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Abstract Cdc42 is a small Rho-type GTPase and the main regulator of cell division in eukaryotes. It is surrounded by a large
network of regulatory proteins. To understand the processes around cell division, in-depth understanding of Cdc42 and its
regulation is required. In vitro reconstitutions are a suitable tool for such detailed mechanistic studies, as they allow a high
level of control over the conditions and components used and. For these Cdc42 and its regulators need to be expressed,
purified, and tested for their activity. There are many methods described for this, but their details, possible difficulties, and
points of failure are rarely discussed. This makes in vitro studies on Cdc42 less accessible to scientists that have a background
different from biochemistry. We here present our experience with working with Cdc42 in vitro. We describe the recombinant
expression and purification behaviour of 12 Cdc42, six Cdc42-mNeonGreen𝑆𝑊 and four Cdc42-sfGFP𝑆𝑊 constructs in E. coli.
We explore Cdc42 dimerisation in vitro and assess its activity using GTPase Glo assays and Flag-pulldown assays. GTPase Glo
assays turn out to be a reliable tool to quantitatively asses GTPase activities, wheareas pulldown experiments are more error
prone. We find that most Cdc42 constructs, with the exception of those with an N-terminal Twin-Step-tag, show a similar
GTPase activity and interaction with the GDP/GTP exchange factor Cdc24. We close with using enterokinase and TEV protease
to generate untagged Cdc42. Enterokinase also cuts Cdc42 in an undesired position. TEV protease leads to the desired
product, which retains its GTPase activity but shows a reduced Cdc24 interaction. The work presented here acts as a guide for
scientists desiring to work with Cdc42 in vitro through describing Cdc42’s properties in detail and examining assays that can be
used to study its behaviour or act as activity checks.
Graphical abstract:

Introduction
Cellular processes arise through complex interactions of many components. In vivo investigations give insights into the overall
cellular function of a component, and in vitro assays elucidate the specifics of single interactions and component functions.
Bridging the gap between highly controlled single to a few component in vitro assays and highly complex in vivo processes are
in vitro reconstitutions (for example [1, 2, 3, 4]). Here the interplay between several components, synergies, and emergent be-
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haviours can be characterised. Factors such as concentrations, component ratios, and temperature can be manipulated and
their effect on the overall system can be observed - giving rise to an an in-depth understanding of the system and a base to-
wards building a synthetic cell. With increasing amount of added components the complexity of the system increases - it moves
towards a cell-like state - but it also becomes experimentally more challenging [5]; for example because an altered property of
a single component can change the overall behaviour of the entire system. Thus, a high level of control and knowledge over
the components is needed.
The system surrounding the Rho-type GTPase Cdc42 is an interesting case for in vitro reconstitutions: Cdc42 is the main regu-
lator of polarity establishment and cell division in eukaryotes [6]. It is part of a complex network of polarity proteins, including
GDP/GTP exchange factors (GEFs), GTPase activating proteins (GAPs), a guanine nucleotide dissociation inhibitor (GDI), scaffold
proteins, and other regulatory proteins, that all interact with each other and with Cdc42 in particular [7, 8, 9]. Cdc42’s properties
and the protein-protein interactions of the polarity network have been studied in vivo and in isolation in vitro [10], elucidating
aspects of the network’s properties. For example, several of Cdc42’s binding partners, properties of its GTPase activity, and
kinetics of its membrane interaction were be examined through in vitro studies using one to three proteins in isolation (Supple-
ment S 1). However, despite these detailed information accumulated over decades of study the molecular mechanism driving
Cdc42 accumulation is still heavily debated [5, 11]. One reason for the ongoing debate is the high level of interconnection and
redundancy present in the yeast polarity system, which makes this system difficult to model and work with. In vitro reconstitu-
tions, allowing for a certain, yet controllable, level of complexity, could show the molecular mechanism of Cdc42 accumulation
[5].
For in vitro reconstitutions Cdc42 constructs (with purification tags) need to be designed, expressed, purified, stored until use,
and tested for their activity. One of the first decisions that thus needs to be made is that of native or recombinant protein
expression/purification. In native purification the protein of interest (POI) is expressed in its native organism, in the recom-
binant approach a different organism is used. Native purification gives the most biologically relevant protein, but expression
and purification protocols are usually less established and more difficult to follow, and the obtained POI batch can contain
small amounts of co-purified POI binding partners and consists of a mixture of POI with various forms of post-translational
modifications (for example, for Saccharomyces cerevisiae Cdc42: ubiquitinylation [12, 13], phosphorylation [14], farnesylation
and geranyl-geranylation [15]. The presence of post-translationally modified protein is also an advantage of a native purifica-
tion: if the post-translational modification is an essential feature of the POI, its presence is required. Previous in vitro stud-
ies on Cdc42 obtained the protein using (1) Escherichia coli based expression systems [16], (2) insect cell expression systems
[17, 18, 19, 20, 21, 22, 23], or (3) through purification of membrane-bound Cdc42 from yeast [24, 25]. We chose to purify S.
cerevisiae Cdc42 recombinantly from Escherichia coli due to the method’s advantages: (1) Recombinant purification from E. coli
is widely used and protocols are established and easy to follow. E. coli grows fast and reliably and protein can be over-expressed
in a high yield. (2) As Cdc42 is not native in E. coli, it will have little to no binding-partners that it can co-purify. One can thus
be more certain that the obtained Cdc42 batch is only Cdc42. This is especially important if Cdc42 ought to be used to quanti-
tatively study its interaction with its binding partners. If the Cdc42 batch contains already small amounts of binding partners,
claims about the effect of a binding partner on Cdc42 and the concentration-dependence of this effect are less accurate. We
like to point out that Cdc42 purified in this way does not possess its C-terminal prenyl group, which is responsible for anchoring
Cdc42 to the membrane and binding to the GDI Rdi1 [26, 27]. This group would need to be added later in an in vitro reaction
[16, 28, 29].
There are many frequently used methods for protein expression, purification, and assays that assess protein activity and their
interactions, but their details, possible difficulties, and points of failure are rarely discussed. This makes in vitro studies, and
reconstitutions in particular, with Cdc42 less accessible to scientist that have a background different from biochemistry. Here
we set out to make the in vitro use of (Saccharomyces cerevisiae) Cdc42 more accessible to a broad audience, through describing
our work and experience with various Cdc42 constructs. The goal of this paper is not to map out all properties of all constructs
used, but to showcase what steps and difficulties working with Cdc42 in vitro entails. We include positive as well as negative
results and point out heterogeneous behaviours of Cdc42. We start by describing our Cdc42 construct design in detail. We
then show the recombinant expression and purification behaviour of Cdc42 and Cdc42-sfGFP and -mNeongreen sandwich fu-
sions in E. coli and discuss Cdc42 dimerisation in vitro. We then used GTPase and pulldown assays to (1) examine our Cdc42
constructs on their functionality - their GTPase activity and interaction with two binding partners, and (2) to assess how reliable
and straightforward these assays are to test protein properties. We close with exploring how suitable two cleavage enzymes,
enterokinase and TEV protease, are for cleaving tags off Cdc42.
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Abbreviations:AA amino acid
GAP GTPase activating protein
GDI guanine nucleotide dissociation inhibitor
GEF GDP/GTP exchange factor
His-AC His-affinity chromatography
PBR polybasic region
POI protein of interest
SEC size exclusion chromatography
SEC-MALS size exclusion chromatography - multi-angle light scattering
Strep-AC Strep-affinity chromatography
SW sandwich fusion

1

2

Results
Cdc42 constructs
Purification of proteins for in vitro studies is generally done by attaching an N- or C-terminal purification tag to the POI. The ratio-
nal behind the placement of purification tags and their effect on the protein’s expression/purification behaviour and properties
are rarely discussed. This contributes to making in vitro studies less accessible for non-biochemists. Further, tag cleavage is not
always easy or possible. To cleave off a tag a recognition site for a cleavage enzyme needs to be placed in-between the POI and
purification tag. Cleavage enzymes have a relatively high sequence specificity, but can also cleave within the POI causing degra-
dation products. The enzyme’s cleavage behaviour and efficiency need to be tested for every POI to ensure proper matching.
After the cleavage reaction the tagged, untagged, degraded POI species and cleavage enzyme need to be separated, adding
another undesirable and yield-reducing purification step. In other cases the cleavage of the purification tag is not possible. For
example when the tag is used to bind the POI to beads or a modified surface to study protein-protein interactions.
Cdc42 is a small Rho-type GTPase of 191 amino acids (AAs)/21 kDa, consisting mainly of a Rho-domain, that is responsible for
its catalytic activity, and a short flexible N-terminal region made of the polybasic region (PBR) directly followed by the CAAX box.
The PBR is a five AA long unstructured region of mostly positively charged amino acids that has been linked to dimerisation and
supports binding to negatively charged membranes [30]. The CAAX-box is a four AA sequence at the C-terminus, at which the
protein gets post-translationally modified: a prenyl group (geranylgeranyl or farnesyl) gets appended, allowing the protein to
bind to membranes [26].
So-far, in vitro studies with 6His-tagged [19, 31, 21, 23, 16, 32], GST-tagged [18, 33, 21, 24], and 6His-Strep-II-tagged [25] Cdc42
were conducted. Of these references, only one reported to have cleaved off the tag [19]. All of these constructs have the pu-
rification tag placed on the N-terminus. It is likely the case because in vivo Cdc42 is prenylated at its C-terminus. Even though
not all mentioned studies used prenylated Cdc42, all left the C-terminus unmodified. We set out to explore the effect of N- and
C-terminal additions, including various purification tags, on Cdc42. We constructed three types of constructs:

• Type H: Here only a single 6His-tag is directly appended to the N-terminus of Cdc42 (Fig. 1). This construct has the least
amount of additions and therefore is expected to be least influenced by them.

• Type S: Here only N-terminal additions are added; a purification tag followed by a thrombin site, T7 tag, and enterokinase
site (Fig. 1). Thrombin and enterokinase sites allow the cleavage of the N-terminal region, thus facilitating for the removal
of the purification (and T7) tag, giving the possibility to generate an untagged protein. The T7 tag is an 11-residue peptide
from the leader sequence of the T7 bacteriophage gene10 [34] and aids protein expression in E. coli.

• Type D: Here both the N-terminal additions from type S plus C-terminal additions are added. On the C-terminus a sortase
site (sortaseA from Staphylococcus aureus) followed by a second purification tag is added (Fig. 1). The sortase site allows
the removal of the C-terminal tag and the ligation of a peptide probe to the protein in a single reaction step [29]. With
this, a protein prenylation moity or other modification could be added. The C-terminal purification tag can be used for an
additional affinity chromatography step during protein purification, and to separate labelled from unlabelled protein after
a sortase-mediated labelling reaction. To asses C-terminal Cdc42 additions further, we designed a Cdc42 construct with
an alternative membrane-binding domain (Cdc42-BC). Here the first two basic cluster (BC) regions of the yeast protein
Bem1 (51AA) got inserted into the protein’s C-terminus in between its PBR and CAAX box. The BCs are a 23 to 74AAs long
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Table 1. Purification tag specifications. For more information regarding the Strep-II®-tag and Twin-Strep®-tag see [37], and regarding theFlag®-tag see [38].
Tag Amino acid sequence Length Size
H: 6His HHHHHH 6 AA 0.8 kDa
F: Flag® DYKDHDGDYKDHDIDYKDDDDK 22 AA 2.7 kDa
S: Strep-II® WSHPQFEK 8 AA 1.1 kDa
SS: Twin-Strep® WSHPQFEKGGGSGGGSGGGSWSHPQFEK 28 AA 2.9 kDa
H-SS: 6His + Twin-Strep® HHHHHHWSHPQFEKGGGSGGGSGGGSWSHPQFEK 34 AA 3.7 kDa

unstructured region of mostly positively charged AAs that were shown to anchor Bem1 to negatively chargedmembranes
in vitro [35]. We designed this construct to further asses how unstructured (linker) regions on Cdc42’s C-terminus affect
its behaviour. We did not add structured regions, as the addition of a C-terminal amphipathic helix from Rit to Cdc42
resulted in folding issues of the protein in vitro (unpublished data by P. Schwille group (MPI Martinsried, Germany)). (The
addition was in reference to Bendezu et al., which showed that this alternative membrane binding domain leads to viable
cells in vivo [36].).

As a standard we added a 6His-tag (H), placed N- and C-terminally, to all our constructs. The 6His-tag it is a small often-used tag
that facilitates His-affinity chromatography (His-AC) - an easy, fast, and cheap purificationmethod. Type D constructs contained
additionally a Flag- (F), Strep-II- (S), or Twin-Strep- (SS) tag. All of these are also rather small in size and can be used for affinity
chromatography. The Strep-II- and Twin-Strep-tag differ only in so far from each other as the Twin-Strep-tag is made from two
repeats of the Strep-II-tag that are spaced with a linker (Tab. 1). The Twin-Strep-tag binds by an order of magnitude tighter to
Strep-Tactin and is thereforemore effective when used for purification purposes [37]. Sequences and sizes of these purification
tags are given in Tab. 1.
Cdc42 expression in E. coli does not result in prenylated Cdc42, as E. coli lacks the machinery responsible for it. If needed, such
a group can still be added in an in vitro reaction: Cdc42 constructs type H and S contain a C-terminal CAAX box, which can be
prenylated using purified farnesyltransferase or geranylgeranyl-transferase type I [16]. TypeD constructs contain a sortase site
with which a prenyl group can be ligated to the protein’s C-terminus [29].
To expand out investigations on Cdc42 further, we designed fluorescent Cdc42 fusions. In principle, a fluorophore could be
attached to either Cdc42’s N- or C-terminus. Cdc42 fusions with N-terminal fluorophores have been controversial: N-terminal
fusions of Cdc42 with fluorescent proteins have been shown to lead to disfunctional proteins in vivo [36], but two studies used
such constructs successfully in vitro [39, 32]. C-terminal additions on Cdc42 are not well-studied. We are only aware of the
unsuccessful attempt to add a C-terminal amphipathic helix. However, it has been shown that fast-folding fluorophores can be
inserted into a solvent-exposed loop of Cdc42 [36]. We used this approach to create sandwich fusions of Cdc42 and sfGFP or
mNeonGreen (Fig. 1), two proteins that are known to fold quickly [40, 41].
An overview of the herein used constructs and their abbreviations is given in Tab. 2.
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Figure 1. Schematic overview of the protein constructs. (A) Illustration of the general size and outline of double-tagged (type D) andsingle-tagged constructs (type S) and of constructs to which only a single 6His-tag got added (type H). (B) Zoom-in of the N- and C-terminal tagregions from type S and type D and illustration of the size difference of the purification tags. All constructs are drawn roughly up to scale, interms of their number of amino acids (AA). The position of domains of interest are indicated. An overview of the specific constructs is given inTab. 2.
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Figure 2. Cdc42 constructs type S and D, but not type H, express in a high amount and show dimer bands on SDS-Page. (A) Cdc42constructs type S and D, but not type H, express in all three conditions (’f’: 3 h 37°C 1.0mM IPTG, ’s’: 18 h 18°C 0.2mM IPTG, ’ÁI’: 3 h 37°C + 18h18°C [42], Expression levels of Cdc42 were assessed by anti-His Western blotting. (B) Cdc42 expresses well, independent of which N- orC-terminal tags were added. Cdc24 and Bem1 with an N-terminal Twin-Strep-tag do not express. Expression levels were assessed by anti-Hisand anti-Cdc42 Western blotting. Cdc42 constructs were expressed in condition ’f’ and Cdc24 and Bem1 constructs were expressed incondition ’s’. (C) Cdc42 shows dimer bands on SDS-Page, but dimers can not be detected in SEC-MALS. Molecular weight of purified Cdc42constructs determined by SEC-MALS in comparison to the expected mass based on the amino acid sequence (’Theory’). Anti-His andanti-Cdc42 Western blots of the peak fractions from SEC-MALS runs.

Cdc42 expresses robustly and can be purified in a high yield using His-AC
First, we examined expression levels of Cdc42. We assed Cdc42 constructs which only are 6His-tagged (type H), have a larger
additional N-terminal region (type S), and contain both N- and C-terminal additions (type D) (Fig. 1). Cdc42 was placed under an
IPTG inducible promotor so that it’s expression can be induced through addition of that chemical. We tested three expression
conditions:
’f’: a strong and fast expression at elevated temperatures, induced by a high amount of IPTG (3h at 37°C with 1mM IPTG).
’s’: a low and slow expression at lower temperatures, induced by a smaller amount of IPTG (18h at 18°C with 0.2mM IPTG).
’AI’: a self-inducing combined approach, called auto-induction (3h at 37°C + 18h at 18°C) [42].
All Cdc42 constructs contained a 6His-tag, therefore expression levels could be analysed by anti-His Western blotting (Fig. 2a-c).
Both type S andD expressed at all conditions in roughly equal amounts (Fig. 2a). The presence of a C-terminal tag or variations in
Cdc42’s CAAX box did not alter the expression levels. Further, the position of the tags in type D did not affect Cdc42 expression
(Fig. 2b). Type H did not express in any condition (Fig. 2a). The N-terminal region of constructs of type S and D, but not of type H,
contains a thrombin cut site, T7 tag, and enterokinase cut site. If the direct placement of the 6His-tag onto Cdc42’s N-terminus
interferes with protein folding, the additional elements could act as a spacer, circumventing the issue. The T7 tag could also
directly be responsible for facilitating Cdc42 expression, as it aids protein expression in E. coli.
We then purified Cdc42 type S and D constructs. All constructs could be purified in a high yield in a single step His-AC (3-7mg
per 1 L expression volume) (Fig. 3). After purification only one construct, SS-Cdc42-H, was highly unstable and precipitated even
at low concentrations (0.5mg/mL). This was only the case for SS-Cdc42-H, all other constructs (including S-Cdc42-H, H-Cdc42-SS,
and H-SS-Cdc42-F) showed no precipitation and were stable up to at least 2mg/mL. This suggests that the N-terminal Twin-
Strep-tag destabilises Cdc42. We observed a similar trend for the expression of two other yeast proteins; Cdc24 and Bem1.
Cdc24 and Bem1 constructs, that were double-tagged in the same fashion as described for Cdc42, expressed when tagged with
an N-terminal Strep-II-tag, C-terminal Twin-Strep-tag, or N-terminal 6His-Twin-Strep-tag, but did not, or only to greatly reduced
level, express when tagged with an N-terminal Twin-Strep-tag (Fig. 2b). We suspect that the negative effect of the N-terminal
Twin-Strep-tag is thus not Cdc42-specific, but inherent to the properties it exhibits when placed at a protein’s N-terminus.
We further observed that Flag-tagged protein constructs of type D run slightly higher than their expected size on SDS-Page
(Fig. 2b, 3). We can imagine that this is an artefact of how the Flag-tag moves through an SDS-Page gel: the Flag-tag is filled with
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Figure 3. Cdc42 can be purified in a high yield in a single His-affinity chromatography step. (A) Purification profile of H-SS-Cdc42-F,purified by His-AC. The protein was eluted in a gradient of His-AC washing buffer (50mM Tris-HCl (pH=8.0), 1M NaCl, 5mM imidazole, 1mM2-mercaptoethanol) and His-AC elution buffer (50mM Tris-HCl (pH=8.0), 100mM NaCl, 500mM imidazole, 1mM 2-mercaptoethanol). Thepurification profiles of Cdc42 constructs shown in (B) looked alike. (B) SDS-Page of purified Cdc42 after a single step His-AC. The band of thefull-length protein is indicated by an orange arrow. The asterix indicates the height of Cdc42 dimers.

