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Aspergillus fumigatus is a human opportunistic pathogen showing
emerging resistance against a limited repertoire of antifungal
agents available. The GTPase Rho1 has been identified as an impor-
tant regulator of the cell wall integrity signaling pathway that reg-
ulates the composition of the cell wall, a structure that is unique to
fungi and serves as a target for antifungal compounds. Rom2, the
guanine nucleotide exchange factor to Rho1, contains a C-terminal
citron homology (CNH) domain of unknown function that is found
in many other eukaryotic genes. Here, we show that the Rom2 CNH
domain interacts directly with Rho1 to modulate β-glucan and chitin
synthesis. We report the structure of the Rom2 CNH domain, reveal-
ing that it adopts a seven-bladed β-propeller fold containing three
unusual loops. A model of the Rho1–Rom2 CNH complex suggests
that the Rom2 CNH domain interacts with the Rho1 Switch II motif.
This work uncovers the role of the Rom2 CNH domain as a scaffold
for Rho1 signaling in fungal cell wall biosynthesis.
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Fungal diseases are a major cause of morbidity in immuno-
compromised patients. Aspergillus fumigatus, the causative

agent of invasive aspergillosis, is one of the deadliest invasive
pathogenic fungi (1). There is a limited repertoire of therapeutic
agents available to treat aspergillosis. These include the azoles,
which disrupt the synthesis of the fungal membrane by targeting
the ergosterol biosynthetic pathway (2, 3); polyenes, which bind
directly to ergosterol affecting cell membrane integrity (4, 5);
echinocandins, which target cell wall stability by inhibiting glucan
synthesis (6, 7); and nucleotide analogs like 5-flucytosine, which
hamper fungal DNA synthesis (8). Among them, the azoles vor-
iconazole and isavuconazole are the preferred antifungal treat-
ment for invasive aspergillosis due to their lower toxicity and their
higher fungicidal activity (9). However, the emergence of azole-
resistant strains provides an impetus for the search of novel targets
within pathways that are essential for A. fumigatus survival (10).
The fungal cell wall is a highly ordered carbohydrate-rich

structure that is not present in human cells but is essential for
protecting fungi from challenging environmental factors such as
mechanical stress, temperature changes, osmotic stress, pH, and
nutrient limitations (11). In addition, the cell wall also mediates
host-pathogen interactions that are critical during infection (12).
Therefore, the fungal cell wall is considered as a potential source
of selective antifungal targets that are unlikely to affect human
cells. The 1,3-β-glucan is a major A. fumigatus cell wall component
that contributes up to 20% to 35% of the cell wall biomass (13).
Other components of the A. fumigatus cell wall are α-glucan,
chitin, galactomannan, and a mixed 1,4-β-/1,3-β-glucan layer (13).
The fungal cell wall is highly dynamic with changeable compo-
nents to counteract different types of stresses. This response is
mainly mediated by the cell wall integrity (CWI) signaling pathway
in which the Rho-type GTPase homologous 1 (Rho1) protein is a
key node (14, 15). The cell membranes of Rho1 mutants in Sac-
charomyces cerevisiae, Candida albicans, and A. fumigatus were

found to be defective in the activity of the plasma membrane 1,3-
β-glucan synthase (GS) enzyme, which was rescued by the addition
of purified Rho1 (7, 16). Apart from direct binding and subse-
quent activation of the 1,3-β-GS, Rho1 was also shown to modu-
late different downstream effectors in budding yeast, including the
transcription factor Rlm1 that controls the expression of genes
involved in cell wall biosynthesis (14, 15). Furthermore, knock-
down of A. fumigatus rho1 induces lethality through cell lysis (17).
Taken together, these studies show that Rho1 activity is critical for
fungal survival.
Upstream of Rho1 are the GTP exchange factor proteins

(GEFs) Rom1 and Rom2, which, despite their high degree of
homology, induce very different phenotypes in knockout exper-
iments. Rom1 is dispensable, whereas the loss of Rom2 induces
cell lysis at high temperatures in S. cerevisiae (18). In A. fumi-
gatus, complete loss of Rom2 (AfRom2) results in a lethal phe-
notype (19). At the cellular level, Rom2 integrates signals from
cell wall stress sensors such as Wsc1-3, Mid1, and Mtl1 to acti-
vate Rho1 (14, 15). Furthermore, the subcellular localization of
GEFs is directly correlated with their function in different sig-
naling pathways (20). Similar to the reported subcellular locali-
zation of the fission yeast Rom2 homolog protein Rgf1p (21),
AfRom2 is found at the hyphal tips where it colocalizes with
AfRho1 (19). These findings suggest a prominent role of the
AfRom2–AfRho1 interaction in fungal cell wall biogenesis.
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Aspergillus fumigatus gives rise to invasive aspergillosis in
immunocompromised individuals. The rise of A. fumigatus an-
tifungal resistance threatens a limited arsenal of treatment op-
tions. Here, we use genetic and molecular approaches to dissect
the contribution of the citron homology (CNH) domain of the
guanine nucleotide exchange factor Rom2 in regulating the
biosynthesis of the essential and unique fungal cell wall, an
important target of antifungal compounds. The CNH domain
plays an essential role as a stabilizer for the small GTPase Rho1, a
key regulator of glucan biosynthesis. This work provides a model
for their interaction, revealing a promising molecular mechanism
to explore in the quest for novel antifungal compounds.
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AfRom2 is a multidomain protein (Fig. 1), containing a
Dishevelled, Egl-10, and Pleckstrin (DEP) domain that nega-
tively regulates its activity (19), a Dbl Homology (DH) domain
that facilitates GDP exchange (20, 22), and a Pleckstrin Ho-
mology (PH) domain that interacts with the DH domain and
contributes to GEF activity (19, 21, 22). In addition, it possesses
a C-terminal citron homology (CNH) domain whose exact
function remains unknown, but it has been proposed to interact
with either proteins (19, 23–25) or lipids, directing, as a conse-
quence, the cellular location (26).
Here, we use a multidisciplinary approach to uncover the roles

of the CNH domain as a driver for the AfRom2 cellular locali-
zation and as a scaffold for Rho1 GTPase signaling. We show
that the Rom2 CNH domain is critical for A. fumigatus cell wall
synthesis and stabilizes the 1,3-β-glucan synthesis regulator AfRho1.
We report a crystal structure of a eukaryotic CNH domain, re-
vealing that it adopts a seven-bladed β-propeller fold. Together with
the crystal structure of AfRho1 in complex with GDP, we identify
the putative AfRom2 CNH-AfRho1 binding interface, involving a
contribution of the AfRho1 Switch II motif. This work describes the
function of AfRom2 CNH as a scaffold for AfRho1 signaling and its
essential role in cell wall synthesis.

