53,129-166, 169-191, 193-208, and 211-229) and the C-terminus of
Rab3GAP1 (948-966, 973-977, and 978-987) (Fig. 5a-c). Although
some of these regions were not modeled in our cryo-EM-derived
structural model, this finding agrees with the observed Rab3GAP2N
interaction interface, which is made up of both terminal regions of
Rab3GAP1 according to our structure. We also observed small sig-
nificant decreases in deuterium incorporation in regions distal to the
subunit interaction interface (Fig. 5b, Supplementary Fig. 5 and Source
Data). These changes could potentially result from conformational
changes that Rab3GAP1 undergoes after binding Rab3GAP2 or from
obstruction from the C-terminal domain of Rab3GAP2.
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Fig. 5 | HDX-MS differences between the free Rab3GAP1 and the Rab3GAP
complex. a Rab3GAP1 regions showing significant differences in deuterium
exchange (defined as >5%, >0.4 Da, and p < 0.01in an unpaired two-tail ¢-test at any
time point) upon complex formation with Rab3GAP2 are highlighted on the cryo-
EM structure. The differences in deuterium exchange are indicated by the legend in
(a). b Sum of the number of deuteron difference of Rab3GAP1 upon complex
formation with Rab3GAP2, analyzed over the entire deuterium exchange time
course for Rab3GAP1. Each point is representative of the center residue of an
individual peptide. Peptides that met the significance criteria described in (a) are
colored red. Experiments were performed in technical triplicate (n = 3). Each point
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represents a single peptide, and data are presented as the sum of the mean number
of deuteron difference across all 5 time points (n=3) and error bars represent the
sum of standard deviations across all 5 time points (n =3 for each time point).
Domain schematic above depicts Rab3GAP1 architecture, with the thin box repre-
senting unmodelled residues in (a). ¢ Selected deuterium exchange time courses of
Rab3GAPI peptides that showed significant decreases and increases in exchange.
Data are presented as mean values with error bars representing SD from experi-
ments performed in technical triplicate (n=3). A full list of all peptides and their
deuterium incorporation are provided as a Source Data file.

The Rab18 binding site is distal to the switch and interswitch
regions

We next investigated how Rab3GAP interacts with its cognate sub-
strate Rab18. Despite numerous efforts, we were unable to reconstitute
a core Rab3GAP-Rab18 complex. Unlike other previously characterized
Rab-GEF pairs, Rab3GAP does not appear to form a high-affinity
complex with nucleotide-free Rabl8. We thus turned the computa-
tional approach of AlphaFold3 to predict the structure of core Rab3-
GAP in a complex with Rab18 (Fig. 6a and Supplementary Fig. 6a, b). All
five models generated show Rabl18 positioned at the edge of the sub-
unit interaction interface of Rab3GAP. Each model has an ipTM score
of 0.8, indicating confident high-quality predictions*’. Critically, the
PAE of Rabl8 relative to the core Rab3GAP interface was 5A or less,
further highlighting the confidence of these models (Supplementary
Fig. 6a). Surprisingly, these models show that Rab3GAP does not
appear to directly engage the switch I, switch II, and interswitch
regions of Rabl8 as had been observed for other Rab GEFs>®, Instead,
the unstructured N-terminus and ol of Rab3GAP1 and the loops con-
necting adjacent B-sheets from the (3-propeller of Rab3GAP2 contact
the o5, a6 and 36 located on the opposite side of the switch regions of
Rabl8 (Fig. 6a, b). A cluster of nonpolar residues on Rabl8 (L137, L146,
F147 and 1148) and along the N-terminal region of Rab3GAP1 (F12, 114
and F17) are conserved and may be involved in mediating hydrophobic
interaction between Rab3GAP1 and its substrate (Supplementary
Fig. 7a-c).

According to the predicted models, residues R133, R141, E164 of
Rabl8, which are distal to the switch and interswitch regions, form salt
bridges with Rab3GAP1 E13 and E31 and Rab3GAP2 R426 (Fig. 6b). To
validate the predicted interaction interface, we generated site-specific
mutants targeting three Rab18 residues (R133A, R141A, E164A) that are
predicted to mediate interaction with Rab3GAP. We loaded these three
mutant Rab18 with Mant-GDP and then used them for in vitro GEF
assays with full-length Rab3GAP. Consistent with the AlphaFold3
generated structural models of Rab3GAP-Rabl8, we found that the
Rabl8 R133A and R141A mutations significantly impair the ability of
Rab3GAP to promote nucleotide exchange, while the Rab18 E164A
mutation almost completely abolished nucleotide exchange
(Fig. 6c¢, d). Previous studies showed that Rab3GAP regulates Rab18
localization'. To further examine the effects of the E164A mutation on
Rab18’s localization, we transfected HelLa cells with construct encod-
ing wild-type or E164A mutant GFP-Rab18 and then monitored their
localization by fluorescent microscopy. The Rabl8 E164A mutant
showed a more diffuse and disorganized localization pattern com-
pared to WT Rabl8, supporting the hypothesis that Rab3GAP binds
Rab18 through an interface opposite of the nucleotide-binding domain
(Supplementary Fig. 8). Unlike the highly conserved switch and inter-
switch regions, o5, a6 and 36 are substantially less conserved between
Rabs. Furthermore, multiple sequence alignment showed that the
residues critical to Rabl8 activation by Rab3GAP (R133, R141 and E164)
are not conserved among Rab family members (Supplementary Fig. 9),
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explaining how Rab3GAP might selectively regulate Rabl8 despite
significant structural homology within this family of small GTPases.
As GEFs typically remodel the Rab switch regions to induce
nucleotide exchange, we explored the possibility that another
region of Rab3GAP may be responsible for engaging the
Rab18 switches. Rab3GAP1 contains a putative GAP domain that is
located in a conformationally flexible tail region and was pre-
viously shown to bind the switch regions of Rab3'>**. To deter-
mine if this domain participates in Rab18 nucleotide exchange, we
generated a core Rab3GAP construct that encodes Rab3GAP1