charged residues and contains very few hydrophobic residues. The lack of hydrophobic residues (and the presence of charged
residues) makes it difficult for SDS to bind to the tag. This could allow the Flag-tag to fold back into its native structure. A folded
structure will migrate differently through the gel, and in the case of the Flag-tag, slower that one would expect for a peptide of
a similar size.
Taken together, Cdc42 expresses highly in a broad range of conditions and it can easily and in a high yield be purified in a
single-step His-AC. The majority of constructs with N- and N- plus C-terminal additions (type S and D) behave equally well. The
only exceptions were H-Cdc42 and SS-Cdc42-H. H-Cdc42 did not express at all, suggesting that a linker region between 6His-tag
and Cdc42, or the T7 lead specifically, is required. The N-terminal Twin-Strep-tag caused Cdc42 precipitation and expression
issues in Cdc24 and Bem1, indicating that the observed issues are tag-related.
Cdc42 shows dimer bands on SDS-Page
We assessed Cdc42 expression levels of various constructs. Next to the expected Cdc42 band at 25-30 kDa, we observed a
50-60 kDa band for almost every construct in the anti-His and anti-Cdc42 Western blots (Fig. 2b). Its presence in the anti-Cdc42
Western blot confirms that this band is also indeed Cdc42, suggesting that Cdc42 forms dimers. Cdc42 belongs to the group
of small GTPases, of which some have been shown to dimerise or oligomerise. Dimerisation has been linked to the PBR and
(partial) removal of the PBR was shown to impede dimerisation. An illustration of this is given in Supplement S2 Tab. 1. Different
GTPases have similar, yet slightly distinct PBR sequences. S. cerevisiae Cdc42 has the PBR sequence that has neither been linked
to dimerisation nor to its absence. As the direct relation between the PBR sequence and protein dimerisation is still largely
unknown, it is difficult to say, based on the PBR sequence, if Cdc42 dimerises. In vivo data suggests that it does not [43], but
the absence of Cdc42 dimers in vivo does not necessarily exclude their existence in vitro: Cdc42 occupies a central role in the
yeast cell cycle and has a lot of binding partners [9], making it part of a lot of protein complexes. Cdc42 dimerisation was
assessed though the fluorescence signal of two Cdc42-YFP fusions with YFP truncations: One Cdc42 copy was fused to the N-
terminal part of YFP, the other Cdc42 copy to the C-terminal part. Fluorescence appears when both YFP fragments are brought
together through association of two Cdc42 molecules [43]. Hence, only dimeric Cdc42 leads to a YFP signal, monomeric Cdc42
and Cdc42 in hetero-complexes does not. If only a small fraction of Cdc42 dimers are Cdc42-Cdc42 homodimers (compared to
Cdc42-effector protein heterodimers), not enough YFP signal is generated to observe these homodimers.
To further investigate this possibility, we ran purified Cdc42 sample on a size-exclusion chromatography (SEC) column and used
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Figure 4. Most Cdc42-sfGFP𝑆𝑊 and -mNeonGreen𝑆𝑊 constructs express, but all show degradation. Expression levels (’f’: 3 h 37°C1.0mM IPTG, ’s’: 18 h 18°C 0.2mM IPTG) were analysed by anti-His Western blotting. The black arrow indicates the size of monomeric Cdc42and the green arrow indicates that of the fluorescent Cdc42 fusions. Bands annotated with an asterisk (lane22) are not from the protein inthat lane, but bands of the protein standard that migrated to this lane during the blotting process.

multi-angle light scattering (MALS) to determine themolecular weight of the protein in each peak (Fig. 2c). Cdc42 ran in one peak
and the SEC-MALS molecular weight corresponded to that of a monomer, independent of construct type or added nucleotide.
We subsequently analysed the protein of these peak fractions by anti-His and anti-Cdc42 Western blotting. Again, the blots
showed bands of the size of a dimer. Interestingly, the presence of dimers on SDS-Page was again influenced by the Strep-tag.
Constructs with an N-terminal Twin-Strep-tag (SS-Cdc42-H, H-SS-Cdc42-F) formed no dimers (Fig. 2b), and S-Cdc42-H showed
dimers in the anti-His, but not in the anti-Cdc42 Western blot (both in the expression test (Fig. 2b) and SEC-MALS samples
(Fig. 2c)). C-terminal tags did not induce or influence dimer formation; type S constructs, and typeD constructs with all possible
C-terminal tags (6His, Flag, Strep-II, Twin-Strep) formed dimers (Fig. 2b). Thus, N-terminal Strep-II and Twin-Strep-tags seem to
interfere with Cdc42 dimerisation under denaturing conditions. The origin of this remains elusive.
Taken together, we conclude that Cdc42 does not form stable long-lasting dimers in vitro. From this data we can not exclude
that it forms transient and weakly bound dimers, as such complexes would not sustain themselves under the constant flow
under which SEC is performed. Our data shows that it dimerises under denaturing conditions. This can be an artefact that has
no translation to the behaviour of the folded protein, or mean that Cdc42 has some, still unexplored, potential to dimerise.
Cdc42-mNeongreen𝑆𝑊 /-sfGFP𝑆𝑊 shows a more varied expression and purification behaviour than Cdc42
We explored the expression and purification behaviour of fluorescent Cdc42 sandwich fusions. Double-tagged Cdc42 was
mostly unaffected by its specific N- and C-terminal tags (with the exception of an N-terminal Twin-Strep-tag). We assessed
if this was also true for sandwich fusions of Cdc42 and sfGFP or mNeonGreen [36]. We conducted expression tests (condition ’f’
and ’s’) and analysed them by anti-His Western blotting (Fig. 4). We tested combinations of N- and C-terminal 6His-, Flag-, Strep-,
and C-terminal Twin-Strep-tags. We did not conduct tests with constructs with an N-terminal Twin-Strep-tag, as they already
lead to issues with Cdc42 alone.
Most fusion-constructs showed bands at the expected size of 55 kDa (Fig. 4, green arrow). Only H-Cdc42-mNeon-F and H-Cdc42-
mNeon-S did not express the full-size protein but only parts of it (Fig. 4 lane2, 3, 10, 11). This is surprising as their Cdc42
equivalents showedno expression problems at all (Fig. 4 black arrow, lane1 and 9). In contrast to Cdc42,most Cdc42-mNeon𝑆𝑊 /-
sfGFP𝑆𝑊 fusions showed additional lower bands, that can originate from degradation or translation processes that terminated
prematurely. This is not surprising, as the fluorophore sequence was inserted directly into the Cdc42 sequence, potentially
making the fusion more susceptible to degradation.
In most cases both Cdc42-mNeonGreen𝑆𝑊 and Cdc42-sfGFP𝑆𝑊 fusions expressed with roughly the same amount and to same
level of degradation, through significantly less strong than Cdc42. An exception is F-Cdc42-sfGFP-H (Fig. 4 lane7 and 8), that
expressed at a much higher amount than its mNeonGreen equivalent (Fig. 4 lane5 and 6). It also shows higher amounts of
degradation, even though it is possible that the degradation bands are only more pronounced due to the generally higher ex-
pression levels.
In most cases no big difference between the slow (’s’) and fast (’f’) expression condition could be observed; the fast condition
lead to slightly more protein than the slow condition, but also showed a proportionally higher amount of degradation bands.
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Figure 5. F-Cdc42-sfGFP-H can be purified in a single His-affinity chromatography step. The protein was eluted in a gradient of His-ACwashing buffer (50mM Tris-HCl (pH=8.0), 1M NaCl, 5mM imidazole, 1mM 2-mercaptoethanol) and His-AC elution buffer (50mM Tris-HCl(pH=8.0), 100mM NaCl, 500mM imidazole, 1mM 2-mercaptoethanol). SDS-Page of the elution peak, the band of the full-length protein isindicated by an orange arrow.

An exception is S-Cdc42-sfGFP-H (Fig. 4 lane20 and 21) where less degradation is present in the fast compared to the slow con-
dition. The opposite is true for the mNeonGreen equivalent (Fig. 4 S-Cdc42-mNeon-H, lane18 and 19). Here the slow condition
expressed roughly the same amount of protein with less degradation.
In contrast to Cdc42, the expression behaviour of fluorescent Cdc42 fusions is very heterogeneous. Full-size protein can be
produced with several, but not all, N- and C-terminal tag combinations. Degradation bands are observed in all cases but to
different degrees, depending on the combination of (1) fluorophore used (sfGFP or mNeonGreen), (2) expression condition (’f’
or ’s’), and (3) N- and C-terminal tags. From our data no apparent relation between these factors could be drawn.
Next, we purified a subset of the constructs used in the expression test. We chose the constructs based on our applications and
did not do entire screens. The data shown here therefore acts as exemplary evidence. We purified F-Cdc42-sfGFP-H, H-Cdc42-
sfGFP-SS, F-Cdc42-mNeon-H, and S-Cdc42-mNeon-BC-H.
F-Cdc42-sfGFP-H could be purified in a high yield (5mg per 1 L expression volume) in a single step His-AC (Fig. 5). The other con-
structs required multiple chromatography techniques and gave a very low yield (<0.1 mg per 1 L expression volume). Addition
of detergents to the buffers increased the yield, but not to a substantial degree. We suspect that the high expression levels of
F-Cdc42-sfGFP-H, which are already visible in the expression test (Fig. 4 lane7,8), lead to the high yield. An extended discussion
of the purification of these constructs is given in Supplement S3.
We further observed for all constructs that the lysis step was incomplete (about 30-50% of cells lysed), even though the same
protocol resulted in 100% lysed cells if a non-fluorescent Cdc42 construct was used. The lysis could be slightly improved when
the number of lysis rounds with the high pressure homogenizer were doubled from five to ten. The origin of this remains
elusive.
Based on this data, we suggest to use F-Cdc42-sfGFP-H due to its easy purification procedure which results in a high yield. If
another construct is required, we advise to screen for one that has the highest yield after His-AC, as we found this to be the
limiting factor.
Cdc42’s GTPase activity and interactionwith theGEFCdc24 canbe reliably assessedusingGTPase-Glo assays
Cdc42 is a small GTPase and can therefore hydrolyse GTP. To test how active the various Cdc42 constructs are, we performed
GTPase assays using the Promega GTPase GloTM assay. Here serial dilutions of Cdc42 were incubated with GTP for a certain
time, after which the reactions were stopped and the amount of remaining GTP was measured (see materials and methods).
To compare the GTPase activity of different Cdc42 constructs, we determined GTP hydrolysis cycling rates k. These rates en-
compass the entire GTPase cycle, which can be described in three steps (Fig. 6a): (1) Cdc42 binds to a free GTP. (2) GTP gets
hydrolysed by Cdc42. (3) Cdc42 releases GDP.
If one construct shows decreased rates k it indicates that at least one of these steps is occuring at a slower rate, suggesting
that this batch has less active Cdc42 or a higher ratio of inactive to active protein. If batches of a certain construct show this
behaviour repeatedly, the N- and/or C-terminal additions are likely interfering with its functionality.
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Figure 6. Cdc42’s GTPase activity and interaction with the GEF Cdc24 can be quantified using GTPase Glo assays (Promega). (A)Schematic illustration of the GTPase cycle. (B) GTPase Glo assay: The amount of remaining GTP declines exponentially over time. Dashed linesare fits (Eq. 1). (C) H-SS-Cdc42-F shows cooperative behaviour (high 𝑘2 and 𝑘1 ≈ 0) and S-Cdc42-H exhibits almost no cooperativity (high 𝑘1 and
𝑘2 ≈ 0). (D) The overall GTP hydrolysis cycling rate scales non-linearly with the Cdc24 concentration.

First, we examined how the GTP concentration changes for different Cdc42 concentrations over time. We performed exper-
iments to measure the amount of remaining GTP after incubation times of 1.5 h, 3 h, and 5h. The graph of the amount of
remaining GTP over time (Fig. 6b) shows that the GTP hydrolysis process can be described by an exponential decline (Eq. 1).
The assay data of all three incubation times gave the same fit (Fig. 6b), suggesting that one data set from one assay, i.e. one
incubation time, is sufficient. In this assay we used Cdc42 concentrations of 0.75 to 2.00µM. For assays comparing the GTPase
activity of various Cdc42 constructs we used wider concentration ranges (1 - 9µM Cdc42 in combination with incubation times
of 1 -1.5 h) to ensure a better fit quality.
We determined the GTP hydrolysis cycling rates of Cdc42 using

[GTP]𝑡 = [GTP]𝑡0 exp (−𝐾𝑡)

using [GTP]𝑡0 = 100%

and 𝐾 = 𝑘1[Cdc42] + 𝑘2[Cdc42]2
(1)

We will refer to 𝐾 as the ’overall GTP hydrolysis cycling rate’ in the following. In this equation 𝑘1 describes the GTP hydrolysiscycling rate of a single Cdc42 molecule and 𝑘2 includes any effects due to Cdc42 dimerisation or cooperativity. Introduction
of this two-parameter fit was needed as some Cdc42 constructs showed cooperative behaviour (high 𝑘2 and 𝑘1 ≈ 0), whereas
others showed almost none (high 𝑘1 and 𝑘2 ≈ 0) (Fig. 6c).
Next to Cdc42’s GTPase activity, we also investigated its interaction with the GEF Cdc24. As a GEF Cdc24 boosts the release of
GDP from Cdc42 (GTPasy cycle step (3), Fig. 6a) and thereby increases the cycling speed of the GTPase cycle.
Assays with Cdc24 dilutions show that Cdc24 is highly active; addition of sub-µM concentrations of Cdc24 to 1µM Cdc42 were
sufficient to boost the reaction cycle by a factor of about three (Fig. 6d).
Further, the data showed that the GTP decline does not depend linearly on the Cdc24 concentration, but is better approximated
by a quadratic term. This suggests cooperativity. Previous work showed that Cdc24 has the capability to oligomerise via its DH
domain [44]. We expect dimers and oligomers to have an increased GEF activity. This could, for example, be facilitated by
Cdc24’s C-terminal PB1-domain, which has been suggested to reduce Cdc24’s GEF activity through intramolecular interactions
[45]. Cdc24 oligomerisation could interfere with this self-interaction and thereby increase the proteins GEF activity. We note
that previous this assumption could be seen to contradict previous in vitro work: Cdc24 peptides, consisting only of Cdc24’s
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DH and PH domain, showed that these peptides exhibit GEF activity. The GEF activity was not changed when oligomerisation
was inhibited (through mutations) or amplified [44]. These findings would exclude that Cdc24 oligomers exhibit an increased
GEF activity. However, one has to be careful when applying these findings to full-size Cdc24: For one, not full size protein, but
only peptides were used. Other domains that are not directly involved in oligomerisation or GEF funtion can still affect these
properties. For example, the PB1 domain was suggested to reduce Cdc24 GEF activity in a self-inhibitory fashion [45]. Next,
samples representing a heightened oligomerisation state were produced through addition of an additional oligomerisation
domain to the peptides. This domain was not related to Cdc24 and could be triggered to oligomerise through the addition of
a chemical. It is thus questionable if the GEF activity of these oligomerised peptides relates to the GEF activity of oligomeric
Cdc24.
To determine Cdc42-Cdc24 interaction rates 𝑘3, we incubated Cdc42:Cdc24 mixtures, as well as samples containing only Cdc42,
with GTP for 1-1.5 h and measured the amount of remaining GTP. We had observed that rates for Cdc42 can vary slightly
between assays (Fig. 7a). To account for this variance, we introduced the parameter 𝑐𝑐𝑜𝑟𝑟, that maps all factors that lead to
variations between assays onto the Cdc42 concentration. The assay data, including samples containing only Cdc42 and Cdc42 -
effector protein mixtures, was fitted with

[GTP]𝑡 = [GTP]𝑡0 exp (−𝐾𝑡)

using [GTP]𝑡0 = 100%

and 𝐾 = 𝑘1𝑐𝑐𝑜𝑟𝑟[Cdc42] + 𝑘2(𝑐𝑐𝑜𝑟𝑟([Cdc42])2 + 𝑘3𝑐𝑐𝑜𝑟𝑟[Cdc42][Cdc24]2
(2)

to determine 𝑐𝑐𝑜𝑟𝑟 and 𝑘3 (using 𝑘1 and 𝑘2 values determined earlier (Eq. 1)). Values of 𝑐𝑐𝑜𝑟𝑟 are 0.7 - 1.6, with the majority close to
1.0 (see Supplement S4).
We used these assays to examine the variation (1) within assays, (2) between purification batches of the same Cdc42 construct,
and (3) between Cdc42 constructs.
The variation between assays is generally small
We conducted several assayswithH-Cdc42-F. In all assays the overall GTP hydrolysis cycling rate𝐾 increases similarly with Cdc42
concentration; data points of fits from three assays overlay (Fig. 6a). Variations observed can be due to small concentration
differences introduced though pipetting of small volumes (as are required for this assay), small temperature and shaker speed
fluctuations during the GTPase reaction, and/or intrinsic changes in the Cdc42 protein due to other external conditions. Fitting
each measurement data with 𝑘1 and 𝑘2 results in values that vary a bit (Fig. 7b, blue dots). However, they describe a similar
GTPase behaviour: We used the rates and Eq. 1 to calculate how much GTP would remain in a simulated GTPase assay with
equimolar amounts of Cdc42. All three 𝑘1 and 𝑘2 pairs lead to similar amounts of predicted remaining GTP (Fig. 7c, blue bars with
blue dot). We assume that the variation in 𝑘1 and 𝑘2 is due to fitting quality. Measurements usingmore data points, or restricting
the fit to either 𝑘1 (no cooperativity) or 𝑘2 (cooperativity) would result in less variation. As the aim of this assay was to compare
different constructs, and as constructs showed a heterogeneous tendency towards cooperativity (Fig. 6c), we considered the
observed variations in 𝑘1 and 𝑘2 unideal but necessary. We will use them as a baseline variability to compare purification and
construct variations with.
We further used H-Cdc42-F to asses the variability of the Cdc42-Cdc24 interaction rate 𝑘3 between assays. Variations in 𝑘3 werebigger than those in 𝑘1/𝑘2: For H-Cdc42-F, values of 2.2 to 4.5µM−3ℎ−1 were observed (Fig. 7d, blue dots). As Cdc24 boosts the
GTPase cycle in a strong fashion that depends non-linearly (quadratically in our fits) on its concentration (Fig. 6d), small activity
changes of Cdc24 and dilution inaccuracies between assays affect 𝑘3 quadratically. For example, if the intended Cdc24 concen-
tration was 0.2µM, but in fact 0.1µM was present in the assay, 𝑘3 will decrease by a factor of four. To accurately determine
𝑘3 one thus needs to perform several assays. To compare different Cdc42 constructs, one ideally would add them all to the
same assay. If this is not feasible, addition of a reference Cdc42 construct to all assays is advantageous, as then 𝑘3 values canbe normalised/ compared to 𝑘3 of the reference construct. If this was not done, the degree of 𝑘3 variation needs at least to beconsidered. Constructs can then only be considered to have a stronger/ weaker GEF interaction, if their 𝑘3 ’s are significantlyabove or below the observed variation.
Some purification batches are not functional
We assessed two purification batches for H-Cdc42-F and S-Cdc42-H, and three purifications for F-Cdc42-H (Fig. 7b-d, indicated
by distinct symbols of the same colour). All batches were expressed and purified using the same protocol, and we expected to
see only minor differences.
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Figure 7. Cdc42 purification batches can show variations in their GTPase activity and GEF interaction or be non-functional. (A)Seperate GTPase assays show a similar GTPase activity for Cdc42, but purification batches can vary in their activity. (B) GTP hydrolysis cyclingrates 𝑘1 and 𝑘2 for different Cdc42 constructs and purification batches. (C) Predicted amount of remaining GTP for Cdc42 constructs (5µM)after an incubation time of 1.5 h, calculated using rates 𝑘1, 𝑘2 shown in (B). Symbols indicate if rates of a specific purification batch were used.(D) Cdc42-Cdc24 interaction rates 𝑘3. (A-D): GTP hydrolysis cycling rates 𝑘1 and 𝑘2 and Cdc24 interaction rates 𝑘3 for different Cdc42 constructs.Data points of the same colour refer to the rates obtained from separate measurements/assays. Data points of the same colour but a distinctshape (circle, triangle, rhombus) represent different purification batches of the same construct. Summary graphs of the data, values, andoverview figures are given in Supplement S4.

Surprisingly, one purification batch of H-Cdc42-F showed a hugely reduced GTPase activity (Fig. 7a). We assume that this batch
contained either protein with a reduced activity or a substantial portion of inactive protein. We discarded this batch from further
analysis.
One of three purification batches of F-Cdc42-H had a reduced GTPase activity (Fig. 7b,c, green triangle, and Supplement S4). It
was less severe than the reduction observed for H-Cdc42-F. Its GEF interaction rate 𝑘3 was also similar to that of the more active
F-Cdc42-H batch (Fig. 7d), given the observed variability of 𝑘3. We conclude that this batch is a bit less active that it ideally could
be, but still shows sufficient activity. We also observed a reduced GTPase activity for one purification of S-Cdc42-H (Fig. 7b,c,
orange triangle, and Supplement S4), and the reduction was similar to that in F-Cdc42-H. In contrast to F-Cdc42-H, this Cdc42
batch did not interact with Cdc24 (Fig. 7d), suggesting that Cdc42’s GTPase activity is independent from its ability to interact with
Cdc24. One can thus not deduce full protein functionality from GTPase activity data alone.
The decrease in GTPase activity of certain purifications is visible in this data set as a drop in 𝑘2: 𝑘1 of the less active batch is withinerror of the more active batch, but 𝑘2 drops close to zero (Fig. 7b). A lack of cooperative behaviour could explain the reduced
overall activity; Cdc42molecules in these batcheswould still possess their baseline GTPase activity, but lack the ability to interact
and enhance each others GTPase activity, thus leading to an overall reduced activity. On the other hand, the observed drop in 𝑘2could also be a fitting artefact due to the decreased Cdc42 activity; a drop in activity in the used Cdc42 concentration range can
make the data appear more linear than it actually is (Supplement S1). Use of a wider concentration range for these constructs
would show if they have indeed less cooperative behaviour or if the perceived drop is an artefact. The data we collected is
limited and of exemplary nature, and further experiments are required to claim that is is indeed the case.
All Cdc42 constructs, with the exception of SS-Cdc42-H, are active
Finally, the different constructs can now be compared. GTPase data (Supplement S4) were fitted to determine GTP hydrolysis
cycling rates 𝑘1 and 𝑘2 (Fig. 8a) and GEF interaction rates 𝑘3 (Fig. 8c). The amount of remaining GTP in a simulated GTPase assay
with equimolar amounts of each construct using rates 𝑘1 and 𝑘2 is shown in Fig. 8b.Most double-tagged constructs (typeD: H-Cdc42-F, F-Cdc42-H, H-Cdc42-SS, S-Cdc42-H, S-Cdc42-BC-H) show similar GTPase activ-
ities and a weak cooperativity (both 𝑘1 and 𝑘2 are unequal to zero) (Fig. 8a,b), and GEF interaction rates that fall within the assayvariability observed for H-Cdc42-F (Fig. 8c). Both GTPase activity as well as GEF interaction are similar to the only N-terminally
taggedH-Cdc42:CTIS (type S). Even S-Cdc42-BC-H, which contained further C-terminalmodifications, does not show any reduced
activity (Fig. 8). This suggests that C-terminal additions do not hinder Cdc42’s functionality (GTPase activity and GEF interaction).
SS-Cdc42-H has almost no GTPase activity and does not interact with Cdc24 (Fig. 8 red dots/bar). SS-Cdc42-H showed already
precipitation issues during the purification process and this assay confirms that the protein is barely functional. (We show only
one data point/one assay for this construct. However, several additional assays were performed to ensure that the observed
behaviour is not an artefact. The same behaviour was observed repeatedly and inmost assays no GTPase activity was observed.
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Figure 8. All Cdc42 constructs of type D, with the exception of SS-Cdc42-H and H-SS-Cdc42-F, show a similar GTPase activity and GEF
interaction. (A): GTP hydrolysis cycling rates 𝑘1 and 𝑘2 of different Cdc42 constructs. Data points of the same colour refer to the ratesobtained from separate measurements/assays. Data points of the same colour but a distinct shape (circle, triangle, rhombus) representdifferent purification batches of the same construct. (B): Predicted amount of remaining GTP for Cdc42 constructs (5µM) after an incubationtime of 1.5 h, calculated using rates 𝑘1, 𝑘2 shown in (A). Symbols indicate if rates of a specific purification batch were used. (C) Cdc42-Cdc24interaction rates 𝑘3. (A-C): Summary graphs of the data, values, and overview figures are given in Supplement S4.