Results
AfRom2 Possesses a C-Terminal CNH Domain of Unknown Function.
Analysis of the AfRom2 (UniProt ID Q4WUI2) primary se-
quence reveals the presence of the autoinhibitory N-terminal DEP
domain (amino acids 330 to 405), the coupled DH and PH do-
mains, sometimes referred simply as GEF domain (19) (amino
acids 499 to 851), and a CNH domain (amino acids 881 to 1170)
(Fig. 1). In Drosophila melanogaster, the CNH domain does not
appear to be involved in the cellular localization of Sticky/Citron
kinases but is required to interact with Rho GTPase via unknown
mechanisms (25). Due to the limited (<20%, SI Appendix, Fig.
S1A) sequence identity between the AfRom2 CNH and the D.
melanogaster CNH domains, it is unclear if this interaction is
conserved in A. fumigatus. In contrast, fungal Rom2 CNH do-
mains are highly conserved (SI Appendix, Fig. S1B) but are absent
from Rho GEFs in higher eukaryotes (Fig. 1). In summary, in
silico analysis reveals that AfRom2 possesses a C-terminal CNH
domain conserved in fungi.

The CNH Domain Contributes to Growth and CWI. To investigate the
function of the CNH domain in AfRom2, a GFP-tagged rom2
mutant with the CNH domain replaced by gfp and the orotidine
5′-phosphate decarboxylase (pyrG) selection marker was con-
structed and verified by PCR (Fig. 2 A and B) and Southern

blotting (Fig. 2C). The resulting mutant strain is hereafter re-
ferred to as rom2Δcnh. To confirm expression of AfRom2, a GFP
antibody was used to detect the truncated GFP-fused AfRom2 in
the cell lysate from parental and mutant strains. There was no
detectable GFP antibody signal in the parental strain, but a 70 kDa
band was detected in the mutant lysate, corresponding to the size
of AfRom2ΔCNH (44 kDa) fused with GFP (27 kDa) (Fig. 2D).
Conidia of the parental and mutant strains were inoculated

onto solid yeast extract peptone dextrose (YEPD) media to ex-
plore colony growth phenotypes. After 48 h growth at 37 °C, the
colony diameter of the rom2Δcnh mutant was reduced when
compared to the parental strain, and almost no surface conidia
were produced by the mutant (Fig. 2E). This finding suggests
that the AfRom2 CNH domain is required for normal colony
growth and conidia production.
We next generated GFP fusions for the isolated CNH domain

and full length rom2, integrated into the A. fumigatus genome
under control of the constitutive gpd promoter (27). Constructs
were verified by PCR and western blotting (SI Appendix, Fig.
S3 B and C). The localization experiments (SI Appendix, Fig.
S2A) show that AfRom2 localizes to the cell membrane, enriched
at the hyphal tips where the new cell wall is synthesized, in
agreement with a previous study by Dichtl et al. (28). However,
in the absence of the CNH domain, AfRom2ΔCNH shows a
diffuse distribution in the cytoplasm. Interestingly, the overex-
pressed, isolated CNH domain localizes to the hyphal tips, sug-
gesting that AfRom2 cellular localization is dependent on its
C-terminal CNH domain (SI Appendix, Fig. S2A).
We next studied the role of AfRom2 CNH domain in regu-

lating cell wall biogenesis as reported for the full rom2 gene (19).
Serial dilutions of rom2Δcnh mutant and parental strain conidia
were inoculated on solid minimal media (MM) supplemented
with cell wall–perturbing agents (Fig. 3A). After 48 h growth at
37 °C, the rom2Δcnhmutant showed increased sensitivity to most
cell wall–perturbing agents when compared to the parental strain
(Fig. 3A). Taken together, these data suggest that the CNH
domain contributes to growth and CWI.

The CNH Domain Is Required for Cell Wall Synthesis. We next in-
vestigated whether the sensitivity of the rom2Δcnh mutant to cell
wall–perturbing agents was the result of a compromised cell wall.
Transmission electron microscopy (TEM) was used to examine
possible cell wall ultrastructure defects (Fig. 3B). Compared to
the parental strain, the rom2Δcnh mutant shows ∼20-fold re-
duction in the thickness of the middle region of the cell wall
(15 ± 4 nm for the mutant versus 290 ± 30 nm for the parental
strain [n ≥ 12]) and an associated detachment of the outer layer
(Fig. 3C and SI Appendix, Fig. S2 B and C).
To investigate the source of this structural defect, we next

quantified cell wall carbohydrate components. In agreement with
our TEM findings, levels of β-glucan, representing the middle
bulk layer of the cell wall, decreased more than 10-fold from
2,100 ± 50 μg/10 mg in the parental strain to only 180 ± 40 μg/
10 mg in the rom2Δcnh mutant (P < 0.0001, Student’s t test, n =
3, Fig. 3C). Furthermore, levels of chitin also decreased from
620 ± 40 μg/10 mg in the parental strain to 220 ± 40 μg/10 mg in
the rom2Δcnhmutant (P < 0.001, Student’s t test, n = 3, Fig. 3C).
Glycoprotein and α-glucan levels were unaffected (Fig. 3C).
These data suggest that the AfRom2 CNH domain is required
for cell wall synthesis, affecting levels of the key fungal cell wall
components β-glucan and chitin.

The CNH Domain Interacts with AfRho1. To identify the mechanism
underpinning the role of the AfRom2 CNH domain in regulating
cell wall synthesis, we employed a pull-down assay to identify
potential CNH binding partners using the GFP-tagged cnh
construct integrated into the A. fumigatus genome (SI Appendix,
Fig. S3A). A gfp construct integrated into the genome under

Fig. 1. Schematic representation (not to scale) of AfRom2 and comparison
with other GEF proteins. Identified domains: DEP domain, phorbol esters/
diacylglycerol binding domain (C1), DH domain, PH domain (20), and CNH
domain from A. fumigatus (AfRom2 Uniprot Q4WUI2) and human, Dro-
sophila, mouse, and zebrafish Rho GEF proteins (Uniprot codes: Q92974,
Q9VS45, Q5SSL4, and A5 × 7A1, respectively) are annotated in the figure.
The residues that define the boundaries of the DEP, DH, PH, and CNH do-
mains are indicated for clarity.
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control of the same gpd promoter was used as a negative control
(SI Appendix, Fig. S3D). We identified 1,236 proteins that
uniquely bind GFP-CNH domain compared to the GFP control
strain (SI Appendix, Fig. S3E and Dataset S1). Gene Ontology
(GO) enrichment analyses identified that the CNH mainly binds
membrane (GO ID: 16020, 27.6%) and plasma membrane (GO
ID: 5886, 10.5%) proteins, which is in line with the reported
cellular localization of Rom2 and our localization experiments.
Of note, we observed cytoskeletal proteins (GO ID: 5856, 3.9%)
and several proteins involved in actin regulation, such as End3,
the actin-related protein 4, and Pan1. Additionally, 37 of the
detected proteins are components of the cell wall, supporting the
phenotype seen in the rom2Δcnh mutant (Dataset S1). Among
these, we identified key proteins belonging to the CWI signaling
pathway, including Rho1, MidA, and Fks1.
Given that Rho1 has a key role in regulating glucan synthesis

(29), we next used biolayer interferometry (BLI) to further in-
vestigate the interaction between AfRho1 and AfRom2 CNH.
We used recombinant AfRom2 CNH as the stationary phase to
measure affinity toward recombinant AfRho1 in the presence or
absence of GDP or the nonhydrolysable GTP analog GTPγS.
These experiments revealed dose-dependent binding to AfRom2

CNH with Kds in the midmicromolar range (SI Appendix, Fig.
S4). Taken together, these data suggest a direct interaction be-
tween the AfRom2 CNH domain and AfRho1.