devoid of the GAP domain (residues 618-748) (Supplementary
Fig. 10a) and purified this truncated complex, which we will refer
to as Rab3GAPAGAP. In vitro GEF assays demonstrated that
Rab3GAPAGAP still retains Rab18 GEF activity (Fig. 6e). By con-
trast, in vitro GAP assays showed that this Rab3GAPAGAP is
unable to catalyze GTP hydrolysis of Rab3a above basal levels
(Fig. 6f). These results suggest that the Rab3GAP1 GAP domain is
not involved in Rab18 nucleotide exchange and that the GAP and
GEF activities of Rab3GAP are mapped to distinct locations of the
complex.
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Fig. 6 | AlphaFold3, targeted mutagenesis and in vitro GEF assays reveal that
the Rab3GAP subunit interface mediates an interaction with Rabl8 through a
platform opposite of the switch regions. a AlphaFold3 prediction of the inter-
action between Rabl8 and core Rab3GAP. Rab3GAP1 in light blue,
Rab3GAP2(1-544) in pink, Rabl8 in cyan with switch I, switch Il and p-loop colored
in red, orange, and yellow, respectively. b Zoomed in view of AlphaFold3 model
showing predicted electrostatic interactions at the Rab18-Rab3GAP binding inter-
face. Residues predicted to form salt bridges (Rab3GAP2 R426 with Rab18 E164,
Rab3GAP1 E13 and E31 with Rabl8 R133 and R141 respectively) are shown as sticks
and labeled on the structure. ¢ In vitro GEF assays with full-length Rab3GAP to
detect activity against Rabl8 with mutations suspected of disrupting the Rab3GAP
binding interface. Nucleotide exchange was detected by measuring fluorescent
decrease in reactions containing O nM GEF (Mock) or 400 nM GEF with 4 uM Mant-
GDP loaded Rabl8 (WT, R133A, R141A or E164A) and 100 uM GTPyS. Data are

presented as mean with error bars showing SEM for assays performed in technical
triplicate (n =3). d Data from Fig. 4c was fit to a non-linear one-phase exponential
decay model to determine the rate of nucleotide exchange (kops). Data are pre-
sented as mean with error bars showing SEM. p values were generated using a two-
tailed Student’s ¢ tests (***p < 0.01). e Nucleotide exchange was detected by mea-
suring fluorescent decrease in reactions containing O nM GEF (Mock) or 300 nM
GEF with 4 uM Mant-GDP loaded Rab18 and 100 uM GTPyS. Data are presented as
mean with error bars showing SEM for assays performed in technical triplicate
(n=3). f GTPase activity was measured using the Promega GTPase-Glo assay with
reactions containing O nM GAP (Mock) or 500 nM GAP, 5uM GTP and 8 uM GST-
Rab3a. Data are presented as mean with error bars showing SEM for assays per-
formed in technical triplicate (n =3), with p values generated using a two-tailed
Student’s ¢ tests (*p < 0.05). Source data are provided as a Source Data file.
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Fig. 7 | Clinical Rab3GAP WMS mutants have impaired activity due to disrup-
tions at the Rabl8 binding interface as revealed by in vitro GEF assays and
mutation mapping. a SDS-PAGE gel of purified Rab3GAP complex containing
Rab3GAP1 T18P, Rab3GAP1 E24V or Rab3GAP2 R426C mutations stained with
Coomassie Blue. 2D class averages comparing the general architecture of WT
Rab3GAP to complexes containing T18P, E24V or R426C point mutations. SDS-
PAGE gel were performed in biological triplicate (n=3). b In vitro GEF assays with
clinical Rab3GAP WMS mutants to detect activity towards Rab18. Nucleotide
exchange was detected by measuring fluorescent decrease in reactions containing
0 nM GEF (Mock) or 300 nM GEF with 4 uM Mant-GDP loaded Rab18 and 100 uM

GTPyS. Data are presented as mean with error bars showing SEM for assays per-
formed in technical triplicate (n =3). ¢ Zoomed in view showing Rab3GAP WMS
mutants mapped onto the cryo-EM structure of core Rab3GAP. Residues mutated in
WMS are shown as sticks and the predicted position of the TI8P mutation is circled
in black. d Zoomed in view of the AlphaFold3 generated model showing the WMS
mutants mapped to the predicted Rabl8 binding interface. Residues mutated in
WMS and residues predicted to interact electrostatically with WMS residues are
shown as sticks and labeled. Rab3GAP1 in light blue, Rab3GAP2(1-544) in pink and
Rabl8 in cyan. Source data are provided as a Source Data file.