The rates could only be extract from one assay where a significantly longer incubation time was used.) H-SS-Cdc42-F also has a
lower GTPase activity and a lower GEF interaction (0.5 - 1.5µM−3ℎ−1) (Fig. 8, purple symbols). It is more active than SS-Cdc42-H
but less than the other constructs. This is true for all three purification batches tested. In the same assay that we used to assess
the GEF interaction of H-SS-Cdc42-F, we had also added H-Cdc42-F as a control. In this assay H-Cdc42-F had a GEF interaction
rate of 4.5µM−3ℎ−1. The low 𝑘3 of H-SS-Cdc42-F is thus not due to assay variation, but describes a reduced or weaker interactionwith Cdc24. This data shows that SS-Cdc42-H is not active and that H-SS-Cdc42-F has a reduced activity. The 6His-tag upstream
of the Twin-Strep-tag seems to restore Cdc42 functionality thus partially, but not fully.
Taken together, our data shows that the GTPase activity of Cdc42 can be assessed with the GTPase Glow assay (Promega). The
variation between assays containing only Cdc42 is small. Cdc42 is heterogeneous in its tendency cooperativity, and a lack of
any cooperativity might be a potential indication for a less functional protein. We observe a stronger assay variation for assays
assessing the Cdc42 Cdc24 interaction. To effectively compare different Cdc42 constructs, one thus has to account for this
assay variation through assessing it, adding a reference to every assay, or by only comparing constructs, which rates were
measured in the same assay. We further see that not all purification batches give fully functional protein and that constructs
can have a GTPase activity but show no GEF interaction. Thus, every purification batch has to be assessed for its activity. Our
data is not sufficient to provide quantitative measures that aid the decision process of if a construct is sufficiently active, but
acts as exemplary evidence to guide the process and to highlight outcomes that can be observed. Our data suggests that mostly
unstructured C-terminal additions to Cdc42 do not interfere with its GTPase activity and GEF interaction, but that the N-terminal
Twin-Strep tag does. Placement of a 6His-tag prior to the Twin-Strep-tag partially, but not fully, restores Cdc42 functionality.
Pulldown assays are less robust to studyweakly bound Cdc42 effector interactions as the Cdc42-Bem1 com-
plex
We then wanted to explore other Cdc42 - effector interactions. The GTPase assay worked well to investigate the Cdc42 Cdc24
interaction, but is limited to only those interactors of Cdc42 that affect its GTPase cycle. Pulldown assays, which directly assess
protein - protein binding, can be used to study a wider range of interactions. Here protein A is tethered to a matrix using its
affinity tag (e.g. a Flag-tag). Protein B, which does not contain this affinity tag, is added. The matrix is washed several times.
Then protein A is eluted. If protein B is in this elution as well, it suggests that it is bound to protein A (Fig. 9a). We conducted Flag-
pulldown experiments with Bem1 and Cdc42, using Flag-tagged Bem1 (H-Bem1-F) and Cdc42 constructs that do not contain a
Flag-tag.
We observed that binding between Bem1 and Cdc42 occurred, but that it was so weak that Cdc42 could only be detected using
Western blotting (Fig. 9c). In comparison, pulldown experiments with the same Bem1 construct and Cdc24, another binding
partner of Bem1, showed so high amounts of Cdc24 in the elution fraction that it was visible on SDS-Page, indicating stronger
binding. Cdc24 alone did not bind to the anti-Flag affinity gel. The Bem1 - Cdc24 interaction was also specific: Ovalbumin, a
protein not interacting with Bem1, was not present in the elution fraction (Fig. 9b).
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Figure 9. Flag-pulldown experiments are suitable to study strongly binding proteins (Cdc24-Bem1), but less reliable for weakly
interacting proteins (Cdc42-Bem1). (A) Schmematic illustration of Flag-pulldown experiments. (B) SDS-Page of elution fractions ofFlag-pulldown experiments with H-Bem1-F, Cdc24-H, and Ovalbumin. (C) Anti-His Western blots of elution fractions of three Flag-pulldownexperiments with H-Bem1-F and Cdc42 preloaded with no nucleotide, GDP (D), or GTP𝛾S (T).

We used several Strep-tagged Cdc42 versions (Fig. 9c): S-Cdc42-H, H-Cdc42-SS, and SS-Cdc42-H. All of these Cdc42 constructs
bound to Bem1. The blotting signal for H-Cdc42-SS was weaker in comparison to S-Cdc42-H and SS-Cdc42-H. This is surprising,
as we expected the barely functional SS-Cdc42-H to not, or only very weakly, bind to Cdc42. SS-Cdc42-H either still shows some
remaining functionality (ability to bind to Bem1), or all our binding events are due to nonspecific interactions (and thus only
detectable with Western blots). We tested if Strep-tagged Cdc42 (S-Cdc42-H) would also stick to the anti-Flag affinity gel, thus
causing the presence of Cdc42 in all elution samples. In absence of H-Bem1-F, a small amount of S-Cdc42-H was binding to
the anti-Flag affinity gel. Its signal in the Western blot however was significantly weaker than when Cdc42 was incubated with
anti-Flag affinity gel in presence of H-Bem1-F (Fig. 9c). Out data suggests that there is weak binding between Cdc42 and Bem1,
but we can not exclude that this is due to non-specific interactions between both proteins. In order to test this, one would need
to add another control in which Bem1 and another His-tagged protein, that is not a binding partner of Bem1, are used. We did
conduct this control due to the lack of a suitable His-tagged protein.
Bem1 was shown to specifically bind to GTP-bound, but not GDP-bound, Cdc42 [33]. We conducted two separate Flag-pulldown
experiments in which 1nmol Cdc42 got pre-loaded with no nucleotide, 100nmol GDP, or 100nmol GTP𝛾S (a non-hydrolysable
variant of GTP). The intensities of the Western blot signal for Cdc42 varied with the nucleotide type, but also per experiment:
In one experiment more Cdc42-GDP (than Cdc42-GTP or nucleotide free Cdc42) bound to Bem1, but in another experiment it
was nucleotide-free Cdc42 (Fig. 9c). We thus could not observe a significant effect of the nucleotide state on the Cdc42-Bem1
interaction. This further points to the conclusion that something in our Cdc42 - Bem1 interaction assays is not properly function-
ing. We also spotted several small experimental differences between the pulldown assays shown here and those conducted
by Bose et al.: Bose et al. conducted similar pulldown experiments as shown here, but used GST-tagged (26 kDa) instead of a
Flag-tagged (3 kDa) proteins (and subsequently GST agarose instead of anti-Flag affinity gel). Given the size of the GST-tag, it can
not be excluded that this tag is destabilising the Bem1-Cdc42 interaction, thereby exaggerating the effect of a conformational
state of Cdc42 on Bem1 binding. Pulldowns with (1) GST-Cdc42 and Bem1, and (2) GST-Bem1 and Cdc42, both showed the same
result. Thus, the GST-tag would need to be positioned in both cases in such a way that it destabilise the interaction, questioning
this hypothesis. Another experimental difference is the way in which Cdc42 was locked in one nucleotide state: We pre-loaded
Cdc42 with excess GDP or GTP𝛾S, Bose et al. used Cdc42-mutants that are locked in a GDP- or GTP-state. One interpretation
is that GDP/GTP-loaded Cdc42 and Cdc42 mutants are structurally distinct in a way that affects Cdc42-Bem1 binding. Alterna-
tively, it could indicate that our pre-loading was insufficient and that it did not bring the majority of Cdc42 into its GDP-bound
conformation.
In conclusion, we find that pulldown assays are a great tool to study the interaction of strongly interacting proteins. Here binding
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can be analysed by SDS-Page, and controls for non-specific binding can easily be added. In contrast, weaker protein - protein
interactions, as the Cdc42 - Bem1 interaction, are more difficult to study using pulldown experiments. We observed a very
weak, but potentially non-specific, interaction between Cdc42 and Bem1, that also did not depend on the nucleotide state of
Cdc42 (contradicting [33]. Western blots are very sensitive and can easily be overinterpreted. Controls to correct for signal from
Cdc42 sticking to the matrix, and from non-specific protein-protein binding (Bem1 plus a protein that is not a binding partner
of Bem1) are required. With sufficient preparation they can be a suitable tool, but are, in our experience, much more difficult
and error-prone than GTPase assays.
TEV protease, but not enterokinase, is suitable to cleave tags off Cdc42
We created Cdc42 constructs with both an N- and C-terminal tag (type D), and one which only contains an N-terminal tag (type
S). The effect of C-terminal additions (sortase site and purification tag) can be determined by comparing type D with type S. To
asses the the effect of the N-terminal additions (incl. purification tag), an Cdc42 version lacking that region needs to be created.
To generate such a Cdc42 version, we used the existing enterokinase site in H-Cdc42:CTIS (type S) to cleave the N-terminal
region. We conducted a condition screen varying amounts of enterokinase used, reaction time and temperature (Supplement
S5 Fig. 1a). In all conditions the majority of the cleavage products are smaller than the expected product; bands at ∼14 kDa
and ∼8 kDa show a stronger intensity than the band of the expected cleavage product at ∼20 kDa (Supplement S5 Fig. 1a). The
enterokinase cleavage sequence is ’Asp-Asp-Asp-Asp-Lys’, but it was reported that it can also cleave after a site of an acidic
amino acid followed by a basic amino acid [46, 47]. We found two sequences that fit those requirements and that can explain
the observed fragments (Supplement S5 Fig. 2).
As enterokinase showed an undesirable cleavage behaviour, we designed another Cdc42 construct in which the enterokinase
site was replacedwith a TEV cleavage site (H*-Cdc42:CTIS). We tested two commercially available enzymes (TEV (1): TEV protease
(Sigma Aldrich), TEV (2): AcTEV (Invitrogen)) and one in-house purified TEV protease (TEV (3): pSF1818). We again conducted a
condition screen varying amounts of protease used, reaction time and temperature (Supplement S5 Fig. 1b). In all conditions
only the desired cleavage product was observed. Increasing the amount of protease used resulted in more cleavage product
in the case of TEV (1) and TEV (2), but not with TEV (3). Prolonged reaction times did only marginally increase the yield, and
reactions at room temperature and at 4°C showed equal amounts of product (Supplement S5 Fig. 1b).
We cleaved the N-terminal 6His-tag from H*-Cdc42:CTIS in two large-scale reactions (using TEV (1) or TEV (3)), and used His-AC
to separate cleavage product from uncleaved Cdc42 and protease. To ensure all uncleaved Cdc42 binds to the column, the
sample/flow-through got loaded thrice onto the column. The flow-through contained the cleavage product (Fig. 10a). Anti-His
Western blots show that a tiny fraction of uncleaved Cdc42 is still present in the flow-through (Fig. 10b). In accordance to the
observation of Cdc42 dimers in expression tests before (Fig. 2), we again observed higher bands, correspond to Cdc42 dimers,
in the Western blots (Fig. 10b). Both Cdc42 with the N-terminal region and Cdc42 without showed dimers on the blots. These
dimers are thus due to properties of Cdc42 and not due to N- or C-terminal additions.
We tested the cleavage educts and products on their GTPase activity and ability to interact with the GEF Cdc24. H*-Cdc42:CTIS,
containing an N-terminal TEV site, is similar in both of these two properties to H-Cdc42:CTIS, which contains an N-terminal
enterokinase site (Fig. 10c-e). Thus, the cleavage site sequence (enterokinase vs. TEV protease cut site) does not influence pro-
tein function. The cleavage products of both reactions with TEV protease (*-Cdc42:CTIS) had a slightly reduced GTPase activity
(Fig. 10c,d), though the magnitude of this reduction lies within assay variability and is thus likely not due to protein properties
(see Supplement S1). It’s interactionwith Cdc24, however, was significantly reduced (𝑘3,*-Cdc42:CTIS = 1.4−1.5µM−3ℎ−1, Fig. 10e).
We measured the GEF interaction of H-Cdc42-F in the same assay: 𝑘3,H-Cdc42-F = 4.5µM−3ℎ−1. The low 𝑘3 of *-Cdc42:CTIS isthus not due to assay variation, but describes a reduced or weaker interaction with Cdc24. It is possible that the N-terminal
additions boost Cdc42’s ability to interact with Cdc24 or that during the cleavage reaction the protein got damaged.
In conclusion, enterokinase is not a suitable enzyme for cleaving additions/tags off Cdc42. TEV protease might a better option,
as it does not lead to undesired cleavage products and works robustly in many conditions. The cleavage product can easily be
isolated using His-AC, even though a very small fraction of 6His-tagged Cdc42 remains mixed with the cleavage product after
His-AC. However, the cleaved product shows a significantly reduced Cdc24 interaction. This indicates that during both cleavage
reactions the protein got damaged or that the N-terminal additions to Cdc42 aid GEF interaction. If the protein got damaged, it
questions if TEV protease is indeed a suitable cleavage enzyme for Cdc42.
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Figure 10. N-terminal tags can be cleaved of Cdc42 with TEV protease: the cleavage product maintains its GTPase activity but shows
a reduced interaction with the GEF Cdc24. (A) N-terminal tags can be cleaved off Cdc42 with TEV protease and the cleavage product can bepurified using His-AC (FT: flow through). (B) SDS-Page and Western blots of the purified cleavage reaction product of reactions shown in (A). (C)GTP hydrolysis cycling rates (𝑘1, 𝑘2) of different Cdc42 constructs. (D) Predicted amount of remaining GTP for Cdc42 constructs (5µM) after anincubation time of 1.5 h, calculated using rates 𝑘1, 𝑘2 shown in (C). Symbols indicate if a specific protein batch was used. (E) Cdc42-Cdc24interaction rates 𝑘3. (c-E) Summary graphs of the data, values, and overview figures are given in Supplement S4.

Conclusion and Discussion
Here, we shared our experiences of working with S. cerevisiae Cdc42 in vitro, to make its in vitro usemore accessible to a broader
audience. Wediscussedour construct design and the expression andpurification of Cdc42 andCdc42-mNeonGreen𝑆𝑊 /-sfGFP𝑆𝑊

