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Candida albicans is a dimorphic fungus that converts from a
yeast form to a hyphae form during infection. This switch
requires the formation of actin cable to coordinate polarized
cell growth. It’s known that nucleation of this cable requires a
multiprotein complex localized at the tip called the polarisome,
but the mechanisms underpinning this process were unclear.
Here, we found that C. albicans Aip5, a homolog of polarisome
component ScAip5 in Saccharomyces cerevisiae that nucleates
actin polymerization and synergizes with the formin ScBni1,
regulates actin assembly and hyphae growth synergistically with
other polarisome proteins Bni1, Bud6, and Spa2. The C termi-
nus of Aip5 binds directly to G-actin, Bni1, and the C-terminal
of Bud6, which form the core of the nucleation complex to poly-
merize F-actin. Based on insights from structural biology and
molecular dynamic simulations, we propose a possible complex
conformation of the actin nucleation core, which provides coop-
erative positioning and supports the synergistic actin nucleation
activity of a tri-protein complex Bni1-Bud6-Aip5. Together
with known interactions of Bni1 with Bud6 and Aip5 in S. cere-
visiae, our findings unravel molecular mechanisms of C. albi-
cans by which the tri-protein complex coordinates the actin
nucleation in actin cable assembly and hyphal growth, which is
likely a conserved mechanism in different filamentous fungi
and yeast.

Polarized cell growth is essential for cell morphogenesis and
development, which is tightly regulated by spatial-temporal
recruitments of polarity proteins (1–3). Coordinated assembly
of actin cables in filamentous fungi plays crucial roles in polar-
ity establishment, cell protrusion, and continuous incorpora-
tion of biomolecules at the expanding edge, including lipids,
proteins, and cell wall components. Budding yeast Saccharomy-
ces cerevisiae polarisome complex proteins, including ScSpa2,
ScBni1, ScBud6, and ScAip5, concentrate at the presumptive
bud tip tomediate actin cable polymerization and polarized cell
growth (4–11). Polarisome members ScBni1, ScBud6, and
ScAip5 serve either as nucleation factor (NF) or nucleation pro-
moting factor (NPF) to initiate actin cable assembly (4, 6, 10,
11). ScBni1 initiates barbed-end polymerization progressively

from the polarized tip and also mediates subsequent fast-elon-
gation through recruiting G-actins from profilin ScPfy1 (11–
13). ScBud6 is an NPF by delivering G-actin to ScBni1 via
ScBud6-C (residues 489–788 aa), which enhances ScBni1-
mediated actin nucleation but not elongation (6, 14). By inter-
acting with both ScBni1 and G-actin via its C terminus (resi-
dues 1110-1234 aa), ScAip5C functions as a modest NPF for
ScBni1 as well as a weak actin nucleator on its own (4). ScAip5
N terminus is a mostly disordered region that was recruited
into the macromolecular complex by polarisome scaffolder
ScSpa2 via multivalent interactions (4). Interaction between
the N terminus of ScBud6 and a ScAip5 region (1000–1131 aa),
located at the N-terminal of the functional core (ScAip5-C,
1132–1234 aa), was also recently suggested (15). These cross-
interactions between actin-polymerization factors through
flexible intrinsically disordered regions (IDRs) have the advant-
age to provide dynamic assembly of actin NF and NPFs that
might be able to tune the nucleation activities. Polarisome-
mediated actin assembly is likely to be a conserved underlying
mechanism in different fungal species because the folded
domains of ScBni1, ScBud6, and ScAip5 showed high similarity
in sequence among the fungi kingdom, including filamentous
fungus, as well as the pattern of the ordered and disordered
domains (4, 6).
As a polymorphic pathogenic fungus, Candida albicans

switches morphology between yeast and hyphal forms of
growth in response to environmental stimuli, such as a serum,
host body temperature, peptidoglycan, and GlcNAc (16–18).
For readability, all polarisome genes/proteins of C. albicans are
shown without the prefix “Ca” hereafter. The underlying ma-
chinery for polarized cell growth in C. albicans resembles
closely that of S. cerevisiae. Spa2, Bni1, and Bud6 are known to
coordinate the functions of vesical-enriched Spitzenkörper and
crescent surface-localized polarisome at the elongating hyphal
tip (19–22). Disruptions of individual polarisome proteins,
such as Spa2, Bni1, or Bud6, impair hyphal morphogenesis sub-
stantially. These genetic mutants form short and swollen fila-
ments, which were similar to the morphological defects from
the treatment with actin depolymerization drug cytochalasin A
(20, 23–25), suggesting their collaborative role in actin assem-
bly. The perturbation of actin cables in hyphal cells impairs the
polarized assembly of vesicle transporting center Spitzenkörper,
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thereby leading to a swollen tip by depositing cell wall isotopically
(20, 26).
In this report, we studied the orchestrated function of polari-

some members in C. albicans, in actin polymerization and
hyphal growth. We found that the C terminus-folded domain
of Aip5 (Aip5C, residues 786-896 aa) directly interacted with
both Bni1 (Bni1FH1C, residues 1043-1733 aa) and the C-termi-
nal of Bud6 (Bud6C, residues 411-701 aa). We resolved the
crystal structure of Aip5C at a 2.65 Å resolution, which shows a
high similarity to ScAip5C. Whereas Aip5C promotes Bni1-
mediated actin nucleation mildly, a strong synergy in elevating
actin nucleation was observed when Aip5C applied to Bni1 in
the presence of Bud6C. Double polarisome mutants of C. albi-
cans in the absence of Aip5 showed additional defects in hyphal
growth when compared with single mutants. To better under-
stand the coordinated function among Aip5, Bni1, and Bud6,
in polymerizing F-actin, we performed all-atom molecular
dynamic (MD) simulation to investigate the complex assembly
using protein domains that are physically associated with each
other, including Aip5C, Bud6C, and C-terminal IDR of Bni1,
Bni1C (residues 1545-1733 aa). We found that the most stable
complex from MD simulations suggested a compatible posi-
tioning of each constituent of the tri-protein complex. The
simulated complex conformation suggested that Bud6C and
Aip5C occupy different binding regions of Bni1C, which allows
both NPFs to stay close but not overlapping each other for G-
actin delivery to the FH2 domain of Bni1. Together, our find-
ings unravel molecular mechanisms of C. albicans polarisome
protein in nucleation actin cable for hyphal growth, which is
likely a commonmechanism for other filamentous fungi.

Results

Aip5 regulates actin cable network with other polarisome
components

The polarisome protein ScAip5 in budding yeast is highly
conserved with Candida homologs (4). The C. albicans
C6_00910C_A gene encodes a ScAip5 homolog, which we
named AIP5, whose encoded protein Aip5 shares 90% similar-
ity of the C terminus-folded domain with ScAip5. Similar to
Aip5, other C. albicans polarisome proteins, Bni1, Bud6, and
Spa2, are all highly conserved among the fungi kingdom (Fig.
S1, A–C). To understand the physiological function of Aip5 in
hyphal growth, we generated homozygous mutations of AIP52/2

in C. albicans, taking advantage of the CRISPR-Cas9 technology
(27). Four DNA sites from the gene AIP5 following the PAM
(NGG) sequencewere selected formutagenesis and also insertion
of a stop codon (Fig. S1D). One of the four loci resulted in suc-
cessful mutagenesis located at 176 bp from the start codon of
AIP5 (Fig. 1A and Fig. S1D). Successful editing was evident by the
BamHI digestion of a 520-bp fragment, which is PCR-amplified
from the genomic DNA, into two pieces (76 and 444 bp) (Fig. 1B
and Fig. S1E). Using the same editing strategy,AIP5was knocked
out in the background of four C. albicans homozygous strains,
WT, bni1D/D, spa2D/D, and bud6D/D (Fig. 1B and Fig. S1E). All
aip5D/D mutants were further validated by sequencing of the
PCR products.