Warburg micro syndrome mutations likely affect substrate
binding

Previous studies showed that three WMS-associated missense muta-
tions (Rab3GAP1 T18P, Rab3GAP1 E24V, Rab3GAP2 R426C) disrupt
Rab3GAP’s Rab18 GEF and membrane-targeting activities”. We gener-
ated expression constructs encoding these mutations and purified the
three full-length Rab3GAP complexes carrying these mutations. We
conducted negative stain EM analysis on these Rab3GAP mutants and
our 2D analysis showed that the three WMS mutations did not alter the
overall architecture of Rab3GAP (Fig. 7a). Using in vitro GEF assays, we

validated that three mutant Rab3GAP complexes show dramatically
decreased rates of Rabl8 nucleotide exchange compared to
WT (Fig. 7b).

Using our cryo-EM-derived structure, we mapped the locations
of these mutation sites. Although Rab3GAP1 T18 was not modeled in
our structure due to lack of density, the other two mutation sites
(Rab3GAP1 E24 and Rab3GAP2 R426) are located near the edge of the
intersubunit interaction interface (Fig. 7c). Our structure shows that
RabGAP1 E24 engages in electrostatic interaction with R407 of
Rab3GAP2 to stabilize the Rab3GAP1 a1 helix. On the other hand,
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Rab3GAP2 R426 is located in an accessible region proximal to the
intersubunit interaction interface. When we examined the
AlphaFold3-predicted model of the Rab3GAP-Rabl8 complex, we
observed that the three WMS mutation sites are located within the
Rabl8 binding pocket and that these missense mutations could
potentially disrupt interactions with Rab18 (Fig. 7d). In particular, T18
is part of the Rab3GAPI unstructured N-terminal region located at
the center of the substrate binding interface. Substitution with a
proline residue at this site would induce a kink in this region and may
disrupt the flexibility needed to accommodate substrate binding. On
the other hand, the Rab3GAP1 E24 is located in the ol helix of this
subunit that forms part of the Rabl8 binding site. As this residue is
predicted to engage in an ionic interaction with R407 of Rab3GAP2 to
stabilize the al helix, substitution with a valine residue may disrupt
this local structure critical to substrate binding. Lastly, Rab3GAP2
R426 is predicted to engage in an electrostatic interaction with E164
of Rab18 and replacement with a cysteine interferes with substrate
binding. Indeed, as shown earlier, an E164A mutation to Rabl8 pre-
vented nucleotide exchange by Rab3GAP.

Discussion

The biochemical and structural data on human Rab3GAP reported here
contribute to building the knowledge base of the divergent and enig-
matic family of Rab GEF regulators. Our cryo-EM structure of the core
human Rab3GAP confirmed that this Rabl8 GEF shares no structural
homology with other Rab GEFs with known structures®. Instead, we
found that the Rab3GAP1 subunit of this heterodimeric complex
shares structural similarity to Zwilch, a component of the mitotic RZZ
complex that is involved in spindle assembly. Similar to Rab3GAP1,
which binds the N-terminal B-propeller of Rab3GAP2 via its B-sheet
structure, the recent cryo-EM structure of the RZZ complex showed
that Zwilch similarly interacts with Rod within this complex**. Notably,
the B-propeller from Rod associates with the curved B-sheet structure
of Zwilch. Zwilch and Rod have been proposed to be Rabl8 effectors
but the molecular basis of how Zwilch and Rod binds Rab18 requires
further investigation®.

Although human Rab3GAP is structurally unique compared to
other Rab GEFs, this heterodimeric GEF appears to share two features
found in several Rab GEFs. The first feature is the membrane-
dependent enhancement of GEF activity. For example, it has been
shown that the GEF activity of SH3BP5 is dependent on its substrate
Rabll being anchored to a membrane®. In the same vein, we demon-
strated that membrane presentation of Rabl8 resulted in a greater
than 10-fold increase in GEF activity for both full-length and core
Rab3GAP. The second feature is fine-tuning GEF activity by auto-
inhibition. The catalytic efficiency of core Rab3GAP is more than twice
that of full-length Rab3GAP, leading us to speculate that the
C-terminus of Rab3GAP2 is an autoinhibitory domain. In comparison,
the catalytic activity of the Rab5 GEF Rabex-5, which is autoinhibited
and has low inherent GEF activity over its substrate, is increased 2- to
3-fold through binding the Rab5 effector Rabaptin-5 or through
truncations®*®. Based on our structural data showing the conforma-
tional flexibility of full-length Rab3GAP, we speculate that the Rab3-
GAP2 C-terminal domain suppresses Rab3GAP’s GEF activity by
obstructing the substrate binding site. Future studies should focus on
determining the basis of the enhanced GEF activity in the presence of
membrane-anchored Rabl8 and to delineate the potential auto-
inhibitory mechanism of Rab3GAP.