constructs. We explored two assays for Cdc42 activity checks (GTPase Glo assay (Promega), and Flag-pulldown assay), and in-
vestigated tag cleavage with enterokinase and TEV protease.
Most Cdc42 constructs expressed in several conditions and could be purified in a high yield. The exceptions were H-Cdc42
(construct type H, where only a 6His-tag was added N-terminally) and SS-Cdc42-H (type D). H-Cdc42 did not express at all, and
we suspect that either a linker region between an N-terminal tag and Cdc42, or the T7 tag in particular, is required for Cdc42
expression in E. coli. SS-Cdc42-H expressed well, but precipitated after purification even at low concentrations and showed
almost no GTPase activity. As neither S-Cdc42-H, F-Cdc42-H nor H-Cdc42-SS exhibited these issues, we conclude that the N-
terminal Twin-Strep-tag is responsible for this. We also observed negative effects of the N-terminal Twin-Strep-tag for Cdc24
and Bem1 constructs, which did not express well or at all. These two protein are larger and less tightly folded than Cdc42, mak-
ing them more susceptible to degradation and/or folding issues. We think that these early and easily detectable expression
issues already indicate a general problem with the construct design: in the case of the bigger and less stable Cdc24 and Bem1
it already showed up on the expression level. In the case of the smaller and more stable Cdc42 it was only observable after
purification. We suggest to not use an N-terminal Twin-Strep-tag on (any) protein constructs. Our data shows that even a stable
and easy to work with protein (as Cdc42 is) can have a few conditions where it does not behave (express or be stable), creating
unpredictable barriers of entry for its in vitro use.
These issues were exacerbated for Cdc42-mNeonGreen𝑆𝑊 and -sfGFP𝑆𝑊 . Here additional constructs (H-Cdc42-mNeon-F, H-
Cdc42-mNeon-S) did not express the full-size protein, even though their Cdc42 counterparts did. It seems that purification tags
influence the expression and degradation levels for those constructs. Cdc42 is a rather small and tightly folded protein. The
sandwich fusions of Cdc42 and sfGFP and mNeonGreen [36] consist of two folded proteins parts. Because the sequence of
sfGFP/mNeonGreen is inserted into that of Cdc42, Cdc42 can only completely fold if the fluorophore is fully folded. As long as
both protein parts are not full folded, the entire construct is more susceptible to degradation. It is therefore not surprising to
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see almost no degradation bands in the Cdc42 expression tests, but many degradation bands in the Cdc42-mNeonGreen𝑆𝑊 /-
sfGFP𝑆𝑊 expression tests. However, the reason why the two tag combinations, that hinder expression of the full-size protein,
exactly have their observed effect remains elusive to us.
After purifying a protein, it ought to be tested for its activity. We used the GTPase Glo assay to investigate the GTPase activity
of Cdc42 constructs and their interaction with the GEF Cdc24, and assesd Flag-pulldown assays on their usability to study the
interaction of Cdc42 with its other interactors.
The GTPase assay is a suitable assay to test the GTPase activity of Cdc42; it includes all steps in the GTPase cycle and can mea-
sure the effect of GEFs and GAPs as well. Our data showed that there was little variation between assays assessing the same
Cdc42 purification batch. There can, however, be a large variation between purification batches of the same Cdc42 construct
(even though the same purification protocol and conditions were used). This means that: (1) One should test all Cdc42 purifica-
tion batches on their activity, as purification batches can vary a lot. (2) When comparing different Cdc42 constructs, one should
purify several batches of each construct and test each. Otherwise construct differences can be confused with what are in fact
purification batch differences. (3) One should be critical/reserved in assuming that kinetic rates and other protein-specific pa-
rameters derived from other Cdc42 batches are exactly applicable to one’s protein. The exact numbers of such rates can be
both context specific (e.g. depend on buffer components, temperature, ...) and purification batch specific.
We also used the GTPase assay to study the Cdc42 - Cdc24 (GEF) interaction. Cdc24 was highly active, and sub-micromolar addi-
tions boosted Cdc42 GTPase cycle drastically. We suspect that this leads to the larger variation of Cdc24’s effect between assays;
small dilution errors and activity changes of Cdc24 affect the entire GTPase cycle stronger than similar errors and changes in
Cdc42. To quantify the Cdc42 - Cdc24 interaction, one should thus conduct the assays a sufficient number of times to get a sense
of the ’normal’ variation. When using this assay to quantitatively compare the GEF interaction of several Cdc42 constructs, one
should thus add all Cdc42 constructs to the same assay. If this is not feasible, the addition of a reference Cdc42 construct to all
assays is advantageous, as then rate values can be normalised to the rate of the reference construct in each assay.
Considering these assay and purification batch variations, we conclude that most Cdc42 constructs showed a similar GTPase
activity and GEF interaction. Surprisingly, all C-terminal additions did not impede Cdc42’s function. So even though so-far
no C-terminally tagged Cdc42 was used in in vitro studies, these seem to be acceptable additions. On the contrary, Cdc42’s
N-terminus seemed to be more delicate: Constructs with an N-terminal Twin-Strep-tag were not active at all and those with
an N-terminal 6His-Twin-Strep-tag showed both a reduced GTPase activity and GEF interaction. Additionally, Cdc42 construct
typeH did not express at all, and Cdc42 where the N-terminal tag got cleaved showed also a reduced GEF interaction. When
designing new Cdc42 constructs, we thus advise to be more careful when placing N-terminal additions, and to check literature
for evidence that the intended additions are not interfering with Cdc42’s functionality. If such data is not available, we advise
to design several variations of this construct and test them in parallel.
In contrast to GTPase assays, we found Flag-pulldown assays to be potentially more difficult for studying protein functional-
ity. They are versatile for studying any protein - protein interaction, as only two differently tagged proteins are needed. In
our experience they also gave clear results when working with two strongly interacting proteins (e.g. Cdc24 and Bem1). This
must, however, not be true for Cdc42 - effector interactions. We tested the Cdc42 - Bem1 interaction, and could not reproduce
previous results [33]. The Western blot data showed blotting intensities that varied per experiment and would be easy to misin-
terpret, when not done repeatedly. We think this assay can be a useful tool, but requires several controls and replicas to ensure
genuine outcomes.
Lastly, we tested two cleavage enzymes to cleave the N-terminal tag of Cdc42 to produce Cdc42 without additions. Our data
showed that enterokinase is not a suitable enzyme, as it cleaves also within Cdc42. TEV protease showed a better cleavage be-
haviour. The cleavage product, however, showed a reduced GEF interaction. This reduction could have several causes: (1) Due
to external circumstances Cdc42 misfolded (as we saw during the purification of one S-Cdc42-H construct) during the cleavage
reaction. (2) The reaction with TEV protease lead to the changes in Cdc42, and the TEV enzyme might not be a good choice for
cleaving tags off Cdc42. (3) The N-terminal additions on Cdc42 enhance its ability to interact with Cdc24, facilitating the reaction.
From our data we can not identify which of these causes is most likely and additional experiments are needed. These include
repeating the cleavage with TEV protease, using another cleavage enzyme, and expressing only C-terminally tagged Cdc42. De-
pending on the cause, this speaks for or against cleaving N-terminal additions off Cdc42: If Cdc42’s N-terminus is sensitive and
changes/ modifications easily result in protein misfolding and a reduced activity, N-terminal tags ought to be left unchanged,
thus avoiding the possibility of damaging the protein. If N-terminal tags/additions on Cdc42 facilitate its GEF interaction, they
should be cleaved. This would also mean that all previously conducted in vitro studies using N-terminally tagged Cdc42 poten-
tially show an effect facilitated by additions/tags, as other Cdc42 - effector interactions could be equally effected by the tag.
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Studies comparing and parameterising Cdc42 constructs with N- and/or C-terminal tags would thus be beneficial to the entire
community, setting the foundation for all other in vitro studies. It would also be interesting to see if only C-terminally tagged
Cdc42 expresses and if it is functional. Such a construct would avoid all possible issues of the N-terminus and can be a great
choice if post-translational modifications are not needed.
To make working with Cdc42, and any protein in general, more accessible for a broader spectrum of scientists, it will also be
hugely beneficial if publications state and explain the used construct designs and their effects on the protein behaviour, as well
as show data of constructs and experiments that "failed".
Wehere explored several Cdc42 construct designs, includingCdc42with differentN- andC-terminal tags, andCdc42-fluorophore
sandwich fusions. What can they be used for?
(1) Establishing robust protocols for in vitro prenylation of Cdc42 (Fig. 11a): All our Cdc42 constructs are recombinantly ex-
pressed in E. coli and lack Cdc42’s C-terminal post-translational prenylation, which enables Cdc42 to bind to membranes. Ob-
taining prenylated Cdc42 is still a barrier to entry. Only a few groups succeeded, through obtaining the protein using (1) insect
cell expression systems [17, 18, 19, 20, 21, 22, 23], (2) through purification of membrane-bound Cdc42 from yeast [24, 25], (3)
through in vitro prenylation of purified unprenylated Cdc42 from E. coli [16], or (4) through using cell-free expression systems
(without purifying the protein) [32]. These four methods are powerful tools, but may not be accessible for everyone. Insect cell
expression systems require culturing facilities that are not available at every research location, purification from yeast remains
not as reproducible as needed, and in vitro prenylation of Cdc42 requires additional purification and testing of the prenylation
enzyme, whose activity might vary among different purification batches, and cell-free expression systems leave a lot of other
proteins in the reaction mixture, requiring similar purification steps as in vivo expressions. Our H-Cdc42:CAAX constructs can
be used to establish robust and reproducible protocols for in vitro prenylation (farnesylation or geranylgeranylation) of recom-
binantly expressed Cdc42. Further, we prenylated double-tagged Cdc42 (of which the C-terminal tag is a 6His-tag (F-Cdc42-H,
S-Cdc42-H)) in a Sortase-mediated reaction (Fig. 11a) [28]: SortaseA (from now on referred to as ’Sortase’) is an enzyme that in
one reaction cleaves a C-terminal group off a protein and ligates another target group to the protein. Sortase is widely used
as it accepts a wide range of target groups [48, 29] and is commercially available (e.g. Sortase mutant with improved catalytic
properties [49], available from BPS Bioscience). The cleavage and ligation occur in one incubation step, after which prenylated
Cdc42 can be purified in a two-step purification (see Fig. 11a).
(2) Fluorescent Cdc42 for microscopy studies (Fig. 11b): We here showed how Cdc42-fluorophore sandwich fusions can be ex-
pressed and purified. These fluorescent Cdc42 constructs can be used for any microscopy studies on Cdc42. Sandwich fusions
are more ideal than Cdc42 where a fluorophore is added to its N- or C-terminus, as N-terminal fusions can compromise Cdc42’s
functions in vivo [36] and Cdc42’s C-terminus is subject to post-translational prenylation. If membrane binding is required, our
Cdc42-fluorophore sandwich fusions can be prenylated in a Sortase-mediated reaction as described above [28] (Fig. 11a). If
fluorescent Cdc42 that does not bind to membranes is needed (e.g. Fig 11c), unprenylated Cdc42-fluorophore sandwich fu-
sions or S-Cdc42-BC-H, fluorescently labelled in a Sortase-mediated reaction, can be used. The use of S-Cdc42-BC-H can be
advantageous: (1) We showed that the flexible C-terminal BC sequence does not interferre with Cdc42’s GTPase activity or
GEF interaction. It serves as a flexible linker region between Cdc42 and the fluorophore, preventing any possible functionality-
impeding effects of the fluorophore on Cdc42. (2) S-Cdc42-BC-H can be fluorescently labelled with almost any fluorescent dye,
enabling access to a wide spectral range.
(3) Recruitment tests (Fig. 11c): To initiate budding, Cdc42 accumulates in one spot on the cell membrane. The molecular mech-
anism driving Cdc42 accumulation is still heavily debated [5, 11]. It was proposed that a double-positive feedback loop drives
Cdc42 accumulation: membrane-bound Cdc42 recruits Bem1 to the membrane, and in turn a Bem1-Cdc24 complex recruits
more cytosolic Cdc42 to the membrane [50]. To experimentally test and quantify these feedback loops, total internal reflection
fluorescence (TIRF) microscopy and fluorescently labelled TwinStrep-tagged proteins can be used: First a biotinylated mem-
brane coated with streptavidin is made on amicroscopy cover slip. Then a TwinStrep-tagged protein is added, which binds with
high affinity to the streptavidin coated membrane [37]. Then another fluorescently labelled, not-Strep-tagged protein is added.
TIRF microscopy is used to assessed if the membrane-bound protein recruits the other protein to the membrane. To test, for
example, the feedback loops proposed in the model by Klünder et al. [50], H-Cdc42-sfGFP-SS can be tethered to the membrane
and it can be explored if and to which extend it recruits Bem1. If recruitment of Cdc42 ought to be assessed F-Cdc42-sfGFP-H
(or any fluorescent Cdc42 that does not contain a Strep- or TwinStrep-tag) can be used.
(4) Investigations on Cdc42’s GTPase activity and its regulation (Fig. 11d): Cdc42’s GTPase activity is highly regulated by GEFs
and GAPs, and the GTPase cycle involves three steps: GTP binding, GTP hydrolysis, and GDP release. Although the kinetics of
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the individual reactions steps and the influence of GEFs and GAPs were studied in the 1990s and 2000s (for an overview see
Supplement S 1), the reaction cycle of yeast Cdc42 is still not entirely understood. For one, many studies used human (and
truncated) Cdc42. Cdc42 is a highly conserved and human Cdc42 shows an 80% sequence identity to yeast Cdc42 [6], but both
Cdc42 proteins differ in their C-terminal region (PBR and CAAX domain). These C-terminal differences have been shown to
influence Cdc42’s GTPase properties [19, 20, 31]. Further, for Cdc42-effector studies often only effector domains (instead of
full-size proteins) were used and the concentration-dependent profile of an effector, as well as the interplay between effectors,
was rarely studied. It has been suggested that the GAPs possess a different level of GAP activity [51], but in-vitro studies quanti-
fying the full-size proteins are lacking. Next to the concentration-dependent effect of Cdc42 GTPase regulators, their interplay
is relevant as well: Rapali et al. showed that Bem1 enhances the GEF-activity of Cdc24 [25] and we recently found that the GEF
Cdc24 exhibits synergy with the GAP Rga2 [52]. We believe that in order to understand (and model) the GTPase behaviour of
Cdc42, more in-depth in-vitro studies of its GTPase cycle, its regulation through individual effectors, as well as the interplay of
effectors is required. All of our functional Cdc42 constructs (e.g. all H-Cdc24:CAAX constructs, H-Cdc42-F, F-Cdc42-H, ...) and the
GTPase assay and model described here can be used for such investigations.
(5) Investigating the relationship between the PBR sequence and dimerisation and Cdc42’s GAP activity towards itself (Fig. 11e):
Many small GTPases contain a C-terminal PBR which has been linked to di-/ oligomerisation (for an overview see Supplement
S 2). However, the direct correspondence between the PBR’s amino acid sequence and oligomerisation remains elusive. Human
Cdc42 has been shown to dimerise and to exhibit a GAP-activity towards itself [19, 20, 53] (see Supplement S 1), due to an argi-
nine residue in its PBR [20]. In the data presented here we observed a small non-linear increase of Cdc42’s GTPase activity with
its concentration, suggesting that it could also exhibit a small GAP activity towards itself and potentially form dimers. Further
studies, that systematically and thoroughly map out relationship between the amino acid sequence of the PBR and (1) protein
dimerisation and (2) if and to which extend a protein shows GAP activity towards itself, are needed to unravel where the non-
linearity originates from. It was shown that an arginine present in the PBR leads to protein exhibiting GAP activity towards itself
[20], but (1) if the position of this arginine affects its catalytic activity and (2) if other amino acids can lead to a similar/weaker
effect (which is possible given that the molecular mechanism of GTP hydrolysis through GTPases is still discussed [54]) remains
unclear. Our H-Cdc42:CAAX constructs, with systematic changes in their PBR, can be used to answer these questions.
(6) Confirming binding partners of Cdc42 (Fig. 11f): Lastly, Flag- and TwinStep-tagged Cdc42 constructs can be used in Flag- or
Strep-pulldown assays to confirm direct binding of yeast proteins to Cdc42. Both tags are significantly smaller than the com-
monly used GST-tag [33, 18] (Flag-, TwinStrep-tag: <5 kDa, GST-tag: 26 kDa) and introduce less steric hindrance between both
proteins. However, we found that pulldown assays require significant controls and optimisation steps in order to reliably detect
weakly binding protein-protein interactions. Applications are therefore limited to strongly interacting protein or require signif-
icant optimisation of the protocols used. Establishment of such robustly working protocols for protein-protein binding assays
will be beneficial to the community, as they will enable more groups to verify protein-protein interactions in-vitro.
Taken together, we here show how to recombinantly express and purify Cdc42, how to assess its GTPase activity, and outline
possible use-cases for our constructs and describe open questions. We aspire that this work sets a basis formore investigations
on detailed mechanism of Cdc42 and its regulation, to as a community move towards understanding how Cdc42 establishes
polarity.

20 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


Figure 11. Overview of potential applications of the Cdc42 constructs of this publication. Abbreviations: GAP: GTpase activating protein.PBR: polybasic region. Stated references: Golding et al. 2019: [16]. Klünder et al. 2013: [50]. Tschirpke et al. 2023a: [52] Tschirpke et al. 2023b:[28]. Zhang et al. 2000: [31]. Zheng et al. 1993: [55].
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Materials and Methods
Plasmid construction
Genes of interest were obtained from the genome of Saccharomyces cerevisiaeW303, or in the case of mNeonGreen and sfGFP
from plasmids, and were amplified through PCR. The target vector was also amplified through PCR. Additionally, each PCR
incorporated a small homologous sequences needed for Gibson assembly [56]. After Gibson assembly, the resulting mixture
was used to transform chemically competent Dh5𝛼 and BL21 DE::3 pLysS cells and plated out onto a Petri dish containing
Lysogeny broth agar and the correct antibiotic marker. The primers used for each PCR can be found in Supplement S7 Tab. 1.
Gibson assembly resulted in plasmids found Tab. 2 (of which protein sequences are stated in Supplement S6) and Tab. 3.
Buffer composition
If not mentioned otherwise, the buffers are of the composition stated in Tab. 4.
Protein expression tests
Proteins were expressed in Bl21::DE3 pLysS cells, which carry the gene for the bacteriophage T7 RNA polymerase under the
regulation of a Lactose dependent promoter. Expression of the T7 RNA polymerase, which for example can be induced by IPTG,
results in the transcription and therefore expression of the genes of interest that are placed under the T7 promoter. This system
is of advantage, as the T7 RNA polymerase transcribes 5-10× faster than E. coli RNA polymerase [34, 58]. Four conditions were
used:

1. Cells were grown in Lysogeny broth at 37°C until an OD600 of 0.7, the expression was induced through addition of 1.0mM
IPTG, after which cells were grown for 3h at 37°C.

2. Cells were grown in Lysogeny broth at 37°C until an OD600 of 0.7, the expression was induced through addition of 0.2mM
IPTG, after which cells were grown for 18h at 18°C.

3. Cells were grown in Studier Induction ZYP-5052 Medium for 3h at 37°C, followed by 18h at 18°C, and in accordance to
the recommended protocol [42].

Cells were harvested through centrifugation. Cell pellets were resuspended in SDS loading buffer (Laemmli buffer, [59] and
expression levels were analysed through SDS-Page and Western blotting.
Protein purification
The expression and purification protocols for Cdc24, Cdc42, and Bem1 described here are based, with modifications, on the
Cdc24 purification protocol described previously [25].
The methods used are described in the following and protein-specific purification routes are stated thereafter.
Protein expression
The proteins were expressed in Bl21::DE3 pLysS cells. Cells were grown in Lysogeny broth at 37°C until an OD600 of 0.7. One ofthese two induction conditions was chosen:

1. Cells were grown in Lysogeny broth at 37°C until an OD600 of 0.7, the expression was induced through addition of 1.0mM
IPTG, after which cells were grown for 3h at 37°C.

2. Cells were grown in Lysogeny broth at 37°C until an OD600 of 0.7, the expression was induced through addition of 0.2mM
IPTG, after which cells were grown for 18h at 18°C.

Table 3. List of additional protein constructs/plasmids used throughout this publication.

Plasmid Description Source
pWKD011a Cdc42-sfGFP𝑆𝑊 this work
pWKD017 Cdc42-mNeonGreen𝑆𝑊 this work
pET28a-His-mcm10-Sortase-Flag plasmid template for N-term. 6His- and

C-term. Flag-tagged proteins
received from N.Dekker (TUDelft),
based on pBP6 [57]

pSF1818 TEV protease, referred to as TEV (3) in
this publication

purified protein received from C.Dekker
(TUDelft)
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Table 4. Buffer composition.

Buffer Composition
Lysis buffer 50mM Tris-HCl (pH=8.0), 1M NaCl, 5mM imidazole, 1mM 2-mercaptoethanol (Sigma

Aldrich), supplemented with EDTA-free Protease inhibitor cocktail (Roche) and 1mM
freshly prepared PMSF.

His-AC washing buffer 50mM Tris-HCl (pH=8.0), 1M NaCl, 5mM imidazole, 1mM 2-mercaptoethanol (Sigma
Aldrich).

His-AC elution buffer 50mM Tris-HCl (pH=8.0), 100mM NaCl, 500mM imidazole, 1mM 2-mercaptoethanol
(Sigma Aldrich).

Strep-AC washing buffer 50mM Tris-HCl (pH=8.0), 100mM NaCl, 1mM 2-mercaptoethanol (Sigma Aldrich).
Strep-AC elution buffer 50mM Tris-HCl (pH=8.0), 100mM NaCl, 10mM desthiobiotin (Sigma Aldrich), 1mM 2-

mercaptoethanol (Sigma Aldrich).
SEC buffer 50mM Tris-HCl (pH=7.5), 100mM NaCl, 10mM MgCl2, 1mM 2-mercaptoethanol (Sigma

Aldrich).

Cells were harvested through centrifugation.
Lysis and His affinity chromatography (His-AC)
Cell pellets were resuspended in lysis buffer and lysed with a high pressure homogenizer (French press cell disruptor, CF1
series Constant Systems) at 4°C, using 5-10 rounds of exposing the sample to pressurisation. The cell lysate was centrifuged at
37000× g for 30min and the supernatant was loaded onto a HisTrapTM excel column (Cytiva)1. After several rounds of washing
with His-AC washing buffer, the protein was eluted in a gradient of His-AC washing buffer and His-AC elution buffer.
Strep affinity chromatography (Strep-AC)
For some proteins Strep-AC was chosen for further purification. The His-AC elution peak was loaded onto a StrepTrapTM HP
column (Cytiva). After several rounds of washing with Strep-AC washing buffer, the protein was eluted in a gradient of Strep-AC
washing buffer and Strep-AC elution buffer.
Size exclusion chromatography (SEC)
Some proteins were further purified by SEC using SEC buffer and a HiPrep 16/60 Sephacryl S-300 HR (Cytiva) column.
Dialysis and storage
All proteins were dialysed twice in SEC buffer. After the addition of 10%glycerol, samples were flash frozen in liquid nitrogen
and kept at -80°C for storage.
Expression and purification conditions per protein
H-Cdc42-F, F-Cdc42-H, H-SS-Cdc42-F, S-Cdc42-H, S-Cdc42-BC-H, H-Cdc42-SS, H-Cdc42:CTIS, H*-Cdc42:CTIS, and F-Cdc42-sfGFP-H
were expressed using expression condition (1) and purified in a single step His-AC using an AKTA Pure (Cytiva) machine. The
purification profile of H-SS-Cdc42-F, as an example for Cdc42 purification, is shown in Fig. 3a and that of F-Cdc42-sfGFP-H in
Fig. 5.
H-Cdc42-sfGFP-SS was expressed using expression condition (1) and purified using His-AC followed by Strep-AC. Here lysis
buffer, His-AC washing buffer, and His-AC elution buffer were supplemented with 0.1 v/v% Tween-20 (Sigma Aldrich), 0.1 v/v%
NP-40 (Thermo Fischer Scientific), and 0.1 v/v% Triton-X-100 (Sigma Aldrich). The purifications were done using an AKTA Pure
(Cytiva) machine. Purification profiles are shown in Supplement S3 Fig. 1.
F-Cdc42-mNeon-H was expressed using expression condition (1) and purified using His-AC followed by SEC using an AKTA Pure
(Cytiva) machine. Purification profiles are shown in Supplement S3 Fig. 2.
S-Cdc42-mNeon-BC-Hwas expressed using expression condition (1) and purified using His-AC followed by SEC. Here lysis buffer,
His-AC washing buffer, and SEC buffer were supplemented with 0.1 v/v% Tween-20 (Sigma Aldrich), 0.1 v/v% NP-40 (Thermo

1Newer columns (bought 2020 or later) required a higher amount of imidazole in the lysis andwashing buffer, as indicated by the recommendation ’use 20-40mM
imidazole in sample and binding buffer for highest purity’ on the column package. For these columns the amount of imidazole in lysis and His-AC washing buffer
was increased to 50mM.

23 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


Figure 12. SDS-Page of purified Cdc24, Bem1, and fluorescent Cdc42. Purified Cdc42 is shown in Fig. 3b.