We first assessed the C. albicans growth sensitivity under
mild actin depolymerization conditions using 1 mM latrunculin
A (LatA) (28) (Fig. S1, F–I). The slopes of cell growth curves
between A600 = 0.5-1.0 that indicate the exponential growth
were used to calculate the growth rate. The ratio of growth rate
normalized by LatA-treated conditions reflected how mutants
growth were sensitized by actin disruption (Fig. 1C). aip5D/D
showed a similar growth rate disruption (;20%) compared
with the WT strain upon LatA treatment, suggesting a modest
sensitivity to actin depolymerization in aip5D/D (Fig. 1C). Both
double mutants, spa2D/D aip5D/D, and bud6D/D aip5D/D,
demonstrated high sensitivity to LatA, in which bud6D/D
aip5D/D exhibited the strongest additive-sickness by showing a
.30% more in growth reduction than bud6D/D single mutant
(Fig. 1C), suggesting a potential synergy between Aip5 and
Bud6 functions. We next investigated actin cable assembly in
vivo by staining F-actin in C. albicansmutants using phalloidin
green 488. Deletion of AIP5 increased the cell population with
less-visible actin cables in the WT, bni1D/D, bud6D/D, and
spa2D/D (Fig. 1,D and E). Consistent with the decrease in actin
cables structures, there was an increase in the visibility of actin
patches after the deletion ofAIP5 (Fig. 1,D and E), which is due
to the balance of actin patch and cable that share a same mono-
meric G-actin pool (28, 29). There was a ;53% increase of
highly disrupted actin cables (green population) with enhanced
actin patches in bni1D/D aip5D/D compared with bni1D/D.
Similarly, both double mutants of spa2D/D aip5D/D and
bud6D/D aip5D/D displayed an increase of depolarized actin
patches (green population) by ;24 and ;31%, respectively,
compared with spa2D/D and bud6D/D single mutants (Fig. 1,D
and E). Taken together, these results confirm the in vivo func-
tion of Aip5 in actin cable assembly, cooperatively, with other
polarisome proteins.

Aip5 coordinates with polarisome components for hyphal
establishment

The polarisome proteins Spa2, Bud6, and Bni1 are known to
be involved in hyphal formation and growth (24, 30, 31). To
examine the function of Aip5 in hyphal formation with other
polarisome components, we used the Spider plates to induce
the filamentous growth of polarisomemutants. Compared with
the WT strain, aip5D/D showed apparent retardation in form-
ing filamentous structures at the edge of C. albicans colonies
(Fig. 2A and Fig. S2A). aip5D/D bni1D/D double mutant
showed a complete abolishment of hyphal growth (Fig. 2A and
Fig. S2A), compared with the single mutants. The additional
effect of aip5D/D to spa2D/D and bud6D/D could not be deter-
mined, because neither spa2D/D nor bud6D/D displayed fila-
mentous growth in the Spider plate assay (Fig. 2A and Fig.
S2A). To better differentiate the polarisome members’ func-
tions, we investigated hyphal induction and morphogenesis at a
single-cell level by switching the liquid culture added with 10%
fetal bovine serum to a 37 °C condition (26). aip5D/D demon-
strated a reduction in hyphal length compared withWT (Fig. 2,
B and C). In the background of bni1D/D, spa2D/D and bud6D/
D, additional AIP5 deletion further reduced the elongation of
pseudohyphae significantly (Fig. 2, B and C), suggesting
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functional cooperation between Aip5 and the other polarisome
components in hyphae elongation. In addition, we also eval-
uated C. albicans hyphae using the hydroxyurea (HU) induc-
tion system, which allows separation of filamentous hyphae to
facilitate quantitative measurement of the polarized growth

(32). Similarly, the removal of Aip5 lead to a higher rate of short
hyphae in all tested genetic background (Fig. 2, B and C). The
actin cables were also less visible in hyphae form onceAIP5was
deleted (Fig. S2B), which is in agreement with the actin cable
staining in their yeast forms (Fig. 1,D and E).
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Aip5 directly interacts with Bni1 and Bud6 to stimulate actin
assembly in vitro

To investigate the biochemical activities of C. albicans polar-
isome proteins, we first aligned the functional domains of
ScBni1FH1C (residues 1227-1953 aa), ScBud6C (residues 498-
789 aa), and ScAip5C (residues 1110-1234 aa) with the corre-
sponding homologs of C. albicans (Fig. S3, A–C) (14, 33). All
three polarisome proteins showed high sequence similarity

within the folded active region between two fungal species. We
first examined the physical interaction of Aip5C toward NP-
actin, Bni1FH1C, and Bud6C using an anisotropy-binding
assay. We purified recombinant Aip5C (residues 786-896 aa),
Bni1FH1C (residues 1124-1727 aa), and Bud6C (residues 411-
701 aa) from the bacteria system (Fig. 3A), and nonpolymeriz-
able S. cerevisiae Act1 (NP-actin) from insect cell by introduc-
ing three mutations (D286A/V287A/D288A) (4, 34) (Fig. S4,
A and B). Aip5C showed high affinity to NP-actin, Bni1FH1C,
and Bud6C at KD of 2056 14 nM (n = 3), 1266 10 nM (n = 3),
and 102 6 13 nM (n = 3), respectively (Fig. 3, B–D). Although
Bni1FH1C showed a dose-dependent function in actin poly-
merization (Fig. S4C), Bud6C on its own seemed to inhibit actin
polymerization in a dose-dependent manner (Fig. S4D), which
is consistent with the reported ScBud6C function (10). Surpris-
ingly, Aip5C did not show obvious promotion in actin polymer-
ization on its own (Fig. S4E), and displayed a marginal effect on
either Bni1 or Bud6 for actin polymerization (Fig. S4, F and G).
Bud6C enhanced Bni1FH1C-mediated actin polymerization
(Fig. S4H), suggesting the possible NPF function like ScBud6 (6,
14, 35). Next, we combined all three actin-binding proteins of
C. albicans for the actin polymerization assay. In themixture of
Bud6C and Bni1FH1C, a supplement of Aip5C exhibited syn-
ergy in nucleating the actin cable by increasing the initial as-
sembly rate in a dose-dependent manner (Fig. 3, E and F). Such
an overall increase in actin nucleation was unlikely due to actin
severing, such as the activity of cofilin-enhanced actin polymer-
ization by generating more free barbed-ends for actin polymer-
ization (36). We did not observe obvious actin depolymeriza-
tion from the tested protein combinations (Fig. S4I).
We next sought to differentiate the actin nucleation from

elongation using total internal reflection fluorescence (TIRF)-
based actin assembly assay. The number of actin seeds was
quantitatively measured during initial polymerization to deter-
mine the nucleation activities. Although 20 nM Bni1FH1C
increased actin nucleation, neither Aip5C nor Bud6C enhanced
initial actin nucleation noticeably on their own at a concentra-
tion of 10 nM (Fig. 4, A and B). However, both 50 nM Aip5C and
10 nM Bud6C could promote Bni1FH1C-mediated actin nucle-
ation by;1.4-1.5–fold, respectively (Fig. 4,A and B), indicating
their NPF activities for Bni1. Strikingly, once Bni1FH1C was
incubated with both Bud6C and Aip5C, the Bni1-mediated
actin nucleation was enhanced by ;2.6-fold at the 5-min time
point of polymerization, evidence of synergy in actin nucleation
(Fig. S4, A and B). However, neither Aip5C nor Bud6C affected
the barbed-end elongation in the presence of Bni1FH1C (Fig.
S5, A and B). We next tested whether the Aip5 and Bni1