The CNH Domain Possesses a Unique β-Propeller Fold. There is cur-
rently no structure of any CNH domain available to aid in gen-
erating hypotheses on the nature of the AfRom2 CNH-AfRho1
interaction. We used X-ray crystallography to determine the protein
structure of the recombinantly produced AfRom2 CNH domain
(residues 862 to 1194) using a selenomethionine phasing strategy.
Crystals belonging to the orthorhombic space group P21212 with a
single molecule in the asymmetric unit diffracted to a maximum of
2.0 Å. The structure was refined to the maximum available reso-
lution with R and Rfree values of 20.7% and 24.7%, respectively.
Data collection and refinement parameters are listed in Table 1.
The AfRom2 CNH domain structure adopts a canonical

β-propeller fold containing seven blades, each composed of four
antiparallel strands (30). The seven blades are connected by
small loops and arranged in a circular fashion, with the last blade
formed by the N-terminal and C-terminal strands providing ad-
ditional stability through an extra zipper of hydrogen bonds
(Fig. 4A). A structural homology search with the Dali server (31)
identified the bacterial β-propeller protein YncE (rmsd = 2.8 Å

Fig. 2. Generation of a rom2Δcnh mutant. (A) Schematic diagram depicting the strategy for generation of the mutant. (B) PCR confirmation of rom2Δcnh
mutants. Primer pairs of P7-P8 and P9-P10 were used to amplify the rom2C and gfp-pyrG fragments, respectively. Primer pairs of P11-P12 and P13-P14 were
used to amplify regions of −500 bp to +500 bp of homologous arms when correctly integrated into the rom2C locus. (C) Southern blot confirmation of the
rom2Δcnh mutants. Genomic DNA was digested by XhoI and hybridized using the rom2M homologous region as the probe. (D) Western blot confirmation
using the GFP antibody from cell lysate of the wild-type (WT) and rom2Δcnhmutants. Cell lysate of a control strain gpd-gfp was used as control. The band size
from the rom2Δcnh (72 kDa) strain represents the correct molecular weight of AfRom2ΔCNH (44 kDa) with GFP fusion (27 kDa). (E) Growth of the rom2Δcnh
mutant in comparison with the parental strain on solid YEPD medium. The 100 conidia from the Afrom2Δcnh mutant and the parental strain were inoculated
on YEPD plates and incubated at 37 °C for 48 h.
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on 273 Cα atoms, Z value = 21.2) and the apoptotic protease
activating factor 1 (rmsd = 3.1 Å on 271 Cα atoms, Z value = 20.7)
to be the closest AfRom2 CNH structural homologs (SI Appendix,
Fig. S5A), albeit with poor conservation of sequence (12% and 8%
sequence identity, respectively). This discrepancy between se-
quence and structural homology is common for β-propeller folds
(32). Interestingly, the AfRom2 CNH blades are stapled together
by a unique complex network of leucine and isoleucine hydro-
phobic interactions, which deviates from the main β-propeller
stapling motifs, such as the WD40 motif, the KELCH motif, or
the YWTD motif (30) (SI Appendix, Fig. S5B). The insertion of a
disordered loop between blades 1 and 2 (named L1) and two long
loops containing a short helical domain between the strands C and
D from blades 2 and 5 (named L2 and L3, respectively) changes
the overall shape of the AfRom2 CNH domain to be oval rather
than circular (Fig. 4 A and B and SI Appendix, Fig. S5A). This

results in a cross-propeller diameter 1.5 times larger than the di-
ameter along the propeller axis. Similar to the structural homolog
YncE, the presence of the α-helical insertions may confer specific
functions (33). Interestingly, sequence alignments suggest that
these insertions are also present in other CNH domain proteins,
including the Drosophila GEFs and H. sapiens citron kinases (SI
Appendix, Fig. S5A). Taken together, the structural data show that
the CNH domain possesses a unique β-propeller fold.

The Switch II Region Is a Potential Interface in the AfRho1–AfRom2
CNH Interaction. To shed light on the observed AfRom2 CNH-
AfRho1 interaction, we attempted to obtain crystals of the
AfRom2 CNH-AfRho1 complex, but this was not successful. To
aid in subsequent modeling experiments, we determined the
structure of AfRho1 and obtained crystals in the presence of GDP
or GTPγS. Initial phases were determined using the structure of the
human GTPase RhoA (HsRhoA, PDB ID: 1FTN, 75% sequence

Fig. 3. Sensitivity to chemical reagents and cell wall analysis of the rom2Δcnh mutant. (A) Serial dilutions of conidia from 107 to 104 were spotted onto
solid MM containing 50 μg/mL Calcofluor White, 50 μg/mL Congo Red, and 2.5 μg/mL Caspofungin. The colonies were grown at 37 °C for 48 h. The con-
centrations of the chemicals were chosen as described previously (74). The photographs display representatives of three independent experiments. (B) TEM
images of representative parental (75) and rom2Δcnh mutant hyphal cells. (C) Cell wall width measurement of the rom2Δcnh mutant compared to the
parental strain (n > 20) and cell wall composition of the rom2Δcnhmutant compared to the parental strain by chemical analysis (56). The plots of the data and
the P values by the multiple t tests were calculated using Prism 6 (GraphPad software). The experiment was performed in triplicate.
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identity with AfRho1) as a phase donor in a molecular replacement
experiment (34). Data collection and refinement statistics are shown
in Table 1. The overall structure of AfRho1 has a typical Rho
GTPase fold, containing a core β-sheet flanked by α-helices (Fig.
4C). GDP, GTPγS, and the magnesium cofactor were fully defined
by unbiased Fo-Fc electron density maps (SI Appendix, Fig. S6A). In
both structures, the nucleotide sits in a positively charged conserved
pocket containing Lys18, Asp120, and Arg162, which form interac-
tions with the phosphate groups (SI Appendix, Fig. S6A).
Similar to the structure of HsRhoA (rmsd = 1.2 Å on 177 Cα