Fischer Scientific), and 0.1 v/v% Triton-X-100 (Sigma Aldrich). The purifications were done using an AKTA Pure (Cytiva) machine.
Purification profiles are shown in Supplement S3 Fig. 3.
Cdc24-H was expressed using expression condition (2) and purified using His-AC followed by SEC using an AKTA Pure (Cytiva)
machine.
H-Bem1-Fwas expressed using expression condition (2) andpurified in a single-stepHis-AC using anAKTAPure (Cytiva)machine.
Fig. 3b and 12 shows all purified proteins on SDS-Page.
GTPase activity assay
GTPase activity was measured using the GTPase-GloTM assay (Promega) as described previously [60]. In brief, 5µL protein in
SEC buffer (Tab. 4) wasmixed with 5µL of a GTP-solution (10µMGTP, 50mM Tris-HCl (pH=7.5), 100mMNaCl, 10mMMgCl2, 1mM
2-mercaptoethanol (Sigma Aldrich), 1mM dithiothreitol (VWR) in 384-well plates (Corning) to initiate the reaction. The reaction
mixture got incubated at 30°C on an Innova 2300 platform shaker (NewBrunswick Scientific) (120 rpm), before the addition of 10
µL Glo buffer and another 30 min incubation. The Glo buffer contains a nucleoside-diphosphate kinase that convert remaining
GTP to ATP. Addition of 20µL detection reagent, containing a luciferase/luciferin mixture, makes the ATP luminescent, which
was read on a SynergyHTX plate reader (BioTek) in luminescencemode. The amount of hydrolysedGTP inversely correlateswith
the measured luminescence. Wells without protein (’buffer’) were used for the normalization and represent 0% GTP hydrolysis
(Eq. 3). Reactions were carried out with at least 4 replicates (wells) per assay, and the average (’Lum.’) and standard deviation
(’ΔLum.’) of each set was used to calculate the activity and error of each set.

hydrolysed GTP = 1 − remaining GTP =
(

1 −
Lum. protein
Lum. buffer

)

× 100% (3)
Error bars were calculated by using error propagation:

Δhydrolysed GTP =

√

(

ΔLum. protein
Lum. protein

)2

+
(

ΔLum. bufferLum. buffer
)2

×
Lum. protein
Lum. buffer × 100% (4)

The amount of remaining GTP at the time of reaction termination (𝑡𝑡𝑒𝑟𝑚.) was calculated by
[GTP]𝑡𝑡𝑒𝑟𝑚. =

(Lum. protein
Lum. buffer

)

× 100% (5)
We developed a Cdc42 GTPase activity model for determining the GTPase cycling rates k. It is described in the following:
The GTP hydrolysis process involves three steps: (1) A GTP molecule from solution binds to Cdc42. (2) Cdc42 hydrolyses GTP.
(3) Cdc42 releases GDP.

[GTP] + [Cdc42] ←←←←←←←←←←←←←←←←←→←←←←←←←←←←←←←←←←←← [Cdc42−GTP]

[Cdc42−GTP] ←←←←←←←←←←←←←←←←←→ [Cdc42−GDP]

[Cdc42−GDP] ←←←←←←←←←←←←←←←←←→←←←←←←←←←←←←←←←←←← [Cdc42] + [GDP]
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It can further be upregulated by effector proteins: GAPs have been shown to enhance GTP hydrolysis by Cdc42 (step2), GEFs
enhance the release of GDP from Cdc42 (step3) [61, 62] and the scaffold Bem1 enhances the GEF activity of Cdc24 [25].
To quantitatively describe the GTPase reaction cycle, we coarse-grained the GTPase reaction steps with

[GTP] + 𝑛 [Cdc42] ←←←←←←←←←←←←←←←←←→ [GDP] + 𝑛 [Cdc42]
To account for possible Cdc42 dimerisation and cooperativity, we included the following reactions into the model:
(1) We assume that Cdc42 can dimerise, as other small GTPases have been shown to dimerise [19, 20, 53, 43]:

2 [mCdc42] ←←←←←←←←←←←←←←←←←→←←←←←←←←←←←←←←←←←← [dCdc42]

and both monomeric and dimeric Cdc42 can contribute to the overall GTP hydrolysis with different rates:
[GTP] + [mCdc42]

𝑘′1
←←←←←←←←←←←←←←←←←→ [GDP] + [mCdc42]

[GTP] + [dCdc42]
𝑘′2

←←←←←←←←←←←←←←←←←→ [GDP] + [dCdc42]

Assuming that the majority of Cdc42 is in its monomeric form ([mCdc42] < 𝐶𝑑 , with 𝐶𝑑 as the concentration at which half of thetotal Cdc42 is dimeric), we can approximate
[dCdc42] = [mCdc42]2

2𝐶𝑑

[mCdc42] ≈ [Cdc42] − [Cdc42]2
𝐶𝑑

(6)

(2) Next to cooperativity from dimerisation, cooperativity can also emerge when Cdc42 proteins come in close contact with
each other - they can affect each other’s behaviour without forming a stable homodimer, effectively functioning as an effector
protein for themselves:

[GTP] + 2 [mCdc42]
𝑘′3

←←←←←←←←←←←←←←←←←→ [GDP] + 2 [mCdc42]

[GTP] + [mCdc42] + [dCdc42]
𝑘′4

←←←←←←←←←←←←←←←←←→ [GDP] + [mCdc42] + [dCdc42]

(3) Effector proteins, such as GAPs and GEFs, affect the speed of the GTP hydrolysis cycle:
[GTP] + [Cdc42][X]

𝑘′5
←←←←←←←←←←←←←←←←←→ [GDP] + [Cdc42][X]

Here X is an effector protein.
Our data showed that the amount of remaining GTP follows an exponential decline over time:

[GTP]𝑡 = [GTP]𝑡0 exp (−𝐾𝑡) , using [GTP]𝑡0 = 100% (7)
Considering reactions (1) - (3), we can thus define 𝐾 in Eq. 7 as

𝐾 = 𝑘′
1[mCdc42] + 𝑘′

2[dCdc42] + 𝑘′
3[mCdc42]2 + 𝑘′

4[mCdc42][dCdc42] + 𝑘′
5[Cdc42][X] (8)

Using Eq. 6, and considering only up to second-order terms, results in
𝐾 = 𝑘′

1[Cdc42] +
( 𝑘′

2

2𝐶𝑑
+ 𝑘′

3 −
𝑘′
1

𝐶𝑑

)

[Cdc42]2 + 𝑘′
5[Cdc42][𝑋]

= 𝑘1[Cdc42] + 𝑘2[Cdc42]2 + 𝑘3,𝑋[Cdc42][X]
(9)

where 𝑘1 refers to GTP hydrolysis cycling rates of monomeric Cdc42, 𝑘2 includes effects of cooperativity and dimerisation and
𝑘3 represents the rate of Cdc42 - effector interaction. We will refer to 𝐾 as ’overall GTP hydrolysis rate’ in the following.
We used Eq. 9 with [X]=0 to determine the rates of Cdc42 alone. We then conducted assays with Cdc42 and an effector protein
to determine 𝑘3. While doing so we needed to account for assay variability, i.e. for the observation that the rates for Cdc42 can
vary between assays. Possible reasons for this include small concentration differences introduced though pipetting of small
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volumes (as are required for this assay), temperature and shaker speed fluctuations during the incubation step, and/or intrinsic
changes in the protein activities due to other external conditions. To account for this variance, we introduced the parameter
𝑐𝑐𝑜𝑟𝑟. It maps all factors that lead to variations between assays onto the Cdc42 concentration.
The assay data, including samples containing only Cdc42 and Cdc42 - (effector) protein mixtures, was fitted with

𝐾 = 𝑘1𝑐𝑐𝑜𝑟𝑟[Cdc42] + 𝑘2(𝑐𝑐𝑜𝑟𝑟([Cdc42])2 + 𝑘3,𝑋𝑐𝑐𝑜𝑟𝑟[Cdc42][X] (10)
to determine 𝑐𝑐𝑜𝑟𝑟 and 𝑘3,𝑋 (using 𝑘1 and 𝑘2 determined earlier).
Our data suggested that the GTP decline in assays Cdc42-Cdc24 mixtures does not depend linearly on the Cdc24 concentration
(Eq. 10), but is better approximated by a quadratic term:

𝐾 = 𝑘1𝑐𝑐𝑜𝑟𝑟[Cdc42] + 𝑘2(𝑐𝑐𝑜𝑟𝑟([Cdc42])2 + 𝑘3,𝐶𝑑𝑐24𝑐𝑐𝑜𝑟𝑟[Cdc42][Cdc24]2 (11)
The GTPase assays conducted here involve many pipetting steps and can, in done without a lot of attention, be prone to errors.
These result in assays with lots of variability and big error bars. Most GTPase assays resulted in data with small error bars. We
used the following criteria to exclude assays from our analysis:

• The error of buffer wells (ΔLum. buffer) is above 10%. This generally means that the assay and all assay data has big error
bars.

• The variability of the Cdc42 activity between assays using only Cdc42 and Cdc42 - Cdc24 mixtures is high, i.e. > 𝑐𝑐𝑜𝑟𝑟 <0.5or 𝑐𝑐𝑜𝑟𝑟 >1.6. Assays of only Cdc42 dilutions showed a low variability between assays. In Cdc42 - Cdc24 assays only one
Cdc42 concentration was used. If it doesnt show the same GTPase activity as in the assays with only Cdc42, 𝑐𝑐𝑜𝑟𝑟 deviatesfrom one. This then affects the other fitting parameters and leads to more variability in 𝑘3. Ideally only data of 𝑐𝑐𝑜𝑟𝑟 closeto one would be included. As we did not intent to provide a detailed parametrisation of the constructs used, but to use
this assay to compare them and to point ot points of failure when working with Cdc42, we included a wider range of data.
Most assays, nontheless, had values of 𝑐𝑐𝑜𝑟𝑟 close to one (see Supplement S4).

Additionally, data points that showed less than 5% remaining GTP were excluded from the fit, as they correspond to almost no
measurable luminescence.
Flag pulldown assay
In this assay, Flag-tagged Bem1 (H-Bem1-F) and another protein, that does not contain a Flag-tag, was mixed. For each experi-
ment, 0.2 nmol Bem1, and 1.0 nmol Cdc42 or 0.6-1.4 nmolOvalbumin (as a neg. control, Gel Filtration HMWCalibration Kit (Cytiva))
were used. If Cdc42 was used, 1.0 nmol got first pre-loadedwith either no nucleotide, 100 nmolGDP (Jena Bioscience), or 100 nmol
GTP𝛾S (Jena Bioscience) for 30min at room temperature. Two proteins were incubated for 1h at 30 °C. 100µL anti-Flag® M2
Affinity gel (Sigma Aldrich) was added and incubated for another 30min at room temperature. The reaction mixture was added
onto a Poly-Prep Chromatography column (Biorad) and was washed 3× with 1mL of assay buffer (25mM Tris-HCl (pH=7.2),
300mM NaCl, 10% Glycerol, 0.01 v/v% NP-40 (Thermo Fischer Scientific); supplemented either with no nucleotide, 10-100µM
GDP, or 10-100µMGTP𝛾S). Proteinswere elutedwith 200µL assay buffer supplementedwith 0.6mg∕mL 3× Flag® peptide (Sigma
Aldrich), and analysed by Western blotting.
Reactions with enterokinase and TEV protease
For enterokinase screening reactions, 50µg H-Cdc42:CTIS was mixed with 5, 10, or 20U of enterokinase (16 U/µL) (P8070, New
England Biolabs) in SEC buffer, supplemented with 2mM CaCl2. After 1-3 h at room temperature or 24-48h at 4°C reaction
samples were taken and analysed by SDS-Page.
For TEV protease screening reactions, tree enzymes were assessed: TEV (1): 50µg H*-Cdc42:CTIS was mixed with 5 or 50U of
TEV protease (10 U/µL) (T4455, Sigma-Aldrich) in SEC buffer. TEV (2): 50µg H*-Cdc42:CTIS was mixed with 5 or 50U of AcTEVTM
protease (10 U/µL) (Invitrogen) in SEC buffer. TEV (3): 50µL H*-Cdc42:CTIS (63µM) was mixed with 1, 5, or 10µL of purified TEV
protease (125µM, pSF1818) in SEC buffer. The enzyme was received as a gift from C.Dekker lab (TU Delft). After 1-3 h at room
temperature or 24-48h at 4°C reaction samples were taken and analysed by SDS-Page.
For cleavage reactions, H*-Cdc42:CTIS (63µM) was mixed with either TEV (1) (TEV protease, 10 U/µL, T4455, Sigma-Aldrich)
in a 10U/100µg TEV/Cdc42 ratio, or with TEV (3) (125µM, pSF1818) in a 5µL/100µL TEV/Cdc42 ratio, in SEC buffer. After an
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Blot Primary antibody Secondary antibody
anti-His His Tag Antibody, Mouse (OAEA00010, Aviva

Systems Biology) (dilution: 1:4000)
IgG2b Antibody HRP conjugated (Goat Anti-Mouse)
(OASA06620, Aviva Systems Biology) (dilution: 1:1000)

anti-Cdc42 Anti-CDC42 antibody, Rabbit (ab64533, ab-
cam) (dilution: 1:2000)

Polyclonal Goat Anti-Rabbit Immunoglobulins/HRP (Goat
Anti-Rabbit) (P0448, Agilent Dako) (dilution: 1:500)

Table 5. Antibodies used for Western blotting.

incubation of 45h at 4°C, the reaction was stopped. The sample was loaded thrice onto a HisTrapTM excel column (Cytiva). The
flow-through contains Cdc42 of which the N-terminal 6His-tag got cleaved. Samples were analysed by SDS-Page and Western
blotting.
SDS-Page
SDS-Page gels (12-15% acrylamide) were prepared freshly. In brief, a solution of 375mM Tris-HCl (pH=8.8), 30-37.5 v/v% 40%
acrylamide solution (Biorad), 0.2w/v% sodium dodecyl sulfate (Sigma Aldrich), 0.5 v/v% 2,2,2-Trichloroethanol (Sigma Aldrich),
0.1w/v% ammonium persulfate (Sigma Aldrich), and 0.1 v/v% N,N,N’,N’-tetramethyl ethylenediamine (Sigma Aldrich) was pre-
pared and casted into 1.00mmmini-protean glass plates (Biorad), filling them up to 80%. To protect the gel surface from drying,
a layer of isopropanol (Sigma Aldrich) was added. The gel was let solidify for 20min, after which the isopropanol layer was
removed. A solution of 155mM Tris-HCl (pH=6.5), 10 v/v% 40% acrylamide solution (Biorad), 0.2w/v% sodium dodecyl sulfate
(Sigma Aldrich), 0.1w/v% ammonium persulfate (Sigma Aldrich), and 0.1 v/v% N,N,N’,N’-tetramethyl ethylenediamine (Sigma
Aldrich) was prepared and added to the existing gel layer, after which a well comb (Biorad) was added. The gel was let solidify
for 20min.
Cell and protein samples were mixed with SDS loading buffer (Laemmli buffer, [59]). Before loading onto the SDS-Page gels,
they were kept for 5min at 95°C. Gels were run for 5min at 130V followed by 55minmin at 180V (PowerPac Basic Power Sup-
ply (Biorad)). Imaging was done on a ChemiDoc MP (Biorad) using the ’Stain-free gels’ feature and automatic exposure time
determination. Precision Plus Protein Unstained standard (Biorad) was used as a protein standard.
Western blotting
After SDS-Page, the samplewas transferred from the SDS-Page to a blottingmembrane (Trans-Blot Turbo Transfer Pack, Bio-rad)
using the ’Mixed MW’ program of the Trans-Blot Turbo Transfer System (Bio-rad). The blotting membrane was incubated with
Immobilon signal enhancer (Millipore) at 4°C for 18h. The blotting membrane was incubated with primary antibody, diluted in
Immobilon signal enhancer (see Tab. 5), at room temperature for 1h. It was washed thrice with TBS-T (10mM Tris-HCl (pH=7.5),
150mM NaCl, 0.1 v/v% Tween-20 (Sigma Aldrich)). For each washing step the blotting membrane was incubated with TBS-T
at room temperature for 20min. The blotting membrane was incubated with primary antibody, diluted in Immobilon signal
enhancer (see Tab. 5), at room temperature for 1h, after which it was again washed thrice with TBS-T. SuperSignal West Pico
Mouse IgG Detection Kit (Thermo Scientific) was used for activation. Imaging was done on a ChemiDoc MP (Biorad) using the
’Chemi Sensitive’ feature and automatic exposure time determination. Precision Plus Protein Unstained standard (Biorad) and
Precision Plus Protein All Blue Standard (Biorad) were used as protein standards.
Contributions
S. Tschirpke: Conceptualization, Methodology, Validation, Investigation, Writing - Original Draft, Writing - Review & Editing,
Visualization, Project administration. F. van Opstal: Investigation, Validation. R. van der Valk: Investigation, Validation. W.
K.-G. Daalman: Conceptualization, Investigation, Software, Formal analysis, Validation. L. Laan: Writing - Review & Editing,
Project administration, Funding acquisition.
Acknowledgements and contributions
We thank C. de Agrela Pinto for conducting SEC-MALS with our samples and analysing the data thereof. We thank D.McCusker
(University of Bordeaux) for the plasmid pDM272, N.Dekker (TU Delft) for the plasmid pET28a-His-mcm10-Sortase-Flag, and
C.Dekker lab (TU Delft) for a sample of purified TEV protease (pSF1818).

27 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


L. Laan gratefully acknowledges funding from the European Research Council under the European Union’s Horizon 2020 re-
search and innovation programme (grant agreement 758132) and funding from the Netherlands Organization for Scientific
Research (Nederlandse Organisatie voor Wetenschappelijk Onderzoek) through a Vidi grant (016.Vidi.171.060).
References
[1] Bieling P, Li TD, Weichsel J, McGorty R, Jreij P, Huang B, et al. Force Feedback Controls Motor Activity and Mechanical

Properties of Self-Assembling Branched Actin Networks. Cell. 2016;164(1-2):115–127. doi:10.1016/j.cell.2015.11.057.
[2] Roth S, Gârlea IC, Vleugel M, Mulder BM, Dogterom M. Reconstitution of basic mitotic spindles in cell-like confinement.

bioRxiv. 2019; p. 770602.
[3] Bezeljak U, Loya H, Kaczmarek B, Saunders TE, Loose M. Stochastic activation and bistability in a Rab GTPase regulatory

network. Proceedings of the National Academy of Sciences. 2020;117(12):6540–6549. doi:10.1073/pnas.1921027117.
[4] Kohyama S, Merino-Salomón A, Schwille P. In vitro assembly, positioning and contraction of a division ring in minimal cells.

Nature Communications. 2022;13(1). doi:10.1038/s41467-022-33679-x.
[5] Vendel KJA, Tschirpke S, Shamsi F, Dogterom M, Laan L. Minimal in vitro systems shed light on cell polarity. Journal of Cell

Science. 2019;132(4):1–21. doi:10.1242/jcs.217554.
[6] Diepeveen ET, Gehrmann T, Pourquié V, Abeel T, Laan L. Patterns of conservation and diversification in the fungal polar-

ization network. Genome Biology and Evolution. 2018;10(August):evy121–evy121. doi:10.1093/gbe/evy121.
[7] Gao JT, Guimera R, Li H, Pinto IM, Sales-PardoM, Wai SC, et al. Modular coherence of protein dynamics in yeast cell polarity

system. Proceedings of the National Academy of Sciences. 2011;108(18):7647–7652. doi:10.1073/pnas.1017567108.
[8] Costanzo M, VanderSluis B, Koch EN, Baryshnikova A, Pons C, Tan G, et al. A global genetic interaction network maps a

wiring diagram of cellular function. Science. 2016;353(6306):aaf1420–aaf1420. doi:10.1126/science.aaf1420.
[9] DaalmanWKG, Sweep E, Laan L. The Path towards Predicting Evolution as Illustrated in Yeast Cell Polarity. Cells. 2020;9(12).

doi:10.3390/cells9122534.
[10] Park HO, Bi E. Central Roles of Small GTPases in the Development of Cell Polarity in Yeast and Beyond. Microbiology and

Molecular Biology Reviews. 2007;71(1):48–96. doi:10.1128/MMBR.00028-06.
[11] Goryachev AB, Leda M. Many roads to symmetry breaking: molecular mechanisms and theoretical models of yeast cell

polarity. Molecular Biology of the Cell. 2017;28(3):370–380. doi:10.1091/mbc.e16-10-0739.
[12] Swaney DL, Beltrao P, Starita L, Guo A, Rush J, Fields S, et al. Global analysis of phosphorylation and ubiquitylation cross-talk

in protein degradation. Nature Methods. 2013;10(7):676–682. doi:10.1038/nmeth.2519.
[13] Back S, Gorman AW, Vogel C, Silva GM. Site-Specific K63 Ubiquitinomics Provides Insights into Translation Regulation under

Stress. Journal of Proteome Research. 2019;18(1):309–318. doi:10.1021/acs.jproteome.8b00623.
[14] Lanz MC, Yugandhar K, Gupta S, Sanford EJ, Faça VM, Vega S, et al. In-depth and 3-dimensional exploration of the budding

yeast phosphoproteome. EMBO reports. 2021;22(2). doi:10.15252/embr.202051121.
[15] Caplin BE, Hettich LA, Marshall MS. Substrate characterization of the saccharomyces cerevisiae protein farnesyltrans-

ferase and type-I protein geranylgeranyltransferase. Biochimica et Biophysica Acta (BBA)/Protein Structure and Molecular.
1994;1205(1):39–48. doi:10.1016/0167-4838(94)90089-2.

[16] Golding AE, Visco I, Bieling P, BementWM. Extraction of active RhoGTPases by RhoGDI regulates spatiotemporal patterning
of RhoGTPases. eLife. 2019;8:1–26. doi:10.7554/eLife.50471.

[17] Zheng Y, Cerione R, Bender A. Control of the yeast bud-site assembly GTPase Cdc42. Catalysis of guanine nucleotide
exchange by Cdc24 and stimulation of GTPase activity by Bem3. J Biol Chem. 1994;269(4):2369–2372.