Figure 1. Polarisomemutants displayed thinner and less actin cable phenotype in C. albicans. A, design of the gRNA in pV1093 Solo system for editing
AIP5. 20-bp gRNA sequences were selected, followed by the PAM sequence NGG. AIP5 guide sequence following a stop codon and the BamHI digestion site
was inserted into the cas9 protein plasmid. B, verification of CRISPR/Cas9-edited AIP5 in various C. albicans WT and mutant strains by PCR amplification and
enzyme digestion. The correct mutagenesis fragment can be amplified as a 520-bp fragment by the verification primers from the genomic DNA, and further
digested by BamHI, which resulted in two fragments as 76 and 444 bp in length. C, the ratio of the quantified growth rate normalized by latrunculin A-treated
conditions. The growth rate was calculated from the exponential phase (A600 = 0.5-1) of the indicated polarisomemutants andWT C. albicanswith or without
latrunculin A treatment (n = 4 for each condition; error bar, S.D.). D, the representative fluorescencemicroscopy images of actin networks stained by phalloidin
green 488 from the indicated mutants in C. albicans. The scale bar represents 5 mm. E, characterization of the actin cable phenotype in various polarisome
mutants as three categories, including robust actin cables, thinner and fewer actin cables, and few visible actin cables with depolarized patches. Cell number
in each stain: WT, n = 224; aip5D/D, n = 198; bni1D/D, n = 145; bni1D/D aip5D/D, n = 175; spa2D/D, n = 153; spa2D/D aip5D/D, n = 160; bud6D/D, n = 184;
bud6D/D aip5D/D, n = 219.

Figure 2. Polarisome complex regulates hyphal formation in C. albicans.
A, representative images of the indicated strain colonies with hyphae cells
induced by solid agar spider plate at 37 °C. The images were shown with a
magnification of 340, the scale bar represents 0.1 cm. B, representative
bright-field images of hyphal morphogenesis in polarisome mutants that
were induced by 37 °C for 3 h in YPD medium. The scale bar represents 20
mm. C, quantification of hyphae length of indicated C. albicans strains, as
shown in B, data are average from two independent experiments (WT: n = 76
cells; aip5D/D: n = 74 cells; bni1D/D: n = 81 cells; bni1D/D aip5D/D: n = 60 cells;
spa2D/D: n = 72 cells; spa2D/D aip5D/D: n = 112 cells; bud6D/D: n = 63 cells;
bud6D/D aip5D/D: n = 51 cells).
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interaction could influence the association between Bni1FH1C
and F-actin barbed-end. We performed an end-to-end F-actin
annealing assay by mixing short F-actin filaments that were la-
beled by distinguishable fluorescent phalloidin. Although Bni1
impairs actin annealing, additional Aip5C significantly elevated
such inhibitory effect by reducing the length of F-actin frag-
ments from 4.36 2.0 mM (Bni1FH1C) to 3.36 1.2 mM

(Bni1FH1C 1 Aip5C) (Fig. 4, C and D). However, Aip5C does
not affect F-actin annealing directly (Fig. 4, C and D). Among
different combinations, the protein mix of Aip5-Bud6-Bni1
yielded the shortest actin filament length of 2.26 0.8 mm (Fig.
4, C and D). Because Bni1 was found to associate with barbed-
end earlier through an immunoelectron microscopy experi-
ment (33), the annealing assay results suggest a stronger
barbed-end association with Bni1FH1C in the presence of
Aip5, Bud6, or both.

Aip5C shares a similar structural conformation as ScAip5C

To better understand the function of Aip5C, we were moti-
vated to resolve the crystal structure of Aip5C. Using analytical
gel filtration, we found that Aip5C has an equivalent elution

volume (12ml) to its homolog ScAip5C (4), implying dimer for-
mation for both proteins (Fig. 5A). Indeed, the calculated mo-
lecular mass (25 kDa) of Aip5C suggests a dimeric state in solu-
tion when compared with its theoretical molecular mass (12.8
kDa) (Fig. 5A). Consistently, the resolved structure of Aip5C,
determined through molecular replacement using the ScAip5C
(PDB code 6ABR) structure as the search model (Table 1), also
demonstrates that twomolecules within the crystal lattice form
a dimer, where two protomers (assigned A and B) showed high
similarity (Fig. 5, B and C). The overall conformation of Aip5C
and ScAip5C is highly similar, except for only a slight twist
observed for Aip5C protomer B while aligning both protomers
A (Fig. 5D). However, the alignment of individual protomers
between Aip5C and ScAip5C highlighted three differences.
First, the functional loop domains of Aip5C were present in
both protomers, whereas the ScAip5C only showed one stable
loop domain (Fig. 5, E and F), which might explain the differ-
ence in binding affinity to G-actin. On each of the protomers of
the dimer, ScAip5C has one flexible loop and one stable loop,
respectively, which directly interacts with G-actin and is essen-
tial for its activity in actin polymerization (4). The correspond-
ing loop regions in both protomers of Aip5C showed clear

Figure 3. Aip5C directly interacts with Bni1FH1C and Bud6C proteins. A, SDS-PAGE gel of purified proteins Aip5C, Bni1FH1C, and Bud6C. B–D, fluores-
cence anisotropy bindingmeasurements of Alexa 488-labeled 30 nM Aip5C that was titrated by NP-actin, Bni1FH1C, and Bud6C. Data are represented by circles
using the average value of three biological replicates and fitted by Hill equation to determine the KD. E, pyrene-actin polymerization by an increasing concen-
tration of Aip5C in combination with Bni1FH1C and Bud6C. F, relative actin assembly rates through Aip5C titration on Bni1FH1C protein or in combination
with Bud6C. At least three biological replicates were shownwith an error bar ofmean6 S.E.
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electron density, suggesting the relatively stable conformation
for both protomers (Fig. 5C). Perhaps such diverse structural
features of ScAip5C and Aip5C could help us to rationalize our
biochemical data, where Aip5C shows stronger binding to G-
actin with KD ;200 nM, whereas ScAip5C binds to G-actin
with KD ;1.5 mM (4). Second, the loop in Aip5C was shortened
by a missing glycine (G), Gly-818 (Fig. S6A). Then we engi-
neered Aip5C by inserting a glycine at the equivalent position
of ScAip5C, namely Aip5C-G (Fig. S6B). However, the
recombinant Aip5C-G protein was still unable to show detecta-
ble activity in actin polymerization on its own (Fig. S6, B and
C), showing a negative correlation between Gly-818 of Aip5
and the nucleation activity. The third difference lies in the N
terminus, which folded into an a-helix in Aip5C but remained
as a loop in ScAip5C (Fig. 5E). However, such a difference of
the N-terminal overhang is also less likely the reason for the

missing activity of Aip5C in actin nucleation. Removal of the
N-terminal sequence of ScAip5C did not abolish its nucleation
activities, and the monomeric form of ScAip5-mC with a
shorter N terminus was still able to promote actin nucleation
on its own and ScBni1-mediated actin nucleation (4).