atoms; SI Appendix, Fig. S6B) (34), AfRho1 contains a Switch I
region predicted to bind to the GEF domain, a helical Switch II
region reported to participate in protein–protein complexes with
specific GTPase activators (35), and the canonical Rho GTPase
three-turn insertion helix (residues 124 to 134) involved in in-
teractions with, and subsequent activation of, downstream pro-
teins (36) (Fig. 4C and SI Appendix, Fig. S6C). Nucleotide-induced
conformational changes in the switch I/II regions of GTPases are
known to modulate the interactions with their effectors. Although
superposition of the AfRho1 GTPγS/GDP complexes gives an
overall rmsd fit of 0.8 Å over 150 aligned Cα atoms, the Switch I
and Switch II regions undergo conformational changes (maximum
Cα shifts of 8 Å with 47° rotation and 7 Å with 70° rotation, re-
spectively; Video S1).
In absence of an experimental AfRho1–AfRom2 CNH com-

plex, we took advantage of structural similarities of the individ-
ual AfRho1 and AfRom2 CNH structures to components of the
canonical G-heterotrimeric transducin complex structure, a
master regulator of the G protein coupled receptors known to bind
and regulate Rho guanine nucleotide exchange factors (Protein
Data Bank [PDB]: 1GOT) (35). We superposed the AfRom2 CNH
domain onto β-transducin (rmsd = 3.2 Å on 338 Cα atoms) and
AfRho1 onto α-transducin (rmsd = 2.6 Å on 177 Cα atoms)

(Fig. 4D). In this model, the AfRho1 α-helical Switch II motif in-
teracts with AfRom2 CNH similarly to the interaction in the
G-heterotrimeric transducin complex between the Gα GTPase and
the Gβ β-propeller subunits that facilitates the activation of the
signaling G protein by GDP to GTP exchange in the Gα subunit
(35). The electrostatic interaction that bridges the Gα Switch II
region to the β-propeller domain (Gα Glu212 to Gβ Lys57) is
conserved in our homology model (Asp76 of AfRho1 to Arg877 of
AfRom2 CNH) (Fig. 4D). Additional interactions found in the
G-heterotrimeric complex, such as the hydrogen bonds between
β-transducin Asn119 and α-transducin Gln200 or β-transducin
Thr143 to α-transducin Arg201, are mimicked in the model of the
complex by the pairs AfRom2 CNH His968 to AfRho1 Tyr66 and
AfRom2 CNH Lys987 to AfRho1 Glu64, respectively (Fig. 4D).
Interestingly, AfRho1 lacks the long Gα N-terminal helix that

interacts with the lateral face of the Gβ propeller. In the model
of the AfRho1–AfRom2 CNH complex, the equivalent interact-
ing interface is occupied by the unique AfRom2 CNH L1 loop
(Fig. 4D and SI Appendix, Fig. S7). Therefore, in our model, the
presence of the L1 loop together with the lack of an additional N
terminus helix in AfRho1 restricts the AfRho1–AfRom2 CNH
complex interface to the flat surface of the CNH and the AfRho1
Switch II region. Taken together, these analyses suggest that the
Switch II region is a potential interacting element in the
AfRho1–AfRom2 CNH complex.

Discussion
The CNH domain is a C-terminal motif of unknown function
present in fungal Rom2 GEF proteins that are essential for cell
wall biogenesis (19, 37, 38). CNH domains are also present in the
citron kinases from which they take their name (39), sharing less
than 20% sequence identity with the fungal CNH domains, but
are absent from the human Rom2 GEF orthologs. Therefore,

Table 1. Data collection and refinement statistics

SeMet AfRom2CNH AfRom2CNH_native AfRho1-GDP AfRho1-GTPγS

Space group P 21 21 2 P 21 21 2 P 43 P 21 21 2
a, b, c (Å) 77.0, 92.3, 52.3 78.0, 93.7, 52.6 53.8, 53.8, 62.7 37.2, 65.8, 75.0
Wavelength (Å) 0.97961 0.92818 0.98854 1.54178
T (K) 100 100 100 100
Resolution range (Å) 59.1–2.4 45.9–2.0 100.0–1.4 30.1–2.5
Unique reflections 15,324 (1,415) 174,698 (13,083) 140,126 (7,474) 6,797 (751)
Mean I/σ(I) 17.5 (2.3) 17.4 (1.3) 18.8 (1.6) 6.3 (3.9)
Multiplicity 2.0 (2.0) 4.0 (4.0) 4.1 (2.2) 6.6 (6.6)
Completeness (%) 100 (100) 99.9 (100) 99.0 (96.8) 100 (100)
R-merge 0.04 (0.30) 0.02 (0.57) 0.04 (0.34) 0.18 (0.35)
R-meas 0.06 (0.42) 0.03 (0.81) 0.06 (0.48) 0.21 (0.41)
Refinement
Rwork/Rfree*

,
† 0.31/0.36 0.22/0.26 0.15/0.18 0.20/0.26

Number of nonhydrogen atoms 2,526 1,438 1,606
Macromolecules 2,434 1,404 1,414
Ligands 0 34 33
Solvent 111 211 159
Protein residues 310 181 182

B-factor (Å2)
Macromolecules 56.45 24.81 19.33
Ligands 42.07 19.67 10.60
Solvent 52.70 25.64 22.05

rms deviations
rms (bonds) 0.017 0.018 0.016
rms (angles) 2.01 2.04 1.83

PDB code 5O51 5ZVP 6JIK

Value for the highest resolution shell is shown in parentheses.
*Rwork = ΣhjjFobsj − jFcajcjj/ΣhjFobsj, where Fcalc and Fobs are the observed and calculated structure factors for the reflection h.
†Rfree = is equivalent to Rwork calculated with 5% of flagged reflections not used in refinement.
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due to the low sequence identity between fungal and human
CNH domains, it is a potential target for the development of
selective antifungal compounds. To test this hypothesis, we used
the opportunistic fungus A. fumigatus deletion mutant rom2Δcnh
as a model to dissect the function of the fungal CNH domain.
This mutant has a severe cell wall defective phenotype that
correlates with the previously reported cell wall defects for the
conditional rom2 knockdown mutants (19, 37). Phenotypes of
our rom2Δcnh strain include cytoplasm leakage and cell lysis, two
observations previously reported for the budding yeast condi-
tional Rho1 mutant (17). AfRom2 localizes to the cell membrane
in the hyphal tips where the new cell wall is synthesized and is
known to interact with the critical cell wall regulator AfRho1 (19,
28). In agreement with Dichtl et al. (28), our data indicate that
the localization of AfRom2 in the membranes is driven by the
CNH domain, whereas deletion of the CNH domain induces
Rom2 membrane dissociation. Thus, the lack of the CNH do-
main may negatively affect the Rom2–Rho1 interaction. The
complete inactivation of Rho1 in budding yeast or Rom2 in
Aspergillus induces lethality (17, 19). While the rom2Δcnh strain
shows retarded growth, lethality is only achieved in the presence

of cell wall–perturbing agents (Fig. 3A). This observation, which
is similar to the reported conditional Afrom2 knockdown phe-
notype (19), suggests a link between the CNH domain, Rho1,
and the CWI signaling pathway, which needs both proteins to
maintain CWI under stress conditions.
Upon activation by Rom2 GEF, Rho1 participates primarily in

the regulation of the fungal cell wall composition in response to
stress by directly modulating the activity of the membrane-bound
1,3-β-GS complex (40). In line with this, analysis of our
rom2Δcnh mutant cell wall ultrastructure by electron microscopy
(EM) revealed a 20-fold reduction thickness of the cell wall middle
layer due to a reduction in β-glucan (Fig. 3B). This reduction in 1,3-
β-glucan may be a consequence of reduced GS activity due to the
inability of the AfRom2ΔCNH protein to colocalize in the mem-
branes and activate enough Rho1. This observation correlates with
the previously reported S. cerevisiae conditional Rho1 knockout
strains (7, 16). We therefore propose that the AfRom2 CNH do-
main is essential for the production of 1,3-β-glucan via Rho1
activation.
Furthermore, in our pull-down experiment using the isolated