28 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


[18] Zheng Y, Bender A, Cerione RA. Interactions among proteins involved in bud-site selection and bud-site assembly in Sac-
charomyces cerevisiae. Journal of Biological Chemistry. 1995;270(2):626–630.

[19] Zhang B, Zheng Y. Negative regulation of Rho family GTPases Cdc42 and Rac2 by homodimer formation. Journal of
Biological Chemistry. 1998;273(40):25728–25733. doi:10.1074/jbc.273.40.25728.

[20] Zhang B, Zhang Y, Collins CC, Johnson DI, Zheng Y. A built-in arginine finger triggers the self-stimulatory GTPase- activating
activity of Rho family GTPases. Journal of Biological Chemistry. 1999;274(5):2609–2612. doi:10.1074/jbc.274.5.2609.

[21] Kozminski KG, Beven L, Angerman E, Tong AHY, Boone C, Park HO. Interaction between a Ras and a Rho GTPase Couples
Selection of aGrowth Site to theDevelopment of Cell Polarity in Yeast. Molecular Biology of the Cell. 2003;14(12):4958–4970.
doi:10.1091/mbc.E03.

[22] Johnson JL, Erickson JW, Cerione RA. New Insights into How the Rho Guanine Nucleotide Dissociation Inhibitor
Regulates the Interaction of Cdc42 with Membranes. Journal of Biological Chemistry. 2009;284(35):23860–23871.
doi:10.1074/jbc.M109.031815.

[23] Johnson JL, Erickson JW, Cerione RA. C-terminal Di-arginine motif of Cdc42 protein is essential for binding to phosphatidyli-
nositol 4,5-bisphosphate-containing membranes and inducing cellular transformation. Journal of Biological Chemistry.
2012;287(8):5764–5774. doi:10.1074/jbc.M111.336487.

[24] Das A, Slaughter BD, Unruh JR, Bradford WD, Alexander R, Rubinstein B, et al. Flippase-mediated phospholipid asym-
metry promotes fast Cdc42 recycling in dynamic maintenance of cell polarity. Nature Cell Biology. 2012;14(3):304–310.
doi:10.1038/ncb2444.

[25] Rapali P, Mitteau R, Braun C, Massoni-Laporte A, Ünlü C, Bataille L, et al. Scaffold-mediated gating of Cdc42 signalling flux.
eLife. 2017;6:1–18. doi:10.7554/eLife.25257.

[26] Cox AD, Der CJ. Protein prenylation: more than just glue? Current Opinion in Cell Biology. 1992;4(6):1008–1016.
doi:10.1016/0955-0674(92)90133-W.

[27] Koch G, Tanaka K, Masuda T, Yamochi W, Nonaka H, Takai Y. Association of the Rho family small GTP-binding
proteins with Rho GDP dissociation inhibitor (Rho GDI) in Saccharomyces cerevisiae. Oncogene. 1997;15(4):417–422.
doi:10.1038/sj.onc.1201194.

[28] Tschirpke S, van der Valk R, Spitzbarth B, Hettema N, Farooq S, Daalman W, et al. Sortase-mediated prenylation of Cdc42
in vitro. (in preparation). 2023;.

[29] Popp MWL, Ploegh HL. Making and breaking peptide bonds: Protein engineering using sortase. Angewandte Chemie -
International Edition. 2011;50(22):5024–5032. doi:10.1002/anie.201008267.

[30] Williams CL. The polybasic region of Ras and Rho family small GTPases: a regulator of protein interactions and
membrane association and a site of nuclear localization signal sequences. Cellular Signalling. 2003;15(12):1071–1080.
doi:10.1016/S0898-6568(03)00098-6.

[31] Zhang B, Zhang Y, Wang ZX, Zheng Y. The role of Mg2+ cofactor in the guanine nucleotide exchange and GTP hy-
drolysis reactions of Rho family GTP-binding proteins. Journal of Biological Chemistry. 2000;275(33):25299–25307.
doi:10.1074/jbc.M001027200.

[32] Sonal LK, Heermann T, Schwille P. One-pot synthesis of prenylated proteins utilizing E. coli cell-free expression. BioRxiv.
2022;.

[33] Bose I, Irazoqui JE, Moskow JJ, Bardes ES, Zyla TR, Lew DJ. Assembly of scaffold-mediated complexes containing Cdc42p, the
exchange factor Cdc24p, and the effector Cla4p required for cell cycle-regulated phosphorylation of Cdc24p. J Biol Chem.
2001;276(10):7176–7186. doi:10.1074/jbc.M010546200.

[34] Studier FW, Moffatt BA. Use of bacteriophage T7 RNA polymerase to direct selective high-level expression of cloned genes.
Journal of Molecular Biology. 1986;189(1):113–130. doi:10.1016/0022-2836(86)90385-2.

29 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


[35] Meca J, Massoni-Laporte A, Martinez D, Sartorel E, Loquet A, Habenstein B, et al. Avidity-driven polarity establishment via
multivalent lipid– GTPase module interactions. The EMBO Journal. 2019;38(3):1–19. doi:10.15252/embj.201899652.

[36] Bendezú FO, Vincenzetti V, Vavylonis D, Wyss R, Vogel H, Martin SG. Spontaneous Cdc42 Polarization Independent of
GDI-Mediated Extraction and Actin-Based Trafficking. PLoS Biology. 2015;13(4):1–30. doi:10.1371/journal.pbio.1002097.

[37] Schmidt TGM, Batz L, Bonet L, Carl U, Holzapfel G, Kiem K, et al. Development of the Twin-Strep-tag® and its application for
purification of recombinant proteins from cell culture supernatants. Protein Expression and Purification. 2013;92(1):54–61.
doi:10.1016/j.pep.2013.08.021.

[38] Hopp TP, Prickett KS, Price VL, Libby RT, March CJ, Pat Cerretti D, et al. A Short Polypeptide Marker Sequence Useful for
Recombinant Protein Identification and Purification. Bio/Technology. 1988;6(10):1204–1210. doi:10.1038/nbt1088-1204.

[39] Sartorel E, Unlu C, JoseM, AurélieML,Meca J, Sibarita JB, et al. Phosphatidylserine andGTPase activation control Cdc42 nan-
oclustering to counter dissipative diffusion. Molecular Biology of the Cell. 2018;29(11):1299–1310. doi:10.1091/mbc.E18-
01-0051.

[40] Pédelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS. Engineering and characterization of a superfolder green fluo-
rescent protein. Nature Biotechnology. 2006;24(1):79–88. doi:10.1038/nbt1172.

[41] Shaner NC, Lambert GG, Chammas A, Ni Y, Cranfill PJ, BairdMA, et al. A brightmonomeric green fluorescent protein derived
from Branchiostoma lanceolatum. Nature Methods. 2013;10(5):407–409. doi:10.1038/nmeth.2413.

[42] Studier FW. Protein production by auto-induction in high density shaking cultures. Protein expression and purification.
2005;41(1):207–234. doi:10.1016/j.pep.2005.01.016.

[43] Kang PJ, Béven L, Hariharan S, Park HO. The Rsr1/Bud1 GTPase interacts with itself and the Cdc42 GTPase during
bud-site selection and polarity establishment in budding yeast. Molecular Biology of the Cell. 2010;21(17):3007–3016.
doi:10.1091/mbc.E10-03-0232.

[44] Mionnet C, Bogliolo S, Arkowitz RA. Oligomerization regulates the localization of Cdc24, the Cdc42 activator in Saccha-
romyces cerevisiae. Journal of Biological Chemistry. 2008;283(25):17515–17530. doi:10.1074/jbc.M800305200.

[45] Shimada Y, Wiget P, Gulli MP, Bi E, Peter M. The nucleotide exchange factor Cdc24p may be regulated by auto-inhibition.
EMBO Journal. 2004;23(5):1051–1062. doi:10.1038/sj.emboj.7600124.

[46] Shahravan SH, Qu X, Chan IS, Shin JA. Enhancing the specificity of the enterokinase cleavage reaction
to promote efficient cleavage of a fusion tag. Protein Expression and Purification. 2008;59(2):314–319.
doi:10.1016/j.pep.2008.02.015.Enhancing.

[47] Light A, Savithri HS, Liepnieks JJ. Specificity of bovine enterokinase toward protein substrates. Analytical Biochemistry.
1980;106(1):199–206. doi:10.1016/0003-2697(80)90138-4.

[48] Antos JM, Ingram J, Fang T, Pishesha N, Truttmann MC, Ploegh HL. Site-Specific Protein Labeling via Sortase-Mediated
Transpeptidation. Current Protocols in Protein Science. 2017;89(1):1–15. doi:10.1002/cpps.38.

[49] Chen L, Cohen J, Song X, Zhao A, Ye Z, Feulner CJ, et al. Improved variants of SrtA for site-specific conjugation on antibodies
and proteins with high efficiency. Scientific Reports. 2016;6(1):31899. doi:10.1038/srep31899.

[50] Klünder B, Freisinger T,Wedlich-Söldner R, Frey E. GDI-Mediated Cell Polarization in Yeast Provides Precise Spatial and Tem-
poral Control of Cdc42 Signaling. PLoS Computational Biology. 2013;9(12):e1003396. doi:10.1371/journal.pcbi.1003396.

[51] Smith GR, Givan SA, Cullen P, Sprague GF. GTPase-Activating Proteins for Cdc42. Eukaryotic Cell. 2002;1(3):469–480.
doi:10.1128/EC.1.3.469-480.2002.

[52] Tschirpke S, Daalman W, Laan L. The GEF Cdc24 and GAP Rga2 synergistically regulate Cdc42 GTPase cycling. BioRxiv.
2023;.

30 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


[53] Zhang B, Gao Y, Moon SY, Zhang Y, Zheng Y. Oligomerization of Rac1 GTPase Mediated by the Carboxyl-terminal Polybasic
Domain. Journal of Biological Chemistry. 2001;276(12):8958–8967. doi:10.1074/jbc.M008720200.

[54] Calixto AR, Moreira C, Kamerlin SCL. Recent advances in understanding biological gtp hydrolysis through molecular simu-
lation. ACS Omega. 2020;5(9):4380–4385. doi:10.1021/acsomega.0c00240.

[55] Zheng Y, HartsMJ, Shinjosq K, Evansn T, Benderll A, Ceriones Ra. Biochemical Comparisons of the Saccharomyces cerevisiae
Bem2 and Bem3 Proteins. Journal of Biological Chemistry. 1993;268(33):24629–24634.

[56] Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, Smith HO. Enzymatic assembly of DNA molecules up to several
hundred kilobases. Nature Methods. 2009;6(5):343–345. doi:10.1038/nmeth.1318.

[57] Douglas ME, Diffley JFX. Recruitment of Mcm10 to sites of replication initiation requires direct binding to
the minichromosome maintenance (MCM) complex. Journal of Biological Chemistry. 2016;291(11):5879–5888.
doi:10.1074/jbc.M115.707802.

[58] Dubendorf JW, Studier FW. Controlling basal expression in an inducible T7 expression system by blocking the target T7
promoter with lac repressor. Journal of Molecular Biology. 1991;219(1):45–59. doi:10.1016/0022-2836(91)90856-2.

[59] Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature. 1970;227:680–
685.

[60] Mondal S, Hsiao K, Goueli SA. A Homogenous Bioluminescent System for Measuring GTPase, GTPase Activating Pro-
tein, and Guanine Nucleotide Exchange Factor Activities. Assay and Drug Development Technologies. 2015;13(8):444–455.
doi:10.1089/adt.2015.643.

[61] Martin SG. Spontaneous cell polarization: Feedback control of Cdc42 GTPase breaks cellular symmetry. BioEssays.
2015;37(11):1193–1201. doi:10.1002/bies.201500077.

[62] Chiou Jg, BalasubramanianMK, LewDJ. Cell Polarity in Yeast. Annual Reviewof Cell andDevelopmental Biology. 2017;33:77–
101. doi:10.1146/annurev.cellbio.15.1.365.

[63] Zhang B,Wang ZX, Zheng Y. Characterization of the interactions between the small GTPase Cdc42 and its GTPase-activating
proteins and putative effectors: Comparison of kinetic properties of Cdc42 binding to the Cdc42-interactive domains. Jour-
nal of Biological Chemistry. 1997;272(35):21999–22007. doi:10.1074/jbc.272.35.21999.

Supporting information captions
S1 Figure. Overview of in vitro studies investigating Cdc42’s properties.
S2 Table. Relationship between polybasic regions and protein dimerisation.
S3 Appendix. Purification of Cdc42-sfGFP𝑆𝑊 and -mNeonGreen𝑆𝑊 .
S4 Figures and Tables. GTPase activity data and fits for Cdc42 constructs and summary graphs of Cdc42’s GTPase activity and
interaction with Cdc24.
S5 Figures. TEV protease, but not enterokinase, is a suitable cleavage enzyme for Cdc42.
S6 Appendix. Amino acid sequences of proteins.
S7 Table. Primer overview.

31 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


Supplement S1

S1 Figure 1. Overview of in vitro studies investigating Cdc42’s properties. Abbreviations: GAP: GTPase activating protein. GDI: guaninenucleotide dissociation inhibitor. GEF: GDP/GTP exchange factor. PAK: p21 activated kinase. Stated references: Das et al. 2012: [24]. Golding
et al. 2019: [16]. Johnson et al. 2009: [22]. Johnson et al. 2012: [23]. Rapali et al. 2017: [25]. Smith et al. 2002: [51]. Zhang et al. 1997: [63].Zhang et al. 1998: [19]. Zhang et al. 1999: [20]. Zhang et al. 2000: [31]. Zhang et al. 2001: [53]. Zheng et al. 1993: [55]. Zheng et al. 1994: [17].Zheng et al. 1995: [18].
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Supplement S2
S2 Table 1. Relationship between polybasic regions (PBRs) and protein dimerisation. Amino acid (AA) sequences of the C-terminalregion of selected small GTPases in relation to the ability of these GTPases to dimerise/ oligomerise. The PBR and other basic AA (K: lysine, R:arginine) are highlighted in bold. Abbreviations: S.c.: S. cerevisia, H.s.: H. sapiens, WT: wild-type, M: mutant.

Protein Type C-term. AA sequ. State Exp. condition Reference
S.c. Cdc42 WT PVI KKSKK CAIL unknown in vitro

monomer in vivo [43]
H.s. Cdc42 WT PEP KKSRR CVLL dimer in vitro [19]
H.s. Cdc42 M PEP KKSKR CVLL dimer in vitro [20]
H.s. Cdc42 M PEP KK monomer in vitro [19]
H.s. Rac1 WT PVK KRKRK CLLL oligomer in vitro [53]
H.s. Rac1 M PVP KKSRR CVLL oligomer in vitro [53]
H.s. Rac1 M PVK QQQQQ CVLL monomer in vitro [53]
H.s. Rac1 M PVK monomer in vitro [53]
H.s. Rac2 WT PTR QQKRA CSLL dimer in vitro [19]
H.s. RhoA WT RRG KKKSG CLVL dimer in vitro [19]
H.s. RhoA M RRG KKKRG CLVL dimer in vitro [20]
H.s. RhoA M RRG K monomer in vitro [19]
S.c. Rsr1 WT SQQ KKKKK NASTCTIL dimer in vivo [43]
S.c. Rsr1 M SQQ SSSSS NASTCTIL monomer in vivo [43]

33 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


Supplement S3
We purified F-Cdc42-sfGFP-H, H-Cdc42-sfGFP-SS, F-Cdc42-mNeon-H, and S-Cdc42-mNeon-BC-H. F-Cdc42-sfGFP-H could be puri-
fied in a high yield (30mgper 6L expression) in a single stepHis-AC (Fig. 5), and the other constructs required further purification
and gave a significantly lower yield. An overview of the expression and purification conditions used is given in S3 Tab. 1.
H-Cdc42-sfGFP-SS was purified using His-AC followed by Strep-AC (S3 Fig. 1). The final product was pure, but the yield was low.
We observed that the addition of detergents doubled the yield (S3 Tab. 1).
F-Cdc42-mNeon-H was purified using His-AC followed by SEC-AC (S3 Fig. 2). After His-AC F-Cdc42-mNeon-H was not pure, in
addition to the 50 kDa protein band a ∼70 kDa impurity is visible on SDS-Page (S3 Fig. 2c). The protein was further cleaned by
SEC. Here the 50 kDa protein started to elute before a 70 kDa impurity. The peak overlapped strongly with the 70 kDa impurity.
Much of the protein fractions therefore had to be discarded, resulting in a low yield.
For S-Cdc42-mNeon-BC-H a similar route was chosen (S3 Fig. 3). After His-AC the elution peak fraction showed also a impurity
at ∼70 kDa. In SEC the 70 kDa impurity eluted before the 50 kDa S-Cdc42-mNeon-BC-H. We suspect that this time the order
changed to the expected one because detergents were added to the buffer. Because the amount of protein in the His-AC elu-
tion peak was little, this purification also resulted in a small yield.
Based on this data we suggest to use detergents in the buffers, as this increases the yield during affinity chromatography and
could help in SEC. However, the addition of detergents does not lead to the yield obtained for F-Cdc42-sfGFP-H.
In general, if a protein ought to be purified that does not express in a high yield and requires SEC, we advise to significantly
scale-up the expression volume and and use large purification columns: We used up to 12 L medium per expression, and puri-
fied it in a single His-AC using a 5mL column (HisTrapTM excel column (Cytiva)). The bigger column volume allows for faster flow
rates and reduces the overall purification time, even when large sample volumes are used. Elution using a steep gradient (or
even step elution) concentrates all protein into a small volume, which can immediately be used for SEC. If ideal SEC conditions
are unknown, a smaller SEC column (e.g. Superdex 200 Increase 10/300 GL (Cytiva), maximum sample volume of 500µL) can
be used to screen conditions. Smaller columns accommodate less sample volume, but have shorter run-times. Once a good
condition is found, we advise to switch to a larger SEC column (e.g. HiPrep 16/60 Sephacryl S-300 HR (Cytiva), maximum sample
volume of 5mL), so that the entire, or at least half of the, His-AC elution peak can be loaded onto the SEC column without any in-
termediate concentration steps. If the sample after SEC is low in concentration, or samples from several SEC ought to be pooled
and concentrated, they can be loaded onto a His-AC column again and eluted in a step elution. This strategy avoids intermediate
concentration steps, which, in our experience, reduce the yield up to 30% due to protein sticking to the spin-concentator.
S3 Table 1. Overview of expression conditions, volumes, purification steps, and final yields of protein for fluorescent Cdc42
constructs. ’X’ indicates that the respective purification method was used, (det.) indicates that the buffers were supplemented with adetergent mixture (0.1%Tween-20, 0.1%NP-40, 0.1%Triton-X-100). ’f’ refers to a strong and fast expression at elevated temperatures, inducedby a high amount of IPTG (3h at 37°C with 1mM IPTG).

Construct Expression Expression His-AC Strep-AC SEC Final
condition volume yield

F-Cdc42-sfGFP-H f 6 L X ∼30mg
H-Cdc42-sfGFP-SS f 12 L X X ∼0.5mg
H-Cdc42-sfGFP-SS f 12 L X (det.) X (det.) ∼1mg
F-Cdc42-mNeon-H f 6 L X X ∼0.5mg
S-Cdc42-mNeon-BC-H f 6 L X (det.) X (det.) ∼0.5mg
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S3 Figure 1. Purification profile of H-Cdc42-sfGFP-SS. H-Cdc42-sfGFP-SS was purified by His-affinity chromatography (A) followed byStrep-affinity chromatography (B). (C) SDS-Page of the elution peaks, the band of the full-length protein is indicated by an orange arrow.
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S3 Figure 2. Purification profile of F-Cdc42-mNeon-H. F-Cdc42-mNeon-H was purified by His-affinity chromatography (A) followed by sizeexclusion chromatography (B). (C) SDS-Page of the elution peaks, the band of the full-length protein is indicated by an orange arrow.
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S3 Figure 3. Purification profile of S-Cdc42-mNeon-BC-H. S-Cdc42-mNeon-BC-H was purified by His-affinity chromatography (A) followed bysize exclusion chromatography (B). (C) SDS-Page of the elution peaks. The band of the full-length protein is indicated by an orange arrow.