A major question concerning the function of Rab3GAP is why
both subunits are required for its GEF activity. Our cryo-EM struc-
ture revealed that the two subunits form a stable complex by
engaging in an extensive interaction interface. Our subsequent
AlphaFold3 modeling predicted that the edge of this intersubunit
interaction interface forms the substrate site where Rabl8 binds
through a platform composed of its a5 and a6 helices and 86 strand.

This predicted model was validated by targeted mutagenesis in
conjunction with in vitro GEF assays and localization studies. Con-
sistent with this in silico-generated model, our multiple sequence
alignment (MSA) analysis showed that the Rab3GAP and Rabl8
residues predicted to interact with one another are found to be
conserved (Supplementary Fig. 7a-c). However, as illustrated in a
structural overlay of the AlphaFold3-predicted model of Rab3GAP-
Rab18 with other representative solved structures of Rab GEFs (PDB
code: 3TWS8, 20T3 and 6DJL) bound to their respective Rab sub-
strate, this mode of GEF-Rab interaction has not been previously
observed (Supplementary Fig. 11). Other Rab GEFs engage their
substrates at the switch I, Il and interswitch regions to induce
structural rearrangement, reducing the affinity for the bound
nucleotide™******’, Without directly engaging the switch regions,
how does Rab3GAP promote Rab18 nucleotide exchange? We initi-
ally speculated that Rab3GAPI’s flexible tail region, which contains
the GAP domain, may assist in promoting nucleotide exchange by
engaging the switch regions of Rabl8. However, this idea was
refuted by our finding that a GAP domain deficient Rab3GAP retains
GEF activity towards Rab18 (Fig. 6e). A systematic mutagenesis
study on the small GTPase Gspl/Ran uncovered the presence of
allosteric sites away from the switch region and found that dis-
turbances at these sites induced a preference for GTP binding over
GDP binding*®. Interestingly, the structural alignment of Rab18 with
Gspl/Ran shows that some of the corresponding allosteric sites map
to regions where Rabl8 binds Rab3GAP, with multiple sites located
in a6 of the small GTPase. These findings raise the possibility that
Rab3GAP could promote nucleotide release by modulating one or
more of these putative allosteric sites in Rabl8. Nevertheless,
resolving the mystery surrounding Rab3GAP’s GEF mechanism
would necessitate a high-resolution structural analysis of Rab3GAP
in complex with Rab18.

Rab3GAP is the only known dual-function Rab regulator in
eukaryotic cells. What allows Rab3GAP to serve both as a GAP for
Rab3a and a GEF for Rabl8 remains unclear. Previous studies demon-
strated that Rab3GAP1 alone exhibits Rab3a GAP activity and identified
a putative GAP domain located in the C-terminal region of this Rab3-
GAP subunit®. Our cryo-EM structure of core Rab3GAP revealed that
the GAP domain is located in the flexible tail of Rab3GAP1 and is not
involved in the interaction with Rab3GAP2. We found that removing
the GAP domain in core Rab3GAP abolished its GAP activity toward
Rab3a but had no effect on its GEF activity towards Rabl8 (Fig. 6e, f).
These findings suggest that the two catalytic activities are present in
different locations of this complex. AlphaFold3 modeling of the
Rab3GAP1-Rab3a complex showed that the GAP domain of Rab3GAP1
binds to the switch and interswitch region of its substrate (Supple-
mentary Fig. 10a). In agreement with mutational analysis of previous
studies, AlphaFold predictions are consistent with a mechanism similar
to that of Ras and Rho GAPs with R728 of Rab3GAP1 and Q81 of Rab3a
providing critical arginine and glutamine fingers to stabilize the tran-
sition state during GTP hydrolysis (Supplementary Fig. 10b)*. It is not
known if Rab3GAP has preferential substrate specificity in neuronal
cells where both Rab3 and Rabl8 are expressed. Future studies could
focus on mechanistic investigation of the GAP activity of Rab3GAP and
further delineate the functional relationships between these two dis-
tinct catalytic activities.

Mutations to Rab3GAP1 and Rab3GAP2 cause the multisystem
disorder WMS™>'*'72°_Data from our biochemical and structural studies
show that three WMS-associated missense mutations do not affect the
assembly or the overall architecture of Rab3GAP. Instead, these
mutations disrupt Rab3GAP function by altering the Rabl8 binding
site. Our cryo-EM structure of core Rab3GAP, the Rab3GAP-Rab18
structural model predicted by AlphaFold3, and the biochemical plat-
form to reconstitute human Rab3GAP offers experimental tools to
predict and validate the potential impact of numerous variants of
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unknown significance of Rab3GAP1 and Rab3GAP2 subunits on the
biochemical and structural properties of Rab3GAP.