CNH domain as bait, we identified several components of the

Fig. 4. Crystal structures of AfRom2 CNH, AfRho1, and a model of their complex. (A) Cartoon representation of the AfRom2 CNH domain structure. Blades and
strands are labeled according to the nomenclature commonly used for the β-propeller proteins. Each blade has been colored differently for clarity. The additional
CNH domain loops L1, L2, and L3 are indicated. (B) 90 degrees rotation of the CNH domain. (C) Cartoon representation of the AfRho1 structure in complex with
GDP. Nucleotides and magnesium are shown as sticks and spheres, respectively. (D) Model ofAfRho1–AfRom2 CNH domain complex produced by superposition of
AfRho1 and AfRom2 CNH onto α and β transducin, respectively. The transducin heterotrimer (PDB 1GOT) is shown for comparison. AfRom2 CNH blade coloring
follows the same pattern as in A. The AfRho1 Switch II helix is colored red. The main predicted protein–protein interactions discussed in the main text are labeled.
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CWI signaling pathway reported to interact with Rom2, such as
Fks1, MidA, and Rho1 (19). The direct interaction of the isolated
AfRom2 CNH domain with AfRho1 under saturating nucleotide
concentrations was determined to be in the midmicromolar range
(Kd = 200 μM), up to three times weaker than the weakest
reported GEF-GTPase interaction [range of Kd = 0.2 to 77 μM
(41)]. In absence of nucleotide, Rho1 interacts with the isolated
AfRom2 CNH domain with an affinity of Kd = 80 μM. Taken
together, we propose that the AfRom2 CNH domain functions as
an interactor of AfRho1, acting as a critical element in cell wall
biogenesis mediated by the CWI pathway. In addition to the
classical CWI pathway, S. cerevisiae Rho1 is known to participate
in remodeling of the cell wall by regulating actin cytoskeleton
polarization (42). It is worth noting that several proteins involved
in actin regulation, such as End3, the actin-related protein 4, and
Pan1, are detected among the CNH-interacting proteins. It is
possible that in addition to its role in the CWI pathway, the CNH
domain may affect actin polarization or, as was proposed by Dichtl
et al. (17), the actin regulation proteins may interact with Rho1
and thus coelute in our pull-downs.
To understand the molecular mechanisms underpinning the

AfRho1–AfRom2 CNH interaction, we first tried to determine
the crystal structure of the complex of AfRho1 with the CNH
domain of AfRom2. This was unsuccessful, possibly as a result of
the relatively weak (midmicromolar) interaction or the destabi-
lization by the high salt conditions used in crystallization screens
(43). We also attempted cryo-electron microscopy, but the small
size of the AfRho1–AfRom2 CNH complex precluded identifi-
cation of suitable particles in EM grids. In addition, although we
had direct evidence of the Rho1–Rom2 interaction, our BLI
experiment does not show a difference in binding between the
active Rho1 (GTP complexed) and the relaxed Rho1 (GDP
complexed), which, in agreement with the data published for the
Drosophila Rom2 CNH ortholog Sticky (25), indicates that in-
teraction with the CNH domain does not depend on the Rho1
conformational state and might instead play a scaffolding role in
the Rom2–Rho1 interaction.
To shed light on the nature of the interaction, we first obtained

the AfRom2 CNH crystal structure, revealing that it possesses a
seven-bladed β-propeller fold. Many β-propeller proteins are known
to have a flat surface that is used to establish electrostatic interac-
tions with their interactors (44, 45). In pull-down experiments, the
isolated AfRom2 CNH domain appears to recruit a large number of
proteins that, in absence of further validation, may not necessarily
act as AfRom2 interactors. Despite this observation, the CNH
structure is remarkably similar to the extensively characterized
heterotrimeric G protein Gβ subunit that binds the Gα GTPase
subunit in the presence of GDP, which allowed us to predict the
putative CNH interaction surface. In the proposed model of the
AfRho1–AfRom2 CNH interaction, equivalent stabilizing interac-
tions are mediated by the AfRho1 Switch II motif (46). Interest-
ingly, similar to the findings reported for the Drosophila Rom2
CNH ortholog Sticky, the observed interactions are not affected by
the switch II conformational changes upon nucleotide exchange
(25). The lack of additional anchoring points, although unexpected,
has previously been observed in protein–protein interactions for
other β-propeller proteins. For example, the non-GTPase protein
Laminin establishes a complex with the six-bladed β-propeller
Nidogen (PDB 1NPE) that is only stabilized by the packing of
a Laminin Switch II–like loop with the surface of the Nidogen
β-propeller blades 2 and 3 (SI Appendix, Fig. S7) (47). Taken to-
gether, the model suggests that the AfRho1 Switch II region is the
primary mediator of the AfRom2 CNH–AfRho1 interaction.
The multilayered cell wall is a structure unique to fungi and

absent in human cells. Targeting fungal cell wall biosynthetic
pathways is thought to be a promising strategy for the development
of new antifungal agents. In this work, we have identified a critical
stabilizing motif conserved in all fungi, the CNH domain, essential

for the molecular crosstalk between Rho1 and Rom2 as part of the
CWI pathway. The data presented here show that the presence of
the Rom2 CNH domain is required for proper Rho1 localization.
Deletion of the Rom2 CNH domain has severe consequences for
the CWI signaling pathway, including the disruption of the CWI,
leading to cell lysis under stress conditions. Both AfRho1 and
AfRom2 are potential antifungal targets, as their knockouts induce
lethal phenotypes (17, 19). However, AfRho1 is almost identical to
its human ortholog HsRhoA, with both proteins sharing a nearly
fully conserved active site (34). HsRhoA is ubiquitous and mediates
the cytoskeletal response to external signals in human cells (34).
Deficiencies in HsRhoA are not compatible with life (48). Thus,
selectively targeting AfRho1 may be difficult and prone to adverse
consequences due to collateral inhibition of HsRhoA. However,
due to the low degree of conservation between fungal and human
CNH domains, targeting this domain or the CNH-Rho1 Switch II
binding interface could be a strategy to disrupt CWI signaling.
Future work will be needed to explore whether the CNH-Rho1
interface can be specifically targeted.