Molecular dynamics simulations reveal complex Bni1C-
Bud6C-Aip5C organization

C-terminal IDR of ScBni1 (residues 1767-1953 aa) associ-
ates with ScAip5C directly, which is essential for NF-NPF
pairing (4). Similarly, we found that Aip5C directly interacts
with Bni1C (residues 1545-1733 aa) at a KD of 1.126 0.34 mM

in a fluorescence anisotropy assay (Fig. 6A and Fig. S7A). In
addition, Bni1C also showed a high affinity to Bud6C with a
KD ; 0.56 mM (Fig. 6B), similar to the intermolecular

Figure 4. Polarisome proteins synergistically promote actin filament nucleation activity in vitro. A, the representative TIRF images of actin nucleation
seeds formed at 5 and 10 min, respectively. The control actin filament was assembled from 0.5 mM actin (10% Oregon Green 488-labeled actin and 0.5% bio-
tin-actin), and the used proteins were indicated as follows: 20 nM Bni1FH1C, 50 nM Aip5C, and 10 nM Bud6C. The scale bar represents 5 mm. B, quantification of
actin nucleation seeds number at 5 min with the indicated protein combination and average seeds number (n = 45 for each sample from regions of interest =
64 mm2). C, representative merged fluorescence images from GFP and RFP excitation channels of annealed actin filaments. 250 nM sheared-actin filaments
(rhodamine-phalloidin labeled) were mixed with 250 nM sheared-actin filaments (Alexa 488-phalloidin labeled) and annealed for 60min at room temperature.
400 nM of each indicated protein was used. The scale bar represents 5 mm. D, quantification of annealed actin filament length at 60 min of the indicated pro-
tein combinations (n = 100 filaments for each sample). p values were determined by the one-way analysis of variance, ns, not significant; **, p, 0.01; ****, p,
0.0001. Error bar, S.D.
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interaction of ScBud6C and ScBni1FH1C via the C-terminal
tail region of ScBni1 (14). The flexible nature of intrinsically
disordered Bni1C makes it challenging to study the assembly
of the Bni1C-Bud6C-Aip5C tri-protein complex via crystallo-
graphic approaches. To understand the dynamic association
of the members in a protein complex and their orchestrated
functions, we next used all-atom MD simulations to identify
the conformations with the lowest free energy of such an NF-
NPF complex core. Bni1C was predicted to be intrinsically
disordered (Fig. S7B) through the online software IUPRED2A
(37), we assigned its initial structure as a random coil (Fig.
S7C). Although there was no resolved crystal structure for
Bud6C, we predicted it through I-TASSER (38) based on its
homolog ScBud6core crystal structure (PDB code 3ONX) and
the corresponding Bud6 protein sequence (Fig. S7D). The ini-
tial structure of Aip5C was resolved by crystallography (Fig.
5B). To avoid the bias from using a particular fixed initial
structure for the protein complex in MD simulations, we ran-
domly positioned the complex proteins in eight spatial com-
binations, where Bud6C and Aip5C were assigned at different
positions relative to Bni1C, symmetrically or asymmetrically
(simulations 1-8 in Fig. S7, E–L). After running the MD simu-
lations for the eight initial structures for 200 ns, only six sim-
ulations were able to converge as shown by root mean square

Figure 5. Dimer formation of Aip5C and its structural comparison with the homolog ScAip5C. A, the elution profile of Aip5C and protein standards from
calibrated Superdex 75 10/300 GL. The calibrated molecular masses of Aip5C are indicated as 25 kDa, suggesting that Aip5C forms a dimer in solution. B, crys-
tal structure of Aip5C. Twomolecules (protomers A & B) in an asymmetric unit were crystallized as a dimer. Protomer A and protomer B are highlighted in blue
and yellow, respectively. C, alignment of protomer A with protomer B in Aip5C. The functional loop domains are present in both protomers. D, overall align-
ment of crystal structures of Aip5C with its budding yeast homolog ScAip5C. E, alignment of protomer A of Aip5C with that of ScAip5C, where a red box high-
lights the functional loop domain. The difference of the N-terminal region was highlighted by a black box, where Aip5C formed a a-helix, and ScAip5C was a
loop structure. F, alignment of protomer B of Aip5Cwith that of ScAip5C, where a red box highlights the functional loop domain.

Table 1
X-ray data and statistics

Aip5C refinement statistics

PDB code 6M4C
Data collection ASMX 2
Space group P6122
Cell dimensions

a (Å) 95.116
b (Å) 95.116
c (Å) 74.119
a (o) 90.0
b (o) 90.0
g (o) 120.0

Resolution (Å) 50.0-2.64 (2.80-2.64)
CC1/2 (%) 100 (94.9)
,I/s. 37.83 (2.29)
Unique reflection 6,164 (963)
Redundancy 35.09 (34.42)
Completeness (%) 100 (99.9)
Refinement

Resolution (Å) 41.19-2.65 (2.745-2.65)
No. reflections 6,121 (586)
Rwork/Rfree (%) 25.85/30.57
R.m.s. deviation bonds/angle 0.008/1.76

Number of atoms
Protein 729
Water 15
B factors 30.50

Ramachandran
Favored (%) 86.46%
Allowed (%) 9.38%
Outlier (%) 4.17%
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deviation (r.m.s. deviation) plots (Fig. S8A), suggesting a rela-
tively stable complex conformation as a result of the simula-
tion. We next determined the representative conformations

of the tri-protein complex by choosing the lowest free energy
conformation of each of the six simulation trajectories using
principal component analysis (Fig. S8B). To further compare

Figure 6. The complex organization of Bni1C-Bud6C-Aip5C. A, fluorescence anisotropy binding measurements of Alexa 488-labeled 30 nM Bni1C was
titrated by a serial concentration of Aip5C. Data are represented by circles using the average value of three biological replicates and fitted by Hill equation to
determine the KDwith an error bar of mean6 S.E. B, fluorescence anisotropy binding measurements of Alexa 488-labelled 30 nM Bni1C was titrated by Bud6C.
Data are represented by circles using the average value of three biological replicates and fitted by Hill equation to determine the KD with an error bar of
mean6 S.E. C, the most stable complex conformation (simulation 1) among the eight MD simulations, where three proteins form stable protein-protein con-
tact interfaces. Bni1C, Aip5C, and Bud6C are shown in green, yellow, and blue, respectively. D, the minimal distance plot of each residue between Bni1C and
Aip5C (black)/Bud6C (red) in the final stable complex conformation, as shown in C. E, schematicmodel of actin nucleation from tri-protein complex Bni1-Aip5-Bud6.