37 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


Supplement S4

S4 Figure 1. GTPase activity data and fits for Cdc42 constructs.
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S4 Figure 2. Summary graphs of Cdc42’s GTPase activity and interaction with Cdc24. (A) GTP hydrolysis cycling rates 𝑘1 and 𝑘2. (B)Predicted amount of remaining GTP for Cdc42 constructs (5µM) after an incubation time of 1.5 h, calculated using rates 𝑘1, 𝑘2 shown in (A). (C)correction factors 𝑐𝑐𝑜𝑟𝑟. (D) Cdc42-Cdc24 interaction rate 𝑘3. (A-D): Data points of the same colour refer to the rates obtained from separatemeasurements/assays. Data points of the same colour but a distinct shape (circle, triangle, rhombus) represent different purification batchesof the same construct.
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S4 Table 1. GTP hydrolysis cycling rates 𝑘1 and 𝑘2 of Cdc42. Purification batches are indicated in brackets.
Cdc42 Experiment 𝑘1 𝑘1 𝑘2 𝑘2construct number [×10−2 µM−1 h−1] std. err. [×10−2 µM−2 h−1] std. err.
H-Cdc42-F (triangle) E11 5.79 2.79 0.38 0.22
H-Cdc42-F (circle) E32B 6.23 0.56 4.41 0.15
H-Cdc42-F (circle) E41C 7.94 1.57 3.27 0.28
H-Cdc42-F (circle) E41D 10.54 1.68 3.12 0.31
S-Cdc42-H (triangle) E18 14.80 1.54 0.34 0.37
S-Cdc42-H (circle) E32B 15.94 2.29 4.26 0.58
S-Cdc42-BC-H E34A 12.17 4.60 5.21 0.87
H-Cdc42-SS E32B 14.73 1.52 1.63 0.39
F-Cdc42-H (triangle) E39A 6.72 1.21 1.46 0.19
F-Cdc42-H (rhombus) E35A 12.85 0.45 2.09 0.08
F-Cdc42-H (circle) E32B 6.59 5.13 3.27 1.52
SS-Cdc42-H E33D 4.03 1.53 -0.39 0.30
H-SS-Cdc42-F (triangle) E39A 1.58 0.70 0.97 0.10
H-SS-Cdc42-F (rhombus) E42A 0.00 0.00 2.15 0.05
H-SS-Cdc42-F (circle) E42A 0.00 0.00 2.45 0.13
H-Cdc42:CTIS E39A 3.65 3.55 3.52 0.56
H*-Cdc42:CTIS E42B 1.97 1.54 3.00 0.24
*-Cdc42:CTIS (triangle) E42B 1.21 0.95 2.27 0.16
*-Cdc42:CTIS (circle) E42B 0.00 0.00 2.78 0.06
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S4 Table 2. Correction factors 𝑐𝑐𝑜𝑟𝑟 and Cdc42-Cdc24 interaction rate 𝑘3. Purification batches are indicated in brackets.
Cdc42 Experiment 𝑐𝑐𝑜𝑟𝑟 𝑘3 𝑘3construct number [µM−3 h−1] std. err.
SS-Cdc42-H E33D 1.00 0.10 0.05
H-Cdc42-F (circle) E39B 1.41 2.18
H-Cdc42-F (circle) E33C 1.49 4.16
H-Cdc42-F (circle) E33F 1.46 3.36 0.68
H-Cdc42-F (circle) E42D 1.06 4.54 0.00
S-Cdc42-H (triangle) E21 0.71 0.01
S-Cdc42-H (circle) E33C 1.01 2.13
S-Cdc42-BC-H E34B 1.15 2.53 0.39
H-Cdc42-SS E33C 0.94 3.56
F-Cdc42-H (circle) E33C 1.00 4.49
F-Cdc42-H (triangle) E39B 1.43 2.32
H-SS-Cdc42-F (triangle) E39B 1.33 1.46
H-SS-Cdc42-F (rhombus) E42D 1.16 0.49
H-SS-Cdc42-F (circle) E42D 1.09 1.43
H-Cdc42:CTIS E39B 1.57 3.13
H*-Cdc42:CTIS E42C 0.92 3.04 0.89
H*-Cdc42:CTIS E42D 1.10 3.11
*-Cdc42:CTIS (triangle) E42D 1.09 1.54
*-Cdc42:CTIS (circle) E42D 1.19 1.38
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Supplement S5

S5 Figure 1. TEV protease, but not enterokinase, is a suitable cleavage enzyme for Cdc42. (A) Cleavage reactions of enterokinase withCdc42 (H-Cdc42:CTIS) lead mainly to undesired cleavage products. The images shown are SDS-Page. (B) Cleavage reactions of TEV proteasewith Cdc42 (H*-Cdc42:CTIS) lead to the desired cleavage products. Images shown are SDS-Page of cleavage reaction products of reactionsusing two commercially available TEV proteases (TEV (1), TEV (2)) and one enzyme that was purified in-house (TEV (3), 125µM) andH*-Cdc42:CTIS (63µM).
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S5 Figure 2. Sequence of H-Cdc42:CTIS (25.7 kDa). Acidic AAs are shown in red and basic AAs are shown in blue. Potential cleavage sites forEnterokinase are highlighted in yellow. Cleavage after ’...DDDDK’ (site 1) results in the desired products of 4.4 and 21.3 kDa, cleavage after’...EDYDR’ (site 2) results in fragments of 11.7 and 14.0 kDa, and cleavage after ’...DDK’ (site 3) results in 18.2 and 7.5 kDa pieces. Cleavage atsite 2 in combination with cleavage at site 3 results in fragments of sizes 18.2, 14.0, 11.7, 7.5, and 6.5 kDa, which partially matches observedfragments on SDS-Page (S5 Fig. 1a).
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Supplement S6
H-Cdc42, pRV035:
MHHHHHHMQTLKCVVVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVT
VMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENV
KEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGS
RLARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPVIKKSKKCAIA

H-Cdc42:CAIA, pRV050:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVECSA
LTQRGLKNVFDEAIVAALEPPVIKKSKKCAIA

H-Cdc42:CTIS, pRV086:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVECSA
LTQRGLKNVFDEAIVAALEPPVIKKSKKCTIS

H*-Cdc42:CTIS, pRV104:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFENLYFQGMQTLKCV
VVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFD
TAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPG
VPCLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVEC
SALTQRGLKNVFDEAIVAALEPPVIKKSKKCTIS

H-Cdc42-F, pRV007:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVECSA
LTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLPETGGDYKDHDGDYKDH
DIDYKDDDDK

F-Cdc42-H, pRV073:
MGSSDYKDHDGDYKDHDIDYKDDDDKSSGLVPRGSHMASMTGGQQMGRGS
EFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVT
VMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENV
KEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGS
RLARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLP
ETGGHHHHHH

H-Cdc42-S, pRV024:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVECSA
LTQRGLKNVFDEAIVAALEPPVIKKSKKCAILGGGGSLPETGGWSHPQFEK
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H-Cdc42-SS, pRV068:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVECSA
LTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLPETGGWSHPQFEKGGGS
GGGSGGGSWSHPQFEK

S-Cdc42-H, pRV030:
MGSSWSHPQFEKSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCV
VVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFD
TAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPG
VPCLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVEC
SALTQRGLKNVFDEAIVAALEPPVIKKSKKCAILGGGGSLPETGGHHHHHH

SS-Cdc42-H, pRV058:
MAGWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMASMTGGQQ
MGRGSEFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPADYVPTVFD
NYAVTVMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVCFSVISPP
SFENVKEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQRQRLRPIT
SEQGSRLARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPVIKKSKKC
AILGGGGSLPETGGHHHHHH

H-SS-Cdc42-F, pRV087:
MGSSHHHHHHWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMA
SMTGGQQMGRGSEFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPAD
YVPTVFDNYAVTVMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVC
FSVISPPSFENVKEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQR
QRLRPITSEQGSRLARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPV
IKKSKKCAILLPETGGDYKDHDGDYKDHDIDYKDDDDK

S-Cdc42-BC-H, pRV051:
MGSSWSHPQFEKSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCV
VVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFD
TAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPG
VPCLVVGTQIDLRDDKVIIEKLQRQRLRPITSEQGSRLARELKAVKYVEC
SALTQRGLKNVFDEAIVAALEPPVIKKSKKMLKNFKLSKRDSNGSKGRIT
SADISTPSHDNGSVIKHIKTVPVRYLSSSSTCAILLPETGGHHHHHH

H-Cdc42-mNeon-F, pRV010:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMASLPATHELHIFGSINGVD
FDMVGQGTGNPNDGYEELNLKSTKGDLQFSPWILVPHIGYGFHQYLPYPD
GMSPFQAAMVDGSGYQVHRTMQFEDGASLTVNYRYTYEGSHIKGEAQVKG
TGFPADGPVMTNSLTAADWCRSKKTYPNDKTIISTFKWSYTTGNGKRYRS
TARTTYTFAKPMAANYLKNQPMYVFRKTELKHSKTELNFKEWQKAFTDVM
GMDELYKCSGPPGRPITSEQGSRLARELKAVKYVECSALTQRGLKNVFDE
AIVAALEPPVIKKSKKCAILLPETGGDYKDHDGDYKDHDIDYKDDDDK
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F-Cdc42-mNeon-H, pRV074:
MGSSDYKDHDGDYKDHDIDYKDDDDKSSGLVPRGSHMASMTGGQQMGRGS
EFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVT
VMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENV
KEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMASL
PATHELHIFGSINGVDFDMVGQGTGNPNDGYEELNLKSTKGDLQFSPWIL
VPHIGYGFHQYLPYPDGMSPFQAAMVDGSGYQVHRTMQFEDGASLTVNYR
YTYEGSHIKGEAQVKGTGFPADGPVMTNSLTAADWCRSKKTYPNDKTIIS
TFKWSYTTGNGKRYRSTARTTYTFAKPMAANYLKNQPMYVFRKTELKHSK
TELNFKEWQKAFTDVMGMDELYKCSGPPGRPITSEQGSRLARELKAVKYV
ECSALTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLPETGGHHHHHH

H-Cdc42-mNeon-S, pRV052:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMASLPATHELHIFGSINGVD
FDMVGQGTGNPNDGYEELNLKSTKGDLQFSPWILVPHIGYGFHQYLPYPD
GMSPFQAAMVDGSGYQVHRTMQFEDGASLTVNYRYTYEGSHIKGEAQVKG
TGFPADGPVMTNSLTAADWCRSKKTYPNDKTIISTFKWSYTTGNGKRYRS
TARTTYTFAKPMAANYLKNQPMYVFRKTELKHSKTELNFKEWQKAFTDVM
GMDELYKCSGPPGRPITSEQGSRLARELKAVKYVECSALTQRGLKNVFDE
AIVAALEPPVIKKSKKCAILLPETGGWSHPQFEK

H-Cdc42-mNeon-SS, pRV067:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMASLPATHELHIFGSINGVD
FDMVGQGTGNPNDGYEELNLKSTKGDLQFSPWILVPHIGYGFHQYLPYPD
GMSPFQAAMVDGSGYQVHRTMQFEDGASLTVNYRYTYEGSHIKGEAQVKG
TGFPADGPVMTNSLTAADWCRSKKTYPNDKTIISTFKWSYTTGNGKRYRS
TARTTYTFAKPMAANYLKNQPMYVFRKTELKHSKTELNFKEWQKAFTDVM
GMDELYKCSGPPGRPITSEQGSRLARELKAVKYVECSALTQRGLKNVFDE
AIVAALEPPVIKKSKKCAILLPETGGWSHPQFEKGGGSGGGSGGGSWSHP
QFEK

S-Cdc42-mNeon-H, pRV057:
MGSSWSHPQFEKSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCV
VVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFD
TAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPG
VPCLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMASLPATHELHIFGSING
VDFDMVGQGTGNPNDGYEELNLKSTKGDLQFSPWILVPHIGYGFHQYLPY
PDGMSPFQAAMVDGSGYQVHRTMQFEDGASLTVNYRYTYEGSHIKGEAQV
KGTGFPADGPVMTNSLTAADWCRSKKTYPNDKTIISTFKWSYTTGNGKRY
RSTARTTYTFAKPMAANYLKNQPMYVFRKTELKHSKTELNFKEWQKAFTD
VMGMDELYKCSGPPGRPITSEQGSRLARELKAVKYVECSALTQRGLKNVF
DEAIVAALEPPVIKKSKKCAILLPETGGHHHHHH

S-Cdc42-mNeon-BC-H, pRV093:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
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GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMASLPATHELHIFGSINGVD
FDMVGQGTGNPNDGYEELNLKSTKGDLQFSPWILVPHIGYGFHQYLPYPD
GMSPFQAAMVDGSGYQVHRTMQFEDGASLTVNYRYTYEGSHIKGEAQVKG
TGFPADGPVMTNSLTAADWCRSKKTYPNDKTIISTFKWSYTTGNGKRYRS
TARTTYTFAKPMAANYLKNQPMYVFRKTELKHSKTELNFKEWQKAFTDVM
GMDELYKCSGPPGRPITSEQGSRLARELKAVKYVECSALTQRGLKNVFDE
AIVAALEPPVIKKSKKMLKNFKLSKRDSNGSKGRITSADISTPSHDNGSV
IKHIKTVPVRYLSSSSTCAILLPETGGWSHPQFEKGGGSGGGSGGGSWSH
PQFEK

H-SS-Cdc42-mNeon-F, pRV090:
MGSSHHHHHHWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMA
SMTGGQQMGRGSEFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPAD
YVPTVFDNYAVTVMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVC
FSVISPPSFENVKEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQR
QRLSGGSAMASLPATHELHIFGSINGVDFDMVGQGTGNPNDGYEELNLKS
TKGDLQFSPWILVPHIGYGFHQYLPYPDGMSPFQAAMVDGSGYQVHRTMQ
FEDGASLTVNYRYTYEGSHIKGEAQVKGTGFPADGPVMTNSLTAADWCRS
KKTYPNDKTIISTFKWSYTTGNGKRYRSTARTTYTFAKPMAANYLKNQPM
YVFRKTELKHSKTELNFKEWQKAFTDVMGMDELYKCSGPPGRPITSEQGS
RLARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLP
ETGGDYKDHDGDYKDHDIDYKDDDDK

F-Cdc42-sfGFP-H, pRV101:
MGSSDYKDHDGDYKDHDIDYKDDDDKSSGLVPRGSHMASMTGGQQMGRGS
EFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVT
VMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENV
KEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMSKG
EELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLP
VPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITA
DKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQ
SVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKSGPPGRPITSEQGSRL
ARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLPET
GGHHHHHH

H-Cdc42-sfGFP-SS, pRV100:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCVVV
GDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFDTA
GQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPGVP
CLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMSKGEELFTGVVPILVELDG
DVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQC
FSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLV
NRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHN
VEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVL
LEFVTAAGITHGMDELYKSGPPGRPITSEQGSRLARELKAVKYVECSALT
QRGLKNVFDEAIVAALEPPVIKKSKKCAILLPETGGWSHPQFEKGGGSGG
GSGGGSWSHPQFEK
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S-Cdc42-sfGFP-H, pRV099:
MGSSWSHPQFEKSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMQTLKCV
VVGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIGDEPYTLGLFD
TAGQEDYDRLRPLSYPSTDVFLVCFSVISPPSFENVKEKWFPEVHHHCPG
VPCLVVGTQIDLRDDKVIIEKLQRQRLSGGSAMSKGEELFTGVVPILVEL
DGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGV
QCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDT
LVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIR
HNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHM
VLLEFVTAAGITHGMDELYKSGPPGRPITSEQGSRLARELKAVKYVECSA
LTQRGLKNVFDEAIVAALEPPVIKKSKKCAILLPETGGHHHHHH

H-SS-Cdc42-sfGFP-F, pRV102:
MGSSHHHHHHWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMA
SMTGGQQMGRGSEFDDDDKMQTLKCVVVGDGAVGKTCLLISYTTNQFPAD
YVPTVFDNYAVTVMIGDEPYTLGLFDTAGQEDYDRLRPLSYPSTDVFLVC
FSVISPPSFENVKEKWFPEVHHHCPGVPCLVVGTQIDLRDDKVIIEKLQR
QRLSGGSAMSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKL
TLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGY
VQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLE
YNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGP
VLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKSGPP
GRPITSEQGSRLARELKAVKYVECSALTQRGLKNVFDEAIVAALEPPVIK
KSKKCAILLPETGGDYKDHDGDYKDHDIDYKDDDDK

Cdc24-H, pDM272:
MAIQTRFASGTSLSDLKPKPSATSISIPMQNVMNKPVTEQDSLFHICANI
RKRLEVLPQLKPFLQLAYQSSEVLSERQSLLLSQKQHQELLKSNGANRDS
SDLAPTLRSSSISTATSLMSMEGISYTNSNPSATPNMEDTLLTFSMGILP
ITMDCDPVTQLSQLFQQGAPLCILFNSVKPQFKLPVIASDDLKVCKKSIY
DFILGCKKHFAFNDEELFTISDVFANSTSQLVKVLEVVETLMNSSPTIFP
SKSKTQQIMNAENQHRHQPQQSSKKHNEYVKIIKEFVATERKYVHDLEIL
DKYRQQLLDSNLITSEELYMLFPNLGDAIDFQRRFLISLEINALVEPSKQ
RIGALFMHSKHFFKLYEPWSIGQNAAIEFLSSTLHKMRVDESQRFIINNK
LELQSFLYKPVQRLCRYPLLVKELLAESSDDNNTKELEAALDISKNIARS
INENQRRTENHQVVKKLYGRVVNWKGYRISKFGELLYFDKVFISTTNSSS
EPEREFEVYLFEKIIILFSEVVTKKSASSLILKKKSSTSASISASNITDN
NGSPHHSYHKRHSNSSSSNNIHLSSSSAAAIIHSSTNSSDNNSNNSSSSS
LFKLSANEPKLDLRGRIMIMNLNQIIPQNNRSLNITWESIKEQGNFLLKF
KNEETRDNWSSCLQQLIHDLKNEQFKARHHSSTSTTSSTAKSSSMMSPTT
TMNTPNHHNSRQTHDSMASFSSSHMKRVSDVLPKRRTTSSSFESEIKSIS
ENFKNSIPESSILFRISYNNNSNNTSSSEIFTLLVEKVWNFDDLIMAINS
KISNTHNNNISPITKIKYQDEDGDFVVLGSDEDWNVAKEMLAENNEKFLN
IRLYLEHHHHHH

H-Cdc24-SS, pRV065:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMAIQTRFAS
GTSLSDLKPKPSATSISIPMQNVMNKPVTEQDSLFHICANIRKRLEVLPQ
LKPFLQLAYQSSEVLSERQSLLLSQKQHQELLKSNGANRDSSDLAPTLRS
SSISTATSLMSMEGISYTNSNPSATPNMEDTLLTFSMGILPITMDCDPVT
QLSQLFQQGAPLCILFNSVKPQFKLPVIASDDLKVCKKSIYDFILGCKKH
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FAFNDEELFTISDVFANSTSQLVKVLEVVETLMNSSPTIFPSKSKTQQIM
NAENQHRHQPQQSSKKHNEYVKIIKEFVATERKYVHDLEILDKYRQQLLD
SNLITSEELYMLFPNLGDAIDFQRRFLISLEINALVEPSKQRIGALFMHS
KHFFKLYEPWSIGQNAAIEFLSSTLHKMRVDESQRFIINNKLELQSFLYK
PVQRLCRYPLLVKELLAESSDDNNTKELEAALDISKNIARSINENQRRTE
NHQVVKKLYGRVVNWKGYRISKFGELLYFDKVFISTTNSSSEPEREFEVY
LFEKIIILFSEVVTKKSASSLILKKKSSTSASISASNITDNNGSPHHSYH
KRHSNSSSSNNIHLSSSSAAAIIHSSTNSSDNNSNNSSSSSLFKLSANEP
KLDLRGRIMIMNLNQIIPQNNRSLNITWESIKEQGNFLLKFKNEETRDNW
SSCLQQLIHDLKNEQFKARHHSSTSTTSSTAKSSSMMSPTTTMNTPNHHN
SRQTHDSMASFSSSHMKRVSDVLPKRRTTSSSFESEIKSISENFKNSIPE
SSILFRISYNNNSNNTSSSEIFTLLVEKVWNFDDLIMAINSKISNTHNNN
ISPITKIKYQDEDGDFVVLGSDEDWNVAKEMLAENNEKFLNIRLYGGGGS
LPETGGWSHPQFEKGGGSGGGSGGGSWSHPQFEK

S-Cdc24-H, pRV031:
MGSSWSHPQFEKSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMAIQTRF
ASGTSLSDLKPKPSATSISIPMQNVMNKPVTEQDSLFHICANIRKRLEVL
PQLKPFLQLAYQSSEVLSERQSLLLSQKQHQELLKSNGANRDSSDLAPTL
RSSSISTATSLMSMEGISYTNSNPSATPNMEDTLLTFSMGILPITMDCDP
VTQLSQLFQQGAPLCILFNSVKPQFKLPVIASDDLKVCKKSIYDFILGCK
KHFAFNDEELFTISDVFANSTSQLVKVLEVVETLMNSSPTIFPSKSKTQQ
IMNAENQHRHQPQQSSKKHNEYVKIIKEFVATERKYVHDLEILDKYRQQL
LDSNLITSEELYMLFPNLGDAIDFQRRFLISLEINALVEPSKQRIGALFM
HSKHFFKLYEPWSIGQNAAIEFLSSTLHKMRVDESQRFIINNKLELQSFL
YKPVQRLCRYPLLVKELLAESSDDNNTKELEAALDISKNIARSINENQRR
TENHQVVKKLYGRVVNWKGYRISKFGELLYFDKVFISTTNSSSEPEREFE
VYLFEKIIILFSEVVTKKSASSLILKKKSSTSASISASNITDNNGSPHHS
YHKRHSNSSSSNNIHLSSSSAAAIIHSSTNSSDNNSNNSSSSSLFKLSAN
EPKLDLRGRIMIMNLNQIIPQNNRSLNITWESIKEQGNFLLKFKNEETRD
NWSSCLQQLIHDLKNEQFKARHHSSTSTTSSTAKSSSMMSPTTTMNTPNH
HNSRQTHDSMASFSSSHMKRVSDVLPKRRTTSSSFESEIKSISENFKNSI
PESSILFRISYNNNSNNTSSSEIFTLLVEKVWNFDDLIMAINSKISNTHN
NNISPITKIKYQDEDGDFVVLGSDEDWNVAKEMLAENNEKFLNIRLYGGG
GSLPETGGHHHHHH