Materials and Methods
Strains and Growth Conditions. The A. fumigatus strain KU80Δ was used for
phenotypic analysis (49). The parental strain for genetic manipulation,
KU80ΔpyrG− (49), was propagated at 37 °C on solid MM (50) supplemented
with 5 mM uridine and 5 mM uracil. Conidia were prepared by propagating
strains on solid medium for 72 h at 37 °C. The spores were collected with 0.1%
(vol/vol) Tween 20 in physiological saline, washed twice, and resuspended in
sterile water. Conidial concentration was confirmed using a hemocytometer
and viable cell counting. Mycelium were obtained by inoculating strains in
liquid medium and incubating at 37 °C with shaking at 200 rpm. At a specified
timepoint, the mycelia were harvested, washed with sterile water, frozen in
liquid nitrogen, and ground up using a mortar and pestle. All plasmids were
propagated in Escherichia coli DH5α cells (Bethesda Research Laboratories).

Construction of the rom2Δcnh Mutant. Plasmid 434 (51) was obtained from
the Fungal Genetics Stock Center (FGSC) and used as an Afrom2 gene carrier
backbone in the construction the rom2 cnh deletion mutant. The gfp and
pyrG selection markers were amplified from plasmid pHL83 (52) (obtained
from FGSC) with primers P1, containing a XbaI restriction site, and P2, con-
taining a SpeI restriction site (Table 2). The rom2 cnh domain 5′ flanking
region (1674-2724) and a noncoding region of rom2 (1,000 bp) were am-
plified from plasmid 434 with primers P3 and P4 and primers P5 and P6,
respectively (Table 2). The PCR product of cnh 5′ flanking region (1,050 bp)
and the rom2 downstream noncoding region were cloned by a restriction-
less method (53) into the upstream and downstream regions of the plasmid
434 fusion cassette to create plasmid rom2 (1674-2724) gfp-pyrG+ (Fig. 2A).

Following DNA sequence verification, rom2(1674-2724)-gfp-pyrG+ was
transformed into A. fumigatus KU80ΔpyrG− by polyethylen glycol (PEG)-
mediated fusion of protoplasts (54). Positive transformants were selected by
uridine/uracil autotrophy and verified by PCR and western blot analysis. For
PCR confirmation, a pair of primers P7 and P8 were used to amplify the cnh
region (rom2C) of the rom2 gene. The product was obtained from the pa-
rental strain but not from the mutant, suggesting the successful deletion of
the cnh coding region in the rom2 gene. Primers P9 and P10 were used to
amplify the gfp-pyrG cassette from the mutant but not from the parental
strain, demonstrating that the gfp-pyrG cassette has been incorporated into
the genomic DNA of the mutant. Primers P11 and P12 were used to amplify
a region from the rom2 gene (1.4 kb upstream of cnh) to the 5′ region of the
gfp-pyrG cassette (493 bp at the 5′ region). The product was only obtained
from the mutant but not from the parental strain. Furthermore, primers P13
and P14 were used to amplify the region from 3′ of the gfp-pyrG (526 bp)
cassette to the downstream 1.5 kb of cnh. Again, the product was only
obtained from the mutant but not from the parental strain. Primer pairs of
P11-P12 and P13-P14 were used to demonstrate that the gfp-pyrG cassette
has been incorporated into the correct locus in the A. fumigatus genome. To
further validate the mutant, Southern blotting was conducted. Using the
left homologous region as probe and NcoI digestion of genomic DNA, the
hybridization band of the mutant (1,628 bp) was expected and different
from the band of the parental strain (1,853 bp), demonstrating the single
correct integration of the deletion cassette at the CNH domain locus.

Conidia from the mutant and the parental strain (negative control) were
inoculated in 10 mL of YEPD (2% yeast extract, 2% glucose, and 0.1%
peptone) and cultured in a flask rotator at 37 °C for 48 h. Cell extracts were
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prepared by homogenizing the mycelia using liquid nitrogen in lysis buffer
(50 mM Tris/HCl pH 7.5, 150 mM NaCl, 50 mM KCl, 0.01% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1:100 protease inhibitor mix-
ture). Cell lysates were centrifuged at 5,000 rpm for 30 min to eliminate cell
debris, and then supernatants were further centrifuged at 7,000 rpm for
10 min at 4 °C. Total protein extracts were quantified by the Bradford
method and further examined for the presence of recombinant proteins by
10% sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) followed by western blotting using a GFP antibody. A control
strain expressing gpd-gfp was used as GFP-positive control.

Analysis of the rom2Δcnh Mutant. One hundred conidia from the rom2Δcnh
mutant and the parental strain were inoculated onto solid YEPD medium
and incubated for 48 h at 37 °C, examined, and photographed. To test the
rom2Δcnh mutant sensitivity to chemical reagents, serial dilutions of conidia
from 107 to 104 were spotted on solid MM (50) containing 50 μg/mL of
Calcofluor White, 50 μg/mL Congo Red, 50 μg/mL sodium dodecyl sulphate
(SDS), 2.5 μg/mL caspofungin, and 10 μg/mL hygromycin B, respectively. After
incubation at 37 °C for 48 h, the plates were photographed. Three inde-
pendent experiments were performed.

To examine the ultrastructure of the cell wall, mycelia grown in solid MM
medium were fixed and examined with an H-600 electron microscope, as
described previously (55). For the chemical analysis of the cell wall, conidia
were inoculated into 100 mL MM liquid medium and incubated at 37 °C with
shaking at 200 rpm for 48 h. The mycelia were harvested, washed with
sterile water, and stored at −80 °C. The cell wall components were isolated
and assayed as described previously (56). Three samples of lyophilized my-
celia were used for cell wall analysis from each strain, and three indepen-
dent experiments were performed.

Construction of the gfp-cnhMutant. Plasmid p434 (51) was used as a backbone
construct. A gfp and rom2 cnh domain (2725-3792) fusion cassette was made
and landed with primers P15 and P16 restrictionless into p434 after the gpd
promoter to induce expression (27) (Table 2). The resulting plasmid gpd-gfp-
rom2 (2725-3792) was transformed into A. fumigatus KU80ΔpyrG− by PEG-
mediated fusion of protoplasts (54). Positive transformants were selected by
uridine/uracil autotrophy. The presence of the gpd-gfp-rom2 (2725-3792)
insertions was evaluated by amplifying a 480 bp region of the mutant with

PCR primers P17 and P18 (Table 2). Further confirmation in conidia was
performed by western blot as described for the rom2Δcnh mutant.