Methods

Plasmids

Full-length human Rab3GAP1 (HsCD00860097) and Rab3GAP2
(HsCD00867180) genes were purchased from DNASU. Rab3GAP1 was
subcloned into a pLIB vector containing an N-terminal TSP tag and
Rab3GAP2 was subcloned into a pLIB vector containing a C-terminal
3x-FLAG tag. Site-directed mutagenesis was carried out on pLIB-TSP-
Rab3GAP1 to generate T18P and E24V mutations and on pLIB-
Rab3GAP2-3x-FLAG to generate R426C and 1-544 mutations. The
biGBac protocol was used to assemble various combinations of both
Rab3GAP1 and Rab3GAP2 into pBIG1A*%. Rab3a, Rablla and Rab18 were
subcloned into pOPTGcH vectors containing a TEV-cleavable GST tag
at the N-terminus and a 6x-His tag at the C-terminus.

Protein expression

Baculovirus containing Rab3GAP was produced from the appropriate
vector (Supplementary Table 1) using the Baculovirus Expression
Vector System. Optimized amounts of baculovirus were used to infect
Sf9 cells at a density between 1.5 and 4 x10° cells mL™, and cells were
harvested 72 to 96 h post infection. Cell pellets were flash frozen in
liquid nitrogen and stored at —70 °C until use. Rabs were expressed in
BL21 C41(DE3) E. coli induced with 0.5mM isopropyl B-d-1-
thiogalacpyranoside [IPTG] (GoldBio) for 4h at 37°C. Cells were
then harvested, flash frozen in liquid nitrogen and stored at -70 °C.

Protein purification

Sf9 cell pellets expressing Rab3GAP were resuspended in buffer A
(50 mM Tris pH 7.4, 150 mM Nacl, 5% glycerol, 0.1% Tween-20, 2 mM
phenylmethylsulfonyl fluoride [PMSF] and Complete ethylenediami-
netetraacetic acid (EDTA) free protease inhibitor). Cells were lysed
with four cycles of sonication for 30 s using the Branson Sonicator
450 set to duty cycle 40% and output control 4. The lysate was cen-
trifuged at 125,000 x g for 40 min at 4 °C. Supernatant containing
Rab3GAP1 was incubated with Strep-Tactin XT 4Flow resin (IBA) and
supernatant containing all other Rab3GAP constructs was incubated
with Anti-FLAG M2 affinity gel (Sigma-Aldrich) equilibrated with buffer
B (50 mM Tris pH 7.4, 150 mM NaCl and 5% glycerol). The resin was
washed with buffer B and eluted with 50 mM biotin in buffer B for
Strep-Tactin purifications and 250 ug mL™ 3x FLAG peptide in buffer B
for Anti-FLAG M2 purifications. The eluate was concentrated using an
Amicon 100 kDa concentrator (Millipore) and applied to an ENrich
SEC650 10 x 300 column (Bio-Rad) equilibrated with buffer C (20 mM
HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP). Fractions containing
desired proteins were pooled, concentrated, flash frozen and stored
at -70 °C.

E. coli C41(DE3) cell pellets expressing Rabs were resuspended in
buffer D (20 mM Tris pH 8, 100 mM NaCl, 2 mM B-mercaptoethanol
(BME) and 2 mM PMSEF). Cells were lysed with four cycles of sonication
for 60 s at duty cycle 50% and output control 5. The lysate was cen-
trifuged at 20,000 x g for 40 min at 4 °C. The supernatant was incu-
bated with glutathione resin (GenScript) equilibrated with buffer E
(20 mM Tris pH 8,100 mM NaCl and 2 mM BME). The resin was washed
with buffer E and eluted with 30 mM glutathione in buffer E. TEV
protease was added to the eluate and dialyzed in buffer F (20 mM Tris
pH 8, 100 mM NaCl, 10 mM BME and 5 mM EDTA) overnight at 4 °C.
The protein was then applied to a HiPrepQ FF 16/10 column (GE
Healthcare) equilibrated with buffer E and gradient elution with buffer
G (20 mM Tris pH 8,1 M NaCl and 2 mM BME) was performed to isolate
target proteins. Glutathione resin in buffer E was used to remove GST,
and cleaved Rabs were collected in the flowthrough. The flowthrough
was concentrated, flash frozen in liquid nitrogen and stored at =70 °C.