Formin-mediated actin nucleation in C. albicans

J. Biol. Chem. (2020) 295(44) 14840–14854 14847

https://www.jbc.org/cgi/content/full/RA120.013890/DC1
https://www.jbc.org/cgi/content/full/RA120.013890/DC1


the relative stabilities of the six low free energy conforma-
tions, we calculated the scores of the conformations (Fig.
S8C) by using the software Rosetta (39), where Rosetta uses
an optimized energy function or score function to calculate
the energy of all atomic interactions within the protein com-
plex. Compared with other simulations with different initial
structures, the low free energy conformation of simulation 1
showed the lowest Rosetta score, suggesting it is the most sta-
ble complex conformation calculated from the six selected
conformations (Fig. 6C and Fig. S8D). Given the confirmed
intramolecular interactions among all three constituents in
the trip-protein complex Bni1-Bud6-Aip5, the next stable
conformations are from simulations 4 and 5, in which rela-
tively close contacts between Aip5 and Bud6 were retained
but having much less favorable states than the simulation 1
conformation from Rosetta scoring (Fig. S8D). The simula-
tion 1 conformation demonstrated that Bud6C preferentially
associated with the N terminus (residues 1-35 aa) and middle
region (residues 111-151 aa) of Bni1C, which interestingly
avoided the favorable contacts between Aip5C and Bni1C at
the C terminus (residues 150-188 aa) (Fig. 6D).

Discussion

Numerous species of pathogenic fungi of mammals and
plants undergo the dimorphic transition from yeast to hyphal
growth during pathogenesis (26, 40–42). During infection, the
hyphae of filamentous fungi locate predominately at the infec-
tion zone, whereas yeast stays more at the epithelial surface
(43). Multiple signaling pathways were involved inmorphologi-
cal initiation of the hyphae, such as transcriptional rewiring,
cell cycle signaling, vesicular transport, and cytoskeleton
remodeling (17, 26, 32, 44). The polarized hyphal growth
requires rapid membrane exchange and material deposition at
the elongating zone, which is coordinated by the actin cables
assembled by the polarisome complex at the budding tip.
Appropriate assembly of the macromolecular complex of
polarisome is critical to maintain the nucleation center at the
elongating tip or adapt to environmental stresses by forming in-
tracellular condensates. Orchestrated and reliable assembly of
polarisome complex within the confined zone is critical for its
activity in actin assembly under different cellular conditions.
The ribosome is an example of a flexible and orchestrated

complex assembly in which ribosome proteins may have
diverse participatory proteins and different manners in con-
struction. However, the core ribosomal proteins are mainly the
same (45, 46). Polarisome protein components bind with each
other by inter- and intramolecular interactions via both folded
domains and IDRs that drive molecular condensation of polari-
some complex in vivo. The folded domains of each actin nucle-
ation factors assemble into the functional core via high affinity.
Flexible interactions result in tunable complex assembly and
changes of surface physical chemistry by tuning the participa-
tion rates of the constituents into protein complex, the stoichi-
ometry and affinity of subunits, the local protein concentration,
diffusion rate, and possibly the biochemical activities, such as
polarisome in actin nucleation (4). Spa2 is the master scaffolder
of polarisome complex to recruit other actin-binding proteins

members (4, 47, 48), Bni1, Bud6, and Aip5, in yeast and fila-
mentous fungi. By condensing the polarisome proteins at the
elongating tip with the crowding environment, the local con-
centration of actin monomers and actin-binding proteins are
enriched near the filament ends in coordinating the efficient
actin polymerization for hyphal growth. The condensation level
of polarisome components changes dynamically from apical to
isotropic growth throughout the cell cycle, as well as during re-
localization to adapt to acute changes in cellular environments
(4, 49, 50). During cell cycle progression from G1 to metaphase
in budding yeast, polarisome complex switch from a con-
densed-assembly at the tip to a loose-packing as a surface cres-
cent (4, 5, 51, 52). During hyphal growth, upon perceiving sig-
nals for dimorphic transition, the finetuning of condensation of
the polarisome complex at the polarized tip is critical for the
initiation andmaintenance of fast hyphal elongation.
To better understand the dynamic activities in actin poly-

merization by polarisome, a critical step is to establish the
working model of the functional core that drives actin nuclea-
tion. Here, we demonstrated a synergism of Bni1, Bud6, and
Aip5 that form a tri-protein complex in generating actin
NF-NPFs nucleation center for the polarized cell growth of C.
albicans. Aip5C directly interacted with Bni1FH1C, Bud6C,
and monomeric actin to synergize the Bni1-mediated actin
nucleation. Consistently, in vivo multicomponent synergies
were also collectively demonstrated, in both S. cerevisiae and C.
albicans (4, 15). Here, the genetic studies showed that Aip5
contributed significantly to the hyphal growth of C. albicans by
interacting with other polarisome proteins. The double
mutants of aip5D/D showed higher sensitivity to actin pertur-
bation by having a slower growth assay and a more disrupted
actin cables in vivo. Using the C-terminal folded domain of
Aip5, we have noticed a few points of divergence between the S.
cerevisiae and C. albicans homologs. Aip5C showed much
lower activity in promoting Bni1-mediated actin nucleation on
its own and does not exhibit apparent actin-nucleation activity,
which is different from ScAip5C. Instead, Aip5C demonstrated
important roles for the teamwork in actin assembly by display-
ing pronounced promotion in actin nucleation for the Bni1-
Bud6 complex. Such discrepancy in actin nucleation activity
between Aip5C and ScAip5C is less likely due to the conforma-
tional difference because both of them showed high similarity
with an r.m.s. deviation score of 2.676. Aip5C showed a higher
affinity to G-actin than the ScAip5C, which might constrain
the assembly of the actin filament as one plausible reason. The
similar negative correlations between the efficacy in actin as-
sembly and the affinity to G-actin were also reported before, in
which a weak association with G-actin could be beneficial in
maintaining dynamic F-actin treadmilling by having efficient
disassociation. For example, G-actin–binding protein profilin
requires rapid dissociation from the actin barbed-end and the
polyproline region of formin FH1 domain (53–55). Neverthe-
less, genetic and biochemical assays both evident the physiolog-
ical-relevant multicomponent synergy for Aip5, Bni1, and
Bud6, in promoting actin assembly and polarized hyphal
growth.
Here, our biochemistry experiments reconstituted the inter-

actions and functions of the polarisome core in nucleating actin
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filaments. We also proposed a potential interactive mode
between three components in the complex NF-NPFs core using
all-atom molecular dynamics simulations (Fig. 6C). Our struc-
tural simulation and the evaluation of the energy landscape of
the tri-protein complex revealed an assembly strategy of the
nucleation core with compatible spatial positioning in polari-
some based on the equilibrium thermal physics (Fig. 6E). Due
to the nature of the tunable potential inter- or intra-molecular
associations that are mediated by IDR of Bni1C, our simulation
would not suggest the explicit conformation and interfaces of
the packed complex, but rather an understanding of complex
construction regarding the energy landscape. The biochemical
assay using only the C terminus of Aip5 and Bud6 suggests that
Aip5C may promote actin nucleation in a Bud6C-dependent
manner, which is different from the activities of ScAip5. How-
ever, the double mutant bud6D/D aip5D/D demonstrated
much more defects in cell growth and actin cable structures
than the single mutants, suggesting either Aip5 has the addi-
tional function in actin assembly independent of Bud6, or Aip5
and Bud6 form multivalent interactions in vivo, which
enhanced the protein connectivity and thereby activity drasti-
cally. It remains elusive how different regions of Aip5, Bud6,
Bni1, and Spa2 create diverse assembly and packing modes of the
biochemical core of the nucleation complex. To understand how
IDRs coordinate the folded domains in the tri-protein complex in
actin nucleation, in vitro reconstitution by having all full-length
proteins would eventually facilitate our understanding of the
dynamic complex function. Future co-crystallization or cryogenic
EM (cryo-EM) of the core region of the tri-protein complex could
also guide a refined simulation in viewing the dynamic complex
formation with full-length proteins, which will be exceptionally
technically challenging. Here, our work will guide future micro-
scale simulation, via integrating coarse-grained modeling, toward
the understanding of the macromolecular assembly of the polari-
some IDR-containingmembers.