GFP Fluorescence Localization Imaging. To determine the localization of the
GFP-AfRom2, GFP-AfRom2ΔCNH, and CNH domain under the gpdA pro-
moter, the selected strains (1 × 103 conidia in 1 mL of liquid MM) were
grown in eight-well cell culture plates (Thermo Scientific) with a cover glass
sitting in the bottom of the well. Live fluorescence imaging was recorded
after 13 h incubation at 37 °C with a fluorescence Zeiss Axio Imager M1
equipped with an Axiocam Icc1 and an Axiocam MRM (Carl Zeiss GmbH).

Protein Extraction and GFP-Trap Affinity Purification. The A. fumigatus strain
expressing the gpd-gfp-cnh fusion construct and a control strain expressing
gpd-gfp were grown in YEPD liquid medium with agitation for 24 h at 37 °C.
A. fumigatus cells were collected by filtering through a Miracloth (Millipore)
and dried. Cell extracts were prepared by homogenizing the mycelia,
resuspended in lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 50 mM KCl,
0.01% Triton X-100, 1 mM PMSF, and 1:100 protease inhibitor mixture) using
liquid nitrogen. Total cell lysates were centrifuged for 30 min at 5,000 rpm to
eliminate cell debris before a further centrifugation at 7,000 rpm for 10 min
at 4 °C was performed. Total soluble protein concentration was determined
by Bradford and then diluted to ∼10 mg/mL before the GFP-Trap affinity
purification (Chromotek). GFP-Trap resin (25 μL) was equilibrated in 400 μL
of ice-cold dilution buffer (10 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 1 mM PMSF, 1:100 protease inhibitor mixture) by washing three times
according to the manufacturer’s instructions. The GFP-Trap resin was then
resuspended in 100 μL of ice-cold dilution buffer, mixed with cell lysate, and
incubated for 2 h at 4 °C with gentle agitation. The suspension was centri-
fuged at 2,000 rpm for 10 min at 4 °C, and the pelleted GFP-Trap beads were
washed twice with 500 μL of wash buffer (10 mM Tris/HCl pH 7.5, 350 mM
NaCl, 0.5 mM EDTA, 1 mM PMSF, 1:100 protease inhibitor mixture). Bound
proteins were extracted in 100 μL glycine pH 2.5 and centrifuged at
2,000 rpm for 2 min at 4 °C. Prior to mass spectrometry, the eluted proteins
were separated and analyzed in 10% SDS-PAGE gels.

Mass Spectrometry and Data Analysis. Samples from the gfp-cnh over-
expression mutant and the gfp overexpression mutant were run on a 10%

Table 2. PCR primers used in this study

Primer Sequence (5′ to 3′)

P1 5′ AAATCTAGAATGAACAAGACAGTTTTGTGTTCAATTTTTTC 3′
P2 5′ CTGTCTGAGAGGAGGCACTGATG 3′
P3 5′ CATCACCGAATTCTGGCAATGTCTAGAGTGTTCGGAAATTGCTTGGAAGTT

CTG 3′
P4 5′ GCTCCAGCGCCTGCACCAGCTCCAACAGGGACAAGGCAGTTCACGC 3′
P5 5′ CGCATCAGTGCCTCCTCTCAGACAGGGCGCTTGAATGGCTGGTACAATCAA

AAG 3′
P6 5′ CGGAGAGAGATTCTTCTGCTGCTGTACTAGTATGGTATCTGGCTGTTGCTT

GCTCCCG 3′
P7 5′ CACTCCCAATACTATCCTCTTGCGC 3′
P8 5′ GGCTTGTTCCAGAAATCCAGACTGGC 3′
P9 5′ GGAGCTGGTGCAGGCGCTGGAGC 3′
P10 5′ CTGTCTGAGAGGAGGCACTGATGCG 3′
P11 5′ CGATGTGACGTACGATCATCGACTTC 3′
P12 5′ CTTGTCGGCCATGATGTATACGTTGTG 3′
P13 5′ GGACAGCAATACCAGACTCCTGCATC 3′
P14 5′ GCAGTGGTCACGATTCCTCTATGAAC 3′
P15 5′ CATCACCGAATTCTGGCAATGTCTAGAatgAGTAAAGGAGAAGAACTTTTC

ACTGG 3′
P16 5′ GAGCATTGTTTGAGGCGACCGGTTTACTTGTTCCAGAAATCCAGACTGGC 3′
P17 5′ CGCCAAGGCTTTATCTATGTAG 3′
P18 5′ TCCCATGAGATCTTCCAATCCG 3′
P19 5′ CAGTCTGGATTTCTGGAACAAGTAACAACAACAACAATGAGCGGCC 3′
P20 5′ GGCCGCTCATTGTTGTTGTTGTTACTTGTTCCAGAAATCCAGACTG 3′
P21 5′ CTGGGATCCATGGCTGAATCCGCCGCAAGC 3′
P22 5′ GATGCGGCCGCTCATCAGTGGGTCTTGGTCAAGAGAGCAG 3′
P23 5′ CTGGGATCCAACAAGACAGTTTTGTGTTCAAATTTTTTC 3′
P24 5′ GATGCGGCCGCTCATTGTTGTTGTTGGGGCTTGTTCC 3′
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SDS-PAGE gel and stained with InstantBlue (Expedeon) Coomassie stain.
After thoroughly washing with mass spectometry (MS) grade water (VWR
International), each lane on the gel was excised by cutting 1-mm cubes with
a sterile scalpel. In-gel digestion and peptides extraction was performed as
previously described (57). Each sample (15 μL) was injected for the liquid
chromatography–mass spectrometry experiments, which were performed on
an Ultimate 3000 RSLCnano System (Dionex- Thermo Scientific) coupled to
an LTQ OrbiTrap Velos (Thermo Scientific). The Mascot search engine
(Mascot Daemon Version 2.3.2) was used to analyze the data against the A.
fumigatus proteome (from UniProt, Neosartorya fumigata [strain ATCC
MYA-4609/Af293/CBS 101355/FGSC A1100] [A. fumigatus], December 2019).
GO analyses were run using GO Slim Mapper (58) and FungiFun 2.2.8 (59).