Lipid vesicle preparation

Nickelated lipid vesicles were prepared by combining chloroform
stocks of phosphatidylcholine (egg yolk PC, Avanti), phosphatidy-
lethanolamine (egg yolk PE, Sigma), phosphatidylserine (porcine brain
PS, Avanti), L-a-phosphatidylinositol (soy PI, Avanti) and 18:1 DGS
NTA(Ni) (Avanti) according to Supplementary Table 2. Argon gas was
used to evaporate residual chloroform followed by overnight desic-
cation under vacuum. Liposome buffer (20 mM HEPES pH 7.5, 150 mM
NaCl) was used to resuspend the lipid film at a final concentration of
1.5mgmL™ The mixture was vortexed vigorously for 20 min then
sonicated for 15 min with a Branson 1510 sonicator. Vesicles were flash
frozen in liquid nitrogen then warmed in a water bath for a total of 10
freeze-thaw cycles. Vesicles were extruded 21 times through a 100 nm
polycarbonate membrane (Avanti) and stored at —70 °C.

In vitro GEF assay

His-tagged Rabs were purified as described above in protein purifica-
tion. EDTA was added at a final concentration of 5 mM and incubated at
25 °C for 30 min. Mant-GDP (Thermo Scientific) was added at a fivefold
molar excess and incubated at 25 °C for 1 h. MgCl, was added at a final
concentration of 10 mM and incubated at 25°C for 1h. Rabs were
loaded onto a Superdex 75 Increase column (GE Healthcare) equili-
brated with buffer H (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP,
and 1 mM MgCl,). Fractions containing Mant-GDP loaded Rabs were
pooled, concentrated, flash frozen in liquid nitrogen at stored at
-70°C. Ten L reactions were prepared with a final concentration of
4 uM Mant-GDP loaded Rab, 0-300 nM Rab3GAP complex and 100 uM
GTPyS in buffer H. Rab and membrane (0-0.2 mg mL™) were aliquoted
into a Corning 384-well low volume polystyrene microplate (4514).
Rab3GAP complex and GTPyS were added to the plate and a BioTek
Synergy HTX Multimode Reader was used to measure the fluorescent
signal for 1h at 25°C (excitation h=366 nm; emission & =443 nm).
GraphPad Prism 7 Software was used to analyze data and K./Km
analysis was performed as described by Delprato et al. Curves were fit
to a non-linear one-phase exponential decay model according to the
following equation, /(¢) = (I, — I*exp(~kops) +Ir (GraphPad Software).
1(t) is the emission intensity at time ¢, I, is the initial intensity, /¢ is the
intensity at ¢=inf. Catalytic efficiency, k../Km, was obtained by the
slope of a linear least squares fit to Kops = Kea/ K *[GEF] + k;, with k;
being kops in the absence of GEF.

In vitro GAP assays

GAP activity was measured using the Promega GTPase-Glo Assay with
GST-tagged Rab3a and Rab3GAP1, core Rab3GAP or Rab3GAPAGAP.
Twenty pL reactions were prepared in a white CELLSTAR 96-well plate
with a final concentration of 5uM GTP, 0.5mM DTT, 8 uM GST-Rab3a
and 0 nM (Mock) or 500 nM GAP in Promega GTPase/GAP buffer and
incubated at 25°C for 1 h. Twenty L of 1x GTPase-Glo reagent with
10 mM ADP in GTPase-Glo buffer was added to each reaction and
incubated at 25 °C for 30 min, followed by 40 uL detection reagent and
incubated at 25°C for 10 min. Luminescence was measured using a
BioTek Synergy HTX Multimode Reader. Reactions were performed in
triplicate.

HDX-MS sample preparation

HDX reactions comparing Rab3GAP1 apo to Rab3GAP1+ Rab3GAP2
were carried out in 50l reaction volumes containing 8 pmol of
Rab3GAP1 or Rab3GAP1 + Rab3GAP2. Prior to the exchange reactions,
1.5 mM EDTA was added to each sample and samples were incubated
on ice for 1h. Exchange reactions were initiated by the addition of
46 uL of D,0 buffer (20 mM HEPES pH 7.5, 100 mM NacCl, 94.34% D,0
(V/V)) to 4 uL of protein mixture (final D,O concentration of 86.79%).
The reactions proceeded for 0.3 s (3s on ice), 3, 30, 300, or 3000 s at
room temperature, before being quenched with ice cold acidic quench
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buffer resulting in a final concentration of 0.6 M guanidine-HCI and
0.9% formic acid post quench. All conditions and timepoints were
created and run in independent triplicate. Samples were flash frozen
immediately after quenching and stored at —80 °C.

Protein digestion and MS/MS data collection

Protein samples were rapidly thawed and injected onto an integrated
fluidics system containing a HDx-3 PAL liquid handling robot and
climate-controlled (2°C) chromatography system (LEAP Technolo-
gies), a Dionex Ultimate 3000 UHPLC system, as well as an Impact HD
QTOF Mass spectrometer (Bruker). The full details of the automated LC
system are described previously*. The Rab3GAP1 + Rab3GAP2 samples
were run over one immobilized pepsin column (Trajan; ProDx protease
column, 2.1 mm x30 mm PDX.PP0O1-F32) at 200 uL min™ for 3 min at
8°C. The resulting peptides were collected and desalted on a C18 trap
column (ACQUITY UPLC BEH C18 1.7um column, 2.1mm x5mm;
Waters 186004629). The trap was subsequently eluted in line with an
ACQUITY 1.7 um particle, 100 mm x 1 mm C18 UPLC column (Waters),
using a gradient of 3-35% B (Buffer A 0.1% formic acid; Buffer B 100%
acetonitrile) over 11 min immediately followed by a gradient of 35-80%
over 5min. Mass spectrometry experiments acquired over a mass
range from 150 to 2200 m/z using an electrospray ionization source
operated at a temperature of 200 °C and a spray voltage of 4.5kV.