Materials and methods

Strains and media

C. albicans yeast cells were routinely cultured in YPD (10 g/
liter of yeast extract, 20 g/liter of peptone, 20 g/liter of glucose)
medium or 2% agar plates at 30 °C. Yeast strains used in this
study are listed in Table S1. For expression and purification of
recombinant proteins, E. coli BL21(DE3) Rosetta T1R bacteria
was cultured with TB medium (24 g/liter of yeast extract, 20 g/
liter of tryptone, 4 ml/liter of glycerol, phosphate buffer, pH
7.4).

Construction of aip5D/Dmutant strains

The CRISPR/Cas9 system used to generate mutant strains
was adapted fromGerald R. Fink laboratory Solo system (27). A
pair of guide primers (SgAIP5-F, SgAIP5-R) were designed to
modify pV1093, which can direct the guide RNA to the chosen
PAM sites for mutagenesis. A pair of repair primers (RtAIP5-F,
RtAIP5-R) were designed to disrupt the PAM sequence and
introduced a stop codon as well as BamHI site for verification.
The new construct pV1093-AIP5 was then linearized by digest-
ing with KpnI and SacI, which were transformed into C. albi-

cans yeast cells together with the 3 mg of repairing primers as
previously described (56). The transformants were selected by
Nourseothricin at a concentration of 200 mg/ml on YPD plates.
Furthermore, a pair of verification primers (VerAIP5-F,
VerAIP5-R) were designed to amplify the 520-bp fragment cov-
ering the mutagenesis sequence, where amplified DNA frag-
ments from the positive mutagenesis colonies can be digested
by BamHI enzyme into two fragments, corresponding to sizes
76 and 444 bp. All the primers used in this study are listed in
Table S2.

Cell growth

Induction of filamentous growth in C. albicans—To induce
hyphae in the liquid culture, the yeast strains were streaked out
freshly on YPD agar plate, cultured overnight in YPD liquidme-
dium at 30 °C until saturation. Usually, the A600 is able to reach
10-15 the next morning. The saturated cultures were diluted -
3100 into fresh YPD medium (A600 around 0.1) containing
10% fetal bovine serum, and 800 ml of culture was applied to
the imaging chambers with concanavalin A pre-treated cover-
slip to attach the yeast cells. Afterward, the imaging chambers
were kept at 37 °C for 3 h to induce hyphal growth, and were
subjected to the microscopic with 363 objective lens for mor-
phology analysis. To induce filamentous hyphal growth by HU,
the saturated overnight culture of yeast cells were re-inoculated
from A600 0.2 until log growth phase (A600 around 0.5-0.8) in
YPD medium at 30 °C, a final concentration of 0.2 mM HU was
added and grown for an additional 5 h in YPDmedium at 30 °C.
The filamentous cells were then fixed by 4% formaldehyde. To
induce the hyphae growth on a spider plate (10 g/liter of yeast
extract, 20 g/liter of peptone, 20 g/liter of glucose, 1%mannitol,
0.2% K2HPO4, and 1.5% agar), the saturated overnight culture
of yeast cells were diluted to A600 = 1 and a 10-fold serial dilu-
tion was prepared with fresh YPD. Afterward, 4-ml aliquots of
undiluted or diluted cells were spotted on the spider plate and
kept at 37 °C for 72 h before scanning.
Cell growth liquid assay with LatA—The overnight culture

of yeast cells was re-inoculated into fresh YPDmedium starting
from A600 = 0.2 and allowed to grow to A600 around 0.8 to 1.
Subsequently, 130 ml of cultures were added into a transparent
96-well–plate with or without 1 mM latrunculin A. Each condi-
tion was replicated four times and monitored at A600 every 15
min at 25 °C. A constant shaking was maintained between each
measurement to prevent cell precipitation. The A600 was
recorded by the TECAN m200pro plate reader machine for 25
h. To quantify the growth rate of various conditions, the
exported original data from Excel was used, and the growth
curve was generated in Prism GraphPad 6. The cells in a A600

range of 0.5-1.0 were selected and applied with an exponential
equation to analyze the growth rate (57).

Protein expression and purification

Aip5C, Bni1FH1C, Bud6C, Aip5C-G, and Bni1C were
expressed in E. coli (BL21(DE3) Rosetta T1R). Cells were cul-
tured in 5 ml of TBmedium overnight and transferred to 1 liter
of TB medium for 4-5 h at 37 °C. Afterward, 0.5 mM isopropyl
thio-b-D-galactoside was added for protein induction at 18 °C
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for overnight culture. The cells were harvested the next morn-
ing and resuspended into 50 ml of lysis buffer (20 mM Hepes,
pH 7.4, 500 mM NaCl, 10 mM imidazole) with 1 mM phenyl-
methylsulfonyl fluoride and 1 tablet of PierceTM protease inhib-
itor (ThermoFisher). The cells were sonicated for 5 min (10 s
on, 30 s off), and the resulting lysate further clarified by centrif-
ugation at 40,0003 g, 1 h at 4 °C. The supernatant was filtered
by 0.22-mmMinisart® Syringe Filter before loading into a 5-ml
HisTrap HF column (GE Healthcare Life Sciences) connected
to the FPLC system (GE €AKTA FPLCTM). The protein was
eluted over a gradient injection of 500 mM imidazole. The col-
lected protein peak fractions were examined by the SDS-PAGE
and followed by GelCodeTM Blue Stain (ThermoFisher Scien-
tific). The pooled fractions were subjected to tobacco etch virus
protease cleavage with buffer exchanging through dialysis
against 20 mM Hepes (pH 7.4), 500 mM NaCl, 10 mM imidazole
for 16 h at 4 °C. The dialyzed protein was injected into a 1-ml
HisTrap HF column (GE Healthcare Life Sciences) to separate
the untagged proteins from the free His tag. Afterward, the pro-
tein was further purified by size-exclusion chromatography
using a HiLoad 16/600 Superdex200 column (GE Healthcare)
in 20 mMHepes (pH 7.4), 500 mMNaCl. The target protein was
concentrated and aliquoted to 5-10 ml for each tube and frozen
in liquid N2.
Rabbit muscle actin was purified as previously described (4).