Protein Expression and Purification of AfRom2CNH and AfRho1. Recombinant
His6-Rom2 CNH (862-1194) was cloned into a noncleavable 6His version of
the expression vector pGEX6P1 (GE Healthcare) by using restriction enzymes
BamHI and NotI and primers P23 and P24. Then, the C terminus was trun-
cated using the P20 and P19 primers (Table 2). Recombinant AfRho1 (resi-
dues 1 to 181) was cloned into the expression vector pGEX6P1 (GE Healthcare)
using restriction enzymes BamHI and NotI and primers P21 and P22 (Table 2). A
F25N mutation was introduced in AfRho1 for protein stability, as described
previously (60, 61). Both expression constructs were transformed into E. coli
BL21 (non-DE3) cells and plated onto solid Luria Bertani (LB) media supple-
mented with ampicillin. Positive clones from each construct were inoculated in
100 mL of liquid LB and let them grow overnight at 37 °C in constant agitation.
Then, 10 mL of each starter culture was inoculated into 1 L of LB and grown at
37 °C until reaching OD600 of 0.8, then protein expression was induced with
250 μM IPTG at 25 °C for 16 h. Induced cultures were harvested by centrifu-
gation at 4,000 rpm at 4 °C for 30 min in a J6-MI centrifuge (Beckman Coulter).
Pellets were resuspended in Tris-buffered saline (TBS)) buffer supplemented
with 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP) and protease inhibitor
mixture (1 mM benzamidine, 0.2 mM PMSF, 5 μM leupeptin) and then lysed by
using pressure homogenization with an EmulsiFlex cell disruptor (15,000 kPa;
Avestin). This was followed by one step of centrifugation at 16,000 rpm for 1 h
using an Avanti J26S centrifuge (Beckman Coulter). Recombinant AfRom2 CNH
was enriched by incubating supernatants with His-Nickel beads equilibrated in
TBS buffer (GE Healthcare) at 4 °C on a rotating platform for 2 h. Beads were
washed five times with TBS to remove nonspecifically binding proteins, and
then recombinant AfRom2 CNH protein was eluted by using a 10 to 250 mM
imidazole gradient.

Recombinant GST-tagged AfRho1 protein was enriched by using the same
procedure described for AfRom2 CNH but using Glutathione-Sepharose
beads 4B (GE Healthcare) instead of nickel beads. Recombinant AfRho1
was recovered from the beads by the GST tag cleavage with the addition of
200 μg of PreScission protease at 4 °C overnight in a rotatory shaker.

Eluted proteins were concentrated to 5 mL (AfRom2 CNH) or 2 mL
(AfRho1) using a 10 kDa cutoff Vivaspin concentrator (Amersham Bioscience)
and further purified by size exclusion using a Superdex 200 column for
AfRom2 CNH or a Superdex 75 column for AfRho1 (GE Healthcare). Both
columns were previously equilibrated in purification buffer (50 mM Tris,
150 mM NaCl, 0.5 mM TCEP). Proteins were eluted at a flow rate of 1 mL/min
in the same buffer using an AKTA prime FPLC system (GE Healthcare). The
presence of recombinant protein was confirmed by SDS-PAGE. Fractions
containing protein were pooled and concentrated to 2 mg/mL using a
10 kDa cutoff Vivaspin concentrator (GE Healthcare) and then frozen in
liquid nitrogen and finally stored at −80 °C until further use.

Crystallization, Data Collection, and Structure Determination. AfRom2 CNH
and SeMet derivative crystals were grown by vapor diffusion from solutions
containing 0.2 μL protein (2 mg/mL) and 0.2 μL of Morpheus H10 condition
(Molecular Dimensions) as a precipitant. Crystals were then mounted in
nylon loops and flash frozen in liquid nitrogen. Native diffraction data sets
were collected at the Diamond Light Source I03 beamline (Harwell), while
AfRom2 CNH SeMet derivative datasets were collected at the European
Synchrotron Radiation Facility (ESRF) ID30A-3 beamline (ESRF).

AfRom2 CNH and SeMet derivative crystals both belonged to the P21 212
orthorhombic space group with similar unit cell dimensions. Diffraction data
sets were processed using XDS (62) and then merged and scaled with Aimless

(63). Experimental phases were obtained from the derivative data by Sele-
nium Single-wavelength anomalous diffraction (Se-SAD) phasing with the
AutoSol and Autobuild options in PHENIX program suite (64). This was fol-
lowed by iterative cycles of manual model building in COOT (65) and
structure refinement with REFMAC5 (66). The native AfRom2 CNH structure
was solved by molecular replacement using the SeMet AfRom2 CNH model
in MOLREP (67, 68). Refmac5 (67) was used for further refinement followed
by manual model building with COOT (65). All data collection and refine-
ment statistics are presented in Table 1. Figures depicting the protein
structure were generated using PyMOL (69).

AfRho1 crystals were grown by vapor diffusion from solutions containing
0.2 μL protein (20 mg/mL) and 0.2 μL of precipitant consisting of 37.1% wt/
vol PEG 5000 MME, 150 mM Tris pH 8.0, and 40 mM magnesium sulfate, plus
GDP or GTPγS phosphonucleotides as required. Crystals were mounted in ny-
lon loops and flash frozen in liquid nitrogen, and datasets were collected in
the beamline ID30A (ERSF) (GDP) or by using our in-home Rigaku source
(GTPγS). Datasets were indexed and integrated using iMosflm (70, 71) and
then merged and scaled by Aimless (63). AfRho1 protein complexed with GDP
crystallized into the tetragonal space group P43, while the GTPγS complex
crystallized into the P21 212 orthorhombic space group. In both cases, a single
molecule was present in the asymmetric unit. AfRho1 structures were solved
by molecular replacement using MOLREP (72) with the HsRhoA structure (PDB
ID 1FTN) (34) as the phase donor. This was followed by iterative cycles of
manual model building in COOT (65) and structure refinement with REFMAC5
(66, 73). Data collection and refinement statistics are presented in Table 1.
Figures depicting the protein structures were generated using PyMOL (69).

BLI Binding Affinity Measurements. BLI was used to measure the binding af-
finities of AfRho1 protein with/without GDP/GTPγS nucleotides to AfRom2
CNH. To achieve this, a solution of 1 mg/mL of AfRom2 in reaction buffer
(25 mM Hepes, 150 mM NaCl, 0.5 mM TCEP pH 7.5) was biotinylated using
the EZLink NHS-Peg4-Biotin reagent (Thermo Scientific) according to the man-
ufacturer’s instructions. Excess of biotin was removed with a 2 mL Zeba spin
desalting column (Thermo Scientific). An Octet Htx (Forte Bio) was used for
measuring the AfRom2 CNH− apo AfRho1 interaction, and an Octet Red 384
system (Forte Bio) was used for measuring the AfRom2 CNH− AfRho1-GDP and
AfRom2 CNH− AfRho1-GTP interactions. Briefly, sensors were coated in each
Octet system with the biotinylated AfRom2 CNH and binding experiments per-
formed. The optimal AfRom2 concentration required to coat the super strep-
tavidin (SSA) biosensors, previously soaked in reaction buffer for this experiment,
was 30 μg/mL. To block any free SSA streptavidin sites and avoid potential un-
specific signals, a further incubation for 120 s with biocytin was required. As a
reference control for the experiment, a new set of SSA sensors not exposed to
AfRom2 CNH were blocked with biocytin following the same procedure.

The AfRho1–AfRom2 binding consisted of a six-point concentration-
dependent series commencing at 1 mM in threefold serial dilutions mea-
sured in three steps: 1) 60 s baseline determination in assay buffer, 2) 60 s
association in each concentration, and 3) 120 s of dissociation step in assay
buffer. The entire experiment