Peptide identification

For the Rab3GAP1 apo and Rab3Gapl + Rab3GAP2 experiment, pep-
tides were identified from the non-deuterated samples of Rab3GAP1
using data-dependent acquisition following tandem MS/MS experi-
ments (0.5s precursor scan from 150-2000 m/z; twelve 0.25s frag-
ment scans from 150-2000 m/z). MS/MS datasets were analyzed using
PEAKS7 (PEAKS), and peptide identification was carried out by using a
false discovery-based approach, with a threshold set to 0.1% using a
database of purified proteins and known contaminants. The search
parameters were set with a precursor tolerance of 20 ppm, fragment
mass error 0.02 Da, charge states from 1-8, leading to a selection cri-
terion of peptides that had a -10logP score of 26.6.

Mass analysis and measurement of deuterium incorporation
HD-Examiner Software (Sierra Analytics) was used to automatically
calculate the level of deuterium incorporation into each peptide. All
peptides were manually inspected for correct charge state, correct
retention time, appropriate selection of isotopic distribution, etc.
Deuteration levels were calculated using the centroid of the experi-
mental isotope clusters. Results are presented as relative levels of
deuterium incorporation and the only control for back exchange was
the level of deuterium present in the buffer (86.79%). Differences in
exchange in a peptide were considered significant if they met all three
of the following criteria: >5% change in exchange, >0.4 Da difference in
exchange, and a p value<0.01 using a two-tailed Student’s ¢ test.
Samples were only compared within a single experiment and were
never compared to experiments completed at a different time with a
different final D,O level. The data analysis statistics for all HDX-MS
experiments are in the source data according to the guidelines set out
previously®. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository’' with the dataset identifier PXD033072.

Description of %D and #D graphs

The raw HDX data are shown in two different formats. To allow for
visualization of differences across all peptides, we utilized number of
deuteron difference (#D) plots (Fig. 5b). The raw peptide deuterium
incorporation graphs for a selection of peptides with significant dif-
ferences are shown in Fig. 5¢ and Supplementary Fig. 5, with the raw
data for all analyzed peptides in the source data. These plots show the

total difference in deuterium incorporation over the entire H/D
exchange time course, with each point indicating a single peptide.

Negative stain electron microscopy and image processing
Negative-stained specimens were prepared as previously described*.
Briefly, FL Rab3GAP and core Rab3GAP from their respective peak
fraction of size exclusion chromatography were adsorbed onto a
carbon-coated copper grid for 0s, washed with ddH20 and stained
with 0.75% uranyl formate (Electron Microscopy Sciences) for 30s.
Using the Talos L120C Transmission Electron Microscope (Thermo
Fisher Scientific) equipped with a Ceta camera, micrographs were
collected with an accelerating voltage of 120 kV, nominal magnifica-
tion of x49,000 and a defocus of 2um. The micrographs were
imported and processed using CryoSPARC v4.0.3%. A small subset of
particles was manually picked and extracted with a box size of 100
pixels. 2D class averages were created from these particles to be used
to generate templates for particle picking. FL Rab3GAP was subjected
to multiple rounds of 2D classification to curate particle quality. A 2D
classification was used to determine the overall architecture of core
Rab3GAP.

Cryo-EM sample preparation and data collection

C-Flat 2/1 grids were subjected to a 25 s glow discharge at 15 mA using a
Pelco easiGlow glow-discharger. Following this, 3 uL of purified trun-
cated Rab3GAP1/2, at a concentration of 0.3mgmL™, was adsorbed
onto the grids and quickly plunge frozen into liquid ethane using a
Vitrobot Mark IV (Thermo Fisher Scientific), with a blot force of 5 and
2 s blot time at 100% humidity and 4 °C. To assess the quality of the ice
and particle quality, grids were screened using the 200 kV Glacios
transmission electron microscope, equipped with a Falcon 3EC direct
electron detector (DED). A total of 19,822 movies were collected using
the Titan Krios transmission electron microscope (Thermo Fisher
Scientific) operating at 300 kV, equipped with a Falcon IV DED and
Selectris energy filter. The movies were obtained at a nominal magni-
fication of x215,000, corresponding to a pixel size of 0.59 A, and with a
total dose of 50 e- A2 over 59 frames.