2 g of rabbit muscle powder (PelFreez) was dissolved in 60 ml
of G-buffer (5 mM Tris-HCl, pH 7.5, 0.5 mMDTT, 0.2 mM ATP,
and 0.1 mM CaCl2) on ice for 30 min, and the supernatant was
collected by filtering against cheesecloth. The crude actin
extraction procedure was repeated three times. The obtained
crude extracts were subjected to centrifugation at 18,0003 g at
4 °C for 30 min. The supernatant was transferred out for actin
polymerization at 4 °C for 1 h with the supplementation of 50
mM KCl and 2 mM MgCl2. To further remove other F-actin–
associated proteins, 0.8 M KCl powder was added to the solu-
tion and slowly stirred at 4 °C for 30min. Afterward, the F-actin
was pelleted by ultracentrifugation at 96,0003 g at 4 °C for 3 h.
F-actin was solubilized by mild sonication (3 s on, 10 s off,
repeated 4 times) and then homogenized using a Dounce ho-
mogenizer. To fully depolymerize the F-actin, the re-suspended
actin was dialyzed 2-3 times against G-buffer. Furthermore, the
G-actin was pre-washed by ultracentrifugation at 150,000 3 g
at 4 °C for 2.5 h. Two-thirds of the G-actin supernatant was col-
lected and injected to gel filtration column Sephacryl S-300 HR
for further purification. Peak actin-containing fractions were
supplemented with 0.1% sodium azide and stored at 4 °C. To
label the actin with either Biotin or Oregon Green dye, the F-
actin pellet was sonicated and suspended using a Dounce ho-
mogenizer against G-buffer lacking DTT. The solubilized actin
was dialyzed against DTT-lacking G-buffer overnight. Then
the G-actin was diluted to 46mM and polymerized by adding an
equal volume of 23 labeling buffer (50 mM imidazole, pH 7.5,
200 mM KCl, 0.3 mM ATP, and 4 mM MgCl2) and gently mixed
for 5 min. Subsequently, actin was mixed with a 10-fold molar
excess of either NHS-dPEG®4-biotin (Sigma) or Oregon
GreenTM 488 iodoacetamide (ThermoFisher), which were re-
suspended in anhydrous dimethylformamide, and incubated in

the dark for 16 h at 4 °C. The labeled F-actin was pelleted as
described before and solubilized by sonication and homoge-
nized. The further depolymerization of F-actin was carried out
as delineated above. In addition, the labeled G-actin was centri-
fuged at 150,0003 g at 4 °C for 2.5 h. The supernatant was puri-
fied by a Sephacryl S-300 HR gel filtration column. The actin
containing fractions were dialyzed against G-buffer with 50%
glycerol overnight to reduce the volume for storage in280 °C.

Nonpolymerizable yeast actin expression and purification

Nonpolymerizable (NP)-actin protein was purified from
insect cells as previously reported, in which three point-
mutations at the barbed-end of Drosophila melanogaster 5C
actin (D287A, V288A, D289A) were introduced (34). Using
a similar strategy, we generated nonpolymerizable S. cerevi-
siae Act1 actin via mutagenesis of the homologous residues
(D286A, V287A, D288A). Ligation-independent cloning was
used to insert the PCR amplified gene containing S. cerevi-
siae NP-actin into the pFB-LIC-Bse cloning vector that
includes an L21 enhancer sequence (58) driving expression
of the gene. The cloned plasmid was then transformed into
MAX EfficiencyTM DH10Bac E. coli cells (ThermoFisher),
and successful transformants were selected using Blue-
White screening. Bacmid extracted from DH10Bac was
transfected into Sf9 cells using Cellfectin® II Reagent from
ThermoFisher. Baculovirus generated from the transfection
was further amplified for two passages, and the resulting P2
virus was used to infect Sf9 cells at 27 °C for 72 h. The Sf9
cells were resuspended in lysis buffer containing 20 mM Tris
(pH 8.0), 50 mM KCl, 0.1 mM CaCl2, 0.2 mM ATP, and 2 mM

b-mercaptoethanol and disrupted using SONICS Vibra-
CellTM ultrasonic liquid processor. The lysate was clarified
via centrifugation and filtration. Purification of NP-actin
was performed at 4 °C by passing the crude lysate through
nickel-nitrilotriacetic acid affinity column (GE Healthcare)
and eluted with a gradient increase of imidazole from 20 to
500 mM. Additional purification was performed by gel filtra-
tion (HiLoad Superdex 200 16/60, GE Healthcare) using the
same lysis buffer. The purified NP-actin was concentrated
and aliquoted to 5-10 ml each tube and frozen in liquid N2.

TIRF microscope

To visualize the actin filament growth via TIRF microscope,
the 24 3 60-mm coverslips were cleaned with 20% H2SO4 for
overnight and rinsed thoroughly in sterile water before coating
with 2 mg/ml of methoxy-polyethylene glycol-silane, and 2 mg/
ml of biotin-polyethylene glycol-silane (Laysan Bio Inc.) in 80%
ethanol (pH 2.0). The reaction was carried out at 70 °C over-
night. Afterward, the coverslips were rinsed thoroughly by ster-
ile water before drying by N2 gas. The functionalized coverslips
were kept at280 °C for long term storage. The flow cell cham-
ber was assembled every time before use, where the coated cov-
erslip can adhere to the sticky-Slide VI 0.4 (ibidi, Germany).
Before each experiment, the flow cell was incubated with buffer
HBSA (20 mM Hepes, pH 7.5, 1 mM EDTA, 50 mM KCl, and 1%
BSA) for 30 s and washed by buffer HEKG10 (20 mM Hepes, pH
7.5, 1 mM EDTA, 50 mM KCl, and 10% glycerol) twice and
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followed by a 60-s incubation with 0.1 mg/ml of streptavidin in
HEKG10 buffer. Then the flow cell was washed three times by
13 TIRF buffer (10 mM imidazole, 50 mM KCl, 1 mM MgCl2, 1
mM EGTA, 0.2 mM ATP, 10 mMDTT, 15 mM glucose, 20 mg/ml
of glucose oxidase, and 0.5%methylcellulose (4000 cP), pH 7.4).
Then 0.5 mM actin (10% Oregon Green labeled, 0.5% biotin la-
beled) with or without its binding partners were mixed with an
equal volume of 23 TIRF buffer and applied to the flow cells
for imaging. The still images were acquired at 4-5min for quan-
tifying actin nucleation seed numbers. 5-s interval movies were
acquired for 10 min using Apochromat TIRF 3100 NA 1.49
(Nikon Instruments) on a Nikon ECLIPSE Ti-S inverted micro-
scope with iLAS2 motorized TIRF illuminator (Roper Scien-
tific, Evry Cedex, France). The illumination source, microscope
stage, and a Prime 95B sCMOS camera (Photometrics) were all
under the control of MetaMorph 7.8 software (Molecular De-
vice, Sunnyvale, CA). The focus was maintained using the Per-
fect Focus System. To quantify the actin filament elongation
rate, the individual filament in each sample was traced man-
ually for at least 2 min each. The measured actin filament
length was then divided by the corresponding time to deter-
mine the elongation rate. We used the conversion factor of 370
subunits per micrometer of F-actin to estimate the barbed-end
elongation rate.

Bulk actin assembly assay

Kinetics of pyrene-actin assembly wasmeasured as described
(4). 10mMG-actin (5% pyrene actin, Cytoskeleton Inc.) was first
converted to Mg21-ATP-actin for 5 min on ice and then mixed
rapidly with various proteins in the G-buffer. To initiate the
bulk actin polymerization, 103 KME buffer mix (10 mM

MgCl2, 10 mM EGTA, and 500 mM KCl) was added to the 120-
ml reaction and the pyrene-actin fluorescence signal was imme-
diately recorded by the Cytation 5 plate reader (BioTek, USA)
at excitation and emission wavelengths of 365 and 407 nm,
respectively. To quantify the relative actin assembly rate as pre-
viously described (4), the raw data from 60 to 180 s were used
to fit into a linear function where the R2 value was required to
be greater than 0.95. The slope of the fitted curve represents
the actin assembly rate of each condition; the relative actin as-
sembly rate was derived by dividing each slope of the tested
condition by the slope of the control actin curve. The values
shown in the graph were averaged data from at least three inde-
pendent experiments. The actin depolymerization assay was
prepared by polymerizing 5 mM G-actin (30% pyrene actin) at
room temperature for 2 h. To initiate the actin depolymeriza-
tion, F-actin was diluted to 0.1 mM by F-buffer (5 mM Tris, pH
8.0, 0.2 mMATP, 0.1 mMCaCl2, 0.5mMDTT, 50mMKCl, 1 mM

MgCl2, and 1 mM EGTA) with its binding partners added. The
decreased pyrene-actin fluorescence signal was immediately
recorded by the Cytation 5 plate reader at excitation and emis-
sion wavelengths of 365 and 407 nm, respectively. The actin po-
lymerization graphs were plotted using GraphPad Prism 6.