SS-Cdc24-H, pRV060:
MAGWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMASMTGGQQ
MGRGSEFDDDDKMAIQTRFASGTSLSDLKPKPSATSISIPMQNVMNKPVT
EQDSLFHICANIRKRLEVLPQLKPFLQLAYQSSEVLSERQSLLLSQKQHQ
ELLKSNGANRDSSDLAPTLRSSSISTATSLMSMEGISYTNSNPSATPNME
DTLLTFSMGILPITMDCDPVTQLSQLFQQGAPLCILFNSVKPQFKLPVIA
SDDLKVCKKSIYDFILGCKKHFAFNDEELFTISDVFANSTSQLVKVLEVV
ETLMNSSPTIFPSKSKTQQIMNAENQHRHQPQQSSKKHNEYVKIIKEFVA
TERKYVHDLEILDKYRQQLLDSNLITSEELYMLFPNLGDAIDFQRRFLIS
LEINALVEPSKQRIGALFMHSKHFFKLYEPWSIGQNAAIEFLSSTLHKMR
VDESQRFIINNKLELQSFLYKPVQRLCRYPLLVKELLAESSDDNNTKELE
AALDISKNIARSINENQRRTENHQVVKKLYGRVVNWKGYRISKFGELLYF
DKVFISTTNSSSEPEREFEVYLFEKIIILFSEVVTKKSASSLILKKKSST
SASISASNITDNNGSPHHSYHKRHSNSSSSNNIHLSSSSAAAIIHSSTNS
SDNNSNNSSSSSLFKLSANEPKLDLRGRIMIMNLNQIIPQNNRSLNITWE
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SIKEQGNFLLKFKNEETRDNWSSCLQQLIHDLKNEQFKARHHSSTSTTSS
TAKSSSMMSPTTTMNTPNHHNSRQTHDSMASFSSSHMKRVSDVLPKRRTT
SSSFESEIKSISENFKNSIPESSILFRISYNNNSNNTSSSEIFTLLVEKV
WNFDDLIMAINSKISNTHNNNISPITKIKYQDEDGDFVVLGSDEDWNVAK
EMLAENNEKFLNIRLYGGGGSLPETGGHHHHHH

H-SS-Cdc24-F, pRV088:
MGSSHHHHHHWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMA
SMTGGQQMGRGSEFDDDDKMAIQTRFASGTSLSDLKPKPSATSISIPMQN
VMNKPVTEQDSLFHICANIRKRLEVLPQLKPFLQLAYQSSEVLSERQSLL
LSQKQHQELLKSNGANRDSSDLAPTLRSSSISTATSLMSMEGISYTNSNP
SATPNMEDTLLTFSMGILPITMDCDPVTQLSQLFQQGAPLCILFNSVKPQ
FKLPVIASDDLKVCKKSIYDFILGCKKHFAFNDEELFTISDVFANSTSQL
VKVLEVVETLMNSSPTIFPSKSKTQQIMNAENQHRHQPQQSSKKHNEYVK
IIKEFVATERKYVHDLEILDKYRQQLLDSNLITSEELYMLFPNLGDAIDF
QRRFLISLEINALVEPSKQRIGALFMHSKHFFKLYEPWSIGQNAAIEFLS
STLHKMRVDESQRFIINNKLELQSFLYKPVQRLCRYPLLVKELLAESSDD
NNTKELEAALDISKNIARSINENQRRTENHQVVKKLYGRVVNWKGYRISK
FGELLYFDKVFISTTNSSSEPEREFEVYLFEKIIILFSEVVTKKSASSLI
LKKKSSTSASISASNITDNNGSPHHSYHKRHSNSSSSNNIHLSSSSAAAI
IHSSTNSSDNNSNNSSSSSLFKLSANEPKLDLRGRIMIMNLNQIIPQNNR
SLNITWESIKEQGNFLLKFKNEETRDNWSSCLQQLIHDLKNEQFKARHHS
STSTTSSTAKSSSMMSPTTTMNTPNHHNSRQTHDSMASFSSSHMKRVSDV
LPKRRTTSSSFESEIKSISENFKNSIPESSILFRISYNNNSNNTSSSEIF
TLLVEKVWNFDDLIMAINSKISNTHNNNISPITKIKYQDEDGDFVVLGSD
EDWNVAKEMLAENNEKFLNIRLYGGGGSLPETGGDYKDHDGDYKDHDIDY
KDDDDK

H-Bem1-F, pRV009:
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMLKNFKLSK
RDSNGSKGRITSADISTPSHDNGSVIKHIKTVPVRYLSSSSTPVKSQRDS
SPKNRHNSKDITSPEKVIKAKYSYQAQTSKELSFMEGEFFYVSGDEKDWY
KASNPSTGKEGVVPKTYFEVFDRTKPSSVNGSNSSSRKVTNDSLNMGSLY
AIVLYDFKAEKADELTTYVGENLFICAHHNCEWFIAKPIGRLGGPGLVPV
GFVSIIDIATGYATGNDVIEDIKSVNLPTVQEWKSNIARYKASNISLGSV
EQQQQQSITKPQNKSAKLVDGELLVKASVESFGLEDEKYWFLVCCELSNG
KTRQLKRYYQDFYDLQVQLLDAFPAEAGKLRDAGGQWSKRIMPYIPGPVP
YVTNSITKKRKEDLNIYVADLVNLPDYISRSEMVHSLFVVLNNGFDREFE
RDENQNNIKTLQENDTATFATASQTSNFASTNQDNTLTGEDLKLNKKLSD
LSLSGSKQAPAQSTSGLKTTKIKFYYKDDIFALMLKGDTTYKELRSKIAP
RIDTDNFKLQTKLFDGSGEEIKTDSQVSNIIQAKLKISVHDIRLGGGGSL
PETGGDYKDHDGDYKDHDIDYKDDDDK

S-Bem1-H, pRV032:
MGSSWSHPQFEKSSGLVPRGSHMASMTGGQQMGRGSEFDDDDKMLKNFKL
SKRDSNGSKGRITSADISTPSHDNGSVIKHIKTVPVRYLSSSSTPVKSQR
DSSPKNRHNSKDITSPEKVIKAKYSYQAQTSKELSFMEGEFFYVSGDEKD
WYKASNPSTGKEGVVPKTYFEVFDRTKPSSVNGSNSSSRKVTNDSLNMGS
LYAIVLYDFKAEKADELTTYVGENLFICAHHNCEWFIAKPIGRLGGPGLV
PVGFVSIIDIATGYATGNDVIEDIKSVNLPTVQEWKSNIARYKASNISLG
SVEQQQQQSITKPQNKSAKLVDGELLVKASVESFGLEDEKYWFLVCCELS
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NGKTRQLKRYYQDFYDLQVQLLDAFPAEAGKLRDAGGQWSKRIMPYIPGP
VPYVTNSITKKRKEDLNIYVADLVNLPDYISRSEMVHSLFVVLNNGFDRE
FERDENQNNIKTLQENDTATFATASQTSNFASTNQDNTLTGEDLKLNKKL
SDLSLSGSKQAPAQSTSGLKTTKIKFYYKDDIFALMLKGDTTYKELRSKI
APRIDTDNFKLQTKLFDGSGEEIKTDSQVSNIIQAKLKISVHDIRLGGGG
SLPETGGHHHHHH

SS-Bem1-H, pRV061:
MAGWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMASMTGGQQ
MGRGSEFDDDDKMLKNFKLSKRDSNGSKGRITSADISTPSHDNGSVIKHI
KTVPVRYLSSSSTPVKSQRDSSPKNRHNSKDITSPEKVIKAKYSYQAQTS
KELSFMEGEFFYVSGDEKDWYKASNPSTGKEGVVPKTYFEVFDRTKPSSV
NGSNSSSRKVTNDSLNMGSLYAIVLYDFKAEKADELTTYVGENLFICAHH
NCEWFIAKPIGRLGGPGLVPVGFVSIIDIATGYATGNDVIEDIKSVNLPT
VQEWKSNIARYKASNISLGSVEQQQQQSITKPQNKSAKLVDGELLVKASV
ESFGLEDEKYWFLVCCELSNGKTRQLKRYYQDFYDLQVQLLDAFPAEAGK
LRDAGGQWSKRIMPYIPGPVPYVTNSITKKRKEDLNIYVADLVNLPDYIS
RSEMVHSLFVVLNNGFDREFERDENQNNIKTLQENDTATFATASQTSNFA
STNQDNTLTGEDLKLNKKLSDLSLSGSKQAPAQSTSGLKTTKIKFYYKDD
IFALMLKGDTTYKELRSKIAPRIDTDNFKLQTKLFDGSGEEIKTDSQVSN
IIQAKLKISVHDIRLGGGGSLPETGGHHHHHH

H-SS-Bem1-F, pRV089:
MGSSHHHHHHWSHPQFEKGGGSGGGSGGGSWSHPQFEKSSGLVPRGSHMA
SMTGGQQMGRGSEFDDDDKMLKNFKLSKRDSNGSKGRITSADISTPSHDN
GSVIKHIKTVPVRYLSSSSTPVKSQRDSSPKNRHNSKDITSPEKVIKAKY
SYQAQTSKELSFMEGEFFYVSGDEKDWYKASNPSTGKEGVVPKTYFEVFD
RTKPSSVNGSNSSSRKVTNDSLNMGSLYAIVLYDFKAEKADELTTYVGEN
LFICAHHNCEWFIAKPIGRLGGPGLVPVGFVSIIDIATGYATGNDVIEDI
KSVNLPTVQEWKSNIARYKASNISLGSVEQQQQQSITKPQNKSAKLVDGE
LLVKASVESFGLEDEKYWFLVCCELSNGKTRQLKRYYQDFYDLQVQLLDA
FPAEAGKLRDAGGQWSKRIMPYIPGPVPYVTNSITKKRKEDLNIYVADLV
NLPDYISRSEMVHSLFVVLNNGFDREFERDENQNNIKTLQENDTATFATA
SQTSNFASTNQDNTLTGEDLKLNKKLSDLSLSGSKQAPAQSTSGLKTTKI
KFYYKDDIFALMLKGDTTYKELRSKIAPRIDTDNFKLQTKLFDGSGEEIK
TDSQVSNIIQAKLKISVHDIRLGGGGSLPETGGDYKDHDGDYKDHDIDYK
DDDDK

pSF1818, TEV (3):
MSKHHHHSGHHHTGHHHHSGSHHHTGESLFKGPRDYNPISSSICHLTNES
DGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVFKVKDTTTLQQH
LVDGRDMIIIRMPKDFPPFPQKLKFREPQREERICLVTTNFQTKSMSSMV
SDTSCTFPSSDGIFWKHWIQTKDGQCGSPLVSTRDGFIVGIHSASNFTNT
NNYFTSVPKNFMELLTNQEAQQWVSGWRLNADSVLWGGHKVFMNKPEEPF
QPVKEATQLMN

51 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


Su
pp

le
m
en

tS
7

S7
Ta
bl
e
1.
Pr
im

er
ov
er
vi
ew

.Li
sto

fpr
ime

rsu
sed

tog
ene

rate
pla

sm
ids

ofT
ab2

and
3.A

bbr
evia

tion
s:in

s:in
ser

tion
;ad

d:a
ddi

tion
;fw

:fo
rwa

rd;
rev

:re
ver

se.

Des
ign

ed
pur

pos
e

Prim
er

Seq
uen

ce
oRV

39
ins.

ofC
dc4

2
gen

efw
Gca

aat
ggg

tcg
cgg

atc
cga

attc
GA

TGA
CG

ACG
ATA

AA
ATG

CAA
ACG

CT
AAA

GTG
TGT

TGT
TG

oRV
40

ins.
ofC

dc4
2

gen
ere

v
CAC

CG
TCG

TG
GTC

CTT
GTA

GT
CAC

CG
CCG

GT
TTC

CG
GTA

AC
AAA

ATT
GC

AC
ATT

TTT
TAC

TTT
TCT

TGA
T

AAC
AG

G
oRV

41
ins.

ofC
dc4

2
vec

tor
fw

TTA
CCG

GA
AA

CCG
GC

GG
T

oRV
42

ins.
ofC

dc4
2

vec
tor

rev
TTT

ATC
GTC

GT
CAT

Cga
att

cgg
atc

c
oRV

43
ins.

ofC
dc2

4
gen

efw
caG

caa
atg

gg
tcg

cgg
atc

cga
attc

GA
TG

ACG
ACG

ATA
AAA

TGG
CG

AT
CCA

AAC
CCG

oRV
44

ins.
ofC

dc2
4

gen
ere

v
CTT

GTA
GTC

AC
CG

CCG
GTT

TC
CG

GTA
AG

CT
TCC

TCC
GC

CA
CCA

TAC
AG

AC
GA

ATG
TTC

AA
GA

ATT
TCT

CA
TTG

oRV
45

ins.
ofC

dc2
4

vec
tor

fw
GG

TGG
CG

GA
GG

AAG
CT

oRV
46

ins.
ofC

dc2
4

vec
tor

rev
TTT

ATC
GTC

GT
CAT

Cga
att

cgg
at

oRV
47

ins.
ofB

em
1

gen
efw

caG
caa

atg
gg

tcg
cgg

atc
cga

attc
GA

TG
ACG

ACG
ATA

AAA
TGC

TGA
AA

AAC
TTC

AAA
CTC

TCA
AAA

AG
AG

A
oRV

48
ins.

ofB
em

1
gen

ere
v

CTT
GTA

GTC
AC

CG
CCG

GTT
TC

CG
GTA

AG
CT

TCC
TCC

GC
CA

CCG
AG

TCT
AA

TAT
CG

TGA
AC

GG
AAA

TTT
TC

AG
T

oRV
49

ins.
ofB

em
1

vec
tor

fw
GG

TGG
CG

GA
GG

AAG
CT

oRV
50

ins.
ofB

em
1

vec
tor

rev
TTT

ATC
GTC

GT
CAT

Cga
att

cgg
atc

c
oRV

102
add

.of
mN

eon
gre

en
toC

dc4
2

gen
efw

GG
TAA

TCA
TC

GA
GA

AG
TTG

CA
AAG

ACA
AAG

ATT
AAG

CG
GC

GG
TTC

TGC
TA

TGG
oRV

103
add

.of
mN

eon
gre

en
toC

dc4
2

gen
ere

v
CCT

TGT
TCT

GA
TGT

AAT
CG

GA
CG

ACC
AG

GA
GG

CCC
ACT

AC
ATT

TG
oRV

104
add

.of
mN

eon
gre

en
toC

dc4
2

vec
tor

fw
CAA

ATG
TAG

TG
GG

CCT
CCT

GG
TCG

TCC
GA

TT
ACA

TCA
GA

AC
AAG

G
oRV

105
add

.of
mN

eon
gre

en
toC

dc4
2

vec
tor

rev
CCA

TAG
CAG

AA
CCG

CCG
CTT

AAT
CTT

TGT
CT

TTG
CAA

CTT
CTC

GA
TGA

TT
ACC

oRV
145

add
.of

aC
-ter

m.
6Hi

sta
g

vec
tor

fw
cat

cat
cat

cat
cat

cac
TA

Aga
attc

gag
ctcc

gtc
gac

aag
c

oRV
146

add
.of

aN
-ter

m.
Stre

p-II
tag

vec
tor

rev
TTT

TTC
AAA

CT
GC

GG
ATG

GG
ACC

Agc
tgc

tgc
cca

tgg
tat

atc
tccT

oRV
147

add
.of

aN
-ter

m.
Stre

p-II
tag

gen
efw

TGG
TCC

CAT
CC

GC
AG

TTT
GA

AAA
Aag

cag
cgg

cctg
gtg

ccg
oRV

148
add

.of
aC

-ter
m.

6Hi
sta

g
gen

ere
v

gtg
atg

atg
atg

atg
atg

AC
CG

CCG
GTT

TC
CG

G
oRV

149
add

.of
aC

-ter
m.

Stre
p-II

tag
gen

ere
v

TGG
TCC

CAT
CC

GC
AG

TTT
GA

AAA
ATA

Aga
att

cga
gct

ccg
tcg

aca
agc

oRV
150

add
.of

aC
-ter

m.
Stre

p-II
tag

vec
tor

fw
TTT

TTC
AAA

CT
GC

GG
ATG

GG
ACC

AAC
CG

CC
GG

TTT
CCG

GT
AAG

C
oRV

224
add

.of
aN

-ter
m.

Twi
n-S

trep
tag

gen
efw

TTC
GA

AAA
AG

GTG
GA

GG
TTC

CG
GA

GG
TGG

AT
CG

GG
AG

GTG
GA

TCG
TGG

AG
CCA

CCC
GC

AG
TTC

GA
-

GA
AAa

gca
gcg

gcc
tgg

tgc
cg

oRV
225

add
.of

aN
-ter

m.
Twi

n-S
trep

tag
vec

tor
rev

CAC
CU

CCG
GA

ACC
UC

CAC
CU

UU
UU

CG
AAC

UG
CG

GG
UG

GC
UC

CAG
CCC

GC
CA

Ugg
uau

auc
ucc

Uuc
uua

a
agu

uaa
aca

aa
oRV

227
add

.of
aC

-ter
m.

Twi
n-S

trep
tag

gen
ere

v
ggt

ggc
tcca

cga
tcca

cct
ccc

gat
cca

cct
ccg

gaa
cct

cca
cctt

tttc
gaa

ctg
cgg

gtg
gct

cca
ACC

GC
CG

GTT
TCC

GG
TAA

oRV
228

add
.of

aC
-ter

m.
Twi

n-S
trep

tag
vec

tor
fw

gga
ggt

tccg
gag

gtg
gat

cgg
gag

gtg
ga

tcg
tgg

agc
cac

ccg
cag

ttc
gag

aaa
taa

gaa
ttcg

agc
tccg

tcg
aca

agc
ttgc

gg
oRV

250
add

.of
N-t

erm
.6H

is-T
win

-Str
ep

tag
gen

efw
tgg

agg
ttcc

gga
ggt

gga
tcg

gga
ggt

gg
atc

gtg
gag

cca
ccc

gca
gtt

cga
gaa

aag
cag

cgg
cctg

gtg
cc

oRV
251

add
.of

N-t
erm

.6H
is-T

win
-Str

ep
tag

vec
tor

rev
Ccg

atc
cac

ctc
cgg

aac
ctc

cac
cttt

ttc
gaa

ctg
cgg

gtg
gct

cca
gtg

atg
atg

atg
atg

atg
gct

gct
g

oRV
258

add
.of

sfG
FP

toC
dc4

2
vec

tor
fw

CAC
TCA

CG
GC

ATG
GA

TGA
GC

TTT
ATA

AG
AG

TGG
GC

CTC
CT

GG
TCG

TCC

52 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/


oRV
259

add
.of

sfG
FP

toC
dc4

2
vec

tor
rev

CCT
GTG

AAC
AG

CTC
TTC

TCC
TTT

TGA
CAT

AG
CAG

AAC
CG

CC
GC

TTA
ATC

TT
TGT

C
oRV

260
add

.of
sfG

FP
toC

dc4
2

gen
efw

GA
CAA

AG
ATT

AAG
CG

GC
GG

TT
CTG

CTA
TGT

CAA
AAG

GA
GA

AG
AG

CTG
TTC

ACA
GG

oRV
261

add
.of

sfG
FP

toC
dc4

2
gen

ere
v

GG
ACG

ACC
AG

GA
GG

CCC
ACT

CTT
ATA

AAG
CT

CAT
CCA

TGC
CG

TGA
GTG

53 of 53

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.04.24.538075doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538075
http://creativecommons.org/licenses/by-nc/4.0/

	Introduction
	Results
	Cdc42 constructs
	Cdc42 expresses robustly and can be purified in a high yield using His-AC
	Cdc42 shows dimer bands on SDS-Page
	Cdc42-mNeongreenSW/-sfGFPSW shows a more varied expression and purification behaviour than Cdc42
	Cdc42's GTPase activity and interaction with the GEF Cdc24 can be reliably assessed using GTPase-Glo assays
	Pulldown assays are less robust to study weakly bound Cdc42 effector interactions as the Cdc42-Bem1 complex
	TEV protease, but not enterokinase, is suitable to cleave tags off Cdc42

	Conclusion and Discussion
	Materials and Methods
	Plasmid construction
	Buffer composition
	Protein expression tests
	Protein purification
	GTPase activity assay
	Flag pulldown assay
	Reactions with enterokinase and TEV protease
	SDS-Page
	Western blotting

	Contributions
	Acknowledgements and contributions
	Supporting information captions