Cryo-EM data processing and model building

The cryo-EM data in this study was processed using cryoSPARC v.4.0.3.
The movies were subjected to patch motion correction with a Fourier
cropping by a factor of 2 and the CTF parameters of the micrographs
were generated using patch CTF estimation with default settings.
Initially, a subset of movies was selected for template-free 2D class
averaging to generate templates for particle picking. These templates
were employed to pick 15,244,538 particles from the whole dataset.
Particles were extracted with a box size of 640 pixels, Fourier cropped
to abox size of 160 pixels, and were subjected to multiple rounds of 2D
classification to discard poorly defined particles, resulting in the
selection of high-quality particles for further processing. Particles from
the best classes were re-extracted with a 640-pixel box size to be uti-
lized for multiclass ab initio reconstruction and heterogeneous
refinement using two classes. These particles were used to carry out
per-particle local-motion correction with a 1280-pixel box size,
downsized to 640 pixels. Particles were then subjected to additional
rounds of 2D classification, ab initio reconstruction, homogeneous
refinement, and non-uniform-refinement, which generated a global
reconstruction with an overall resolution of 3.39 A, as assessed by the
Fourier shell correlation 0.143 criterion. Local refinements of the rigid
region of the complex using masks were performed to further improve
the map quality to be resolved at 3.37 A. Local resolutions were esti-
mated using the local resolution estimation tool in cryoSPARC and
auto-sharpening was performed in PHENIX*'. Structural models of
Rab3GAP1 and Rab3GAP2 from the AlphaFold Protein Structure
Database were next fit into the cryo-EM density map using Chimera®.
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This was followed by iterative rounds of refinement in Phenix.real_-
space_refine and manual model building in COOT*. Structural and
refinement statistics is summarized in Supplementary Table 3.

Bioinformatics

Protein structure and binding interfaces were predicted for core
Rab3GAP with and without Rab18 using AlphaFold3 with default set-
tings except for minimization of the top-ranked structure”*®, Predic-
tion confidence metrics were reported as pTMscore, iPTMscore, PAE
and pLDDT. The cryo-EM structure of core Rab3GAP was used as input
for Foldseek to identify structurally related proteins”. Clustal Omega
Multiple Sequence Alignment®® was used to align the sequences of
human Rabs, followed by ESPript 3.0 analysis to identify conserved
regions®’.

Cell culture

Hela cells were cultured in DMEM high glucose with L-glu Na-pyruvate
(Sigma-Aldrich, D6429) supplemented with 10% (v/v) fetal bovine
serum (FBS) (Sigma-Aldrich, F1051) at 37°C and 5% CO,. Cells are
routinely checked for mycoplasma contamination.

Immunofluorescence

Hela cells were seeded at 2.5 x 10° cells per well onto #1.5 coverslips
24 h prior to co-transfection with 0.25 g of pcDNA3.1-GFP-Rab18
(Genscript) using Lipofectamine 3000 (Invitrogen, L3000008)
according to the manufacturer’s protocol. Transfection reagent was
removed after 5h and replaced with fresh media and allowed to
incubate for another 19 h. Cells were rinsed 2x with PBS and then
fixed in 3% PFA +0.2% Glutaraldehyde for 15 min at room tempera-
ture. Coverslips were washed 3x with PBS before permeabilization
with 0.2% Triton X-100 for 5min at room temperature. Coverslips
were washed 3x with PBS before incubating with 1 mg mL™ sodium
borohydride for 10 min at room temperature. Coverslips were
washed 3x with PBS and then blocked using 2.5% Bovine serum
albumin (Sigma-Aldrich) for 1h at room temperature. Nuclei were
stained with 0.5mgmL™ DAPI (Invitrogen, D1306) for 5min. Cells
were washed 3x with PBS and then coverslips were mounted using
ProLong Glass Antifade (Invitrogen, P36980). Fixed samples were
imaged on a 63x/1.40 NA objective (oil immersion, HC PL APO Leica
Microsystems) on a Leica STELLARIS 5 LIAchroic inverted scanning
confocal microscope. GFP signal was acquired using a 488 nM laser
line and the power HyD S detector (Leica Microsystems). Brightness
was adjusted in ImageJ/Fiji.

Statistical analysis

For all GAP and GEF assays, experiments were performed in technical
triplicate with mean+SEM shown in figures. Statistical analysis
between conditions was performed using a two-tailed Student’s ¢ test
or ordinary one-way ANOVA (GraphPad Prism). For HDX-MS assays,
experiments were performed in technical triplicated with mean + SD
shown in figures. Statistical analysis between conditions was per-
formed using a two-tailed Student’s ¢ test. The following legend is used
for statistical significance: *p <0.05 and ns p > 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The 3D reconstruction of core Rab3GAP is available at the Electron
Microscopy Data Bank under accession code EMD-43655. The atomic
coordinates for core Rab3GAP are available at the Protein Data Bank
under accession code 8VYB. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository” with the dataset identifier PXD033072. All

other data are available from the corresponding author upon
request. Source data are provided with this paper.
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