Actin filament annealing assay

The actin filament annealing assay was performed by poly-
merizing 4 mM actin in the presence of 6 mM of either acti-

stainTM 488 phalloidin or rhodamine-phalloidin for 2 h. Equal
volumes of phalloidin actin filaments (final concentration of
250 nM) were sheared and mixed through a gauge 27½ needle
20 times, followed by incubation with the desired proteins at
room temperature for 1 h for annealing. The reactions were
quenched by dilution of 250-fold with F-buffer and applied on
the polylysine (0.01%)-coated cover glass for imaging using a -
3100 oil objective lens under the fluorescence microscope.
The annealed actin filaments were traced by line tool to quan-
tify the length by ImageJ.

Fixed cell imaging

The yeast phase cells were grown to mid-log phase in YPD
medium at 30 °C, and filamentous cells were induced by 0.2 mM

HU in YPD medium at 30 °C for 5 h. 4% formaldehyde was
added to the medium to fix cells. The cells were then collected
by centrifugation and re-suspended in PBS medium with 4%
formaldehyde to fix at room temperature for 1 h. After fixation,
the cells were washed twice with PBS (pH 7.2) and re-sus-
pended in 45 ml of PBS (pH 7.2) with 5 ml of actin-stainTM 488
phalloidin (Cytoskeleton, Inc.) and 0.1% Triton X-100 (Bio-
Rad). The cells were stained in the dark for 1.5 h at room tem-
perature and vortexed every 15 min to allow efficient staining.
Afterward, the cells were washed twice by PBS (pH 7.2) before
mounting to the glass slide for imaging acquisition. The whole-
cell image was acquired through Z scanning with 250 nM step-
wise by objective lens3100 NA 1.4 on Leica DMi8 microscope
equipped with a scientific CMOS camera ORCA-Flash4.0 LT
(Hamamatsu, Japan). The fluorescence microscope was con-
trolled by MetaMorph 7.8 software (Molecular Device, Sunny-
vale, CA). Images were analyzed using ImageJ to generate the Z
projection images, where the actin phenotypes were classified
into three groups.

Crystallization

Crystallization trials of Aip5C were performed at 20 °C using
crystal screening kits purchased from Hampton Research.
Crystallization conditions that yielded the best diffracting
Aip5C crystals were selected and optimized via a sitting drop
vapor diffusion method with reservoir conditions containing
0.1 M Tris (pH 7.4), 0.2 M calcium acetate, 12.5% PEG 3000.
Aip5C crystals appeared 24 h after optimization. All Aip5C
crystals were soaked with cryoprotectant solution containing
0.1 M Tris (pH 7.4), 0.2 M calcium acetate, 12.5% PEG 3000, 20%
glycerol and flash-frozen using liquid nitrogen before X-ray dif-
fraction experiments. All diffraction data were collected at the
Australian Synchrotron beamlineMX2 and the data were proc-
essed using X-ray Detector Software (XDS) (59). Aip5C struc-
ture was determined by molecular replacement (Phenix) (60,
61) using the ScAip5C (PDB code 6ABR) (4) as a search model.
The molecular structure of Aip5C was refined using the LOR-
ESTR pipeline (62) from the ccp4 program suite. Final refine-
ment statistics are shown in Table 1. All figures of the molecu-
lar structures were prepared using PyMOL (RRID:SCR_00305,
Schrödinger, L.L.C).
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Characterization of Aip5C protein by size exclusion
chromatography

To quantify the Aip5C solution molecular weight, 100 ml of 2
mg/ml of purified Aip5C was injected into a Superdex 75 10/
300 GL (GEHealthcare) calibrated column in buffer containing
20 mM Hepes (pH 7.5), 150 mM NaCl. The Superdex column
was first calibrated with five standard proteins (conalbumin, 76
kDa; ovalbumin, 43 kDa; carbonic anhydrase, 29 kDa; RNase A,
13.7 kDa and aprotinin, 6.5 kDa) and then Aip5C was injected
into the column. The standard curve of protein size (yAxis:
LogDa) was plotted against the standard protein elution vol-
ume (xAxis: ml). As a result, Aip5C protein size in the solution
can be calculated based on its elution volume (around 12 ml).
The UV280 elution profiles were plotted in GraphPad Prism 6.

MD simulations

The MD simulations were performed using the GROMACS
5.1.2 software (63). The Charmm36m force field (64) was used
to describe proteins with the tip3p water model (65) for solvent
molecules. The temperature of water and proteins was kept
constant, coupling independently for each group of molecules
at 300 K with a V-rescale thermostat (66). The pressure was
coupled with a Parrinello-Rahman (67) barostat at 1 atm sepa-
rately in each of the three dimensions. The temperature and
pressure time constants of the coupling were 0.1 and 2 ps,
respectively. The integration of the equations of motion was
performed by using a leapfrog algorithm with a time step of 2
fs. Periodic boundary conditions were implemented in all sys-
tems. A cutoff of 1 nmwas implemented for the Lennard–Jones
interactions and for the direct space part of the Ewald sum for
Coulombic interactions. The Fourier space part of the Ewald
splitting was computed by using the particle-mesh-Ewald
method (68), with a grid length of 0.16 nm and a cubic spline
interpolation.

Protein sequence analysis

To identify Bni1, Bud6, and Spa2 homologs and preform
conservative analysis, the full-length protein sequence was sub-
mitted as a query sequence in NCBI protein blast with default
parameters. The top 250 hits of protein homologs were chosen
from the species. Their correspondent sequence alignment was
performed in the online server Clustal Omega (RRID:
SCR_001591) and the phylogenetic tree was generated by the
interactive tree of life (iTOL) (RRID:SCR_018174). Sequence
alignment of Aip5C, Bni1FH1C, and Bud6C between S. cerevi-
siae and C. albicans was carried out through the online server
Clustal Omega and subsequently generated by Jalview. The pre-
diction of CaBni1C for the intrinsically disordered region was
carried out in online software IUPRED2A (RRID:SCR_014632),
and the intrinsically disordered tendency plot was generated in
GraphPad Prism 6.

Statistical analysis

All statistical analyses were performed in GraphPad Prism
8. p Values were determined by the two-tailed Student’s t test
assuming equal variances and the one-way analysis of var-

iance (*, p, 0.05; **, p, 0.01; ***, p, 0.001; ****, p, 0.0001,
and ns, not significant). Error bars indicate the standard devi-
ation (S.D.).

Data availability

The coordinates and structure factors have been deposited in
the Protein Data Bank with accession code 6M4C (Aip5C). The
materials and datasets generated during the current study are
available from the corresponding author on reasonable request.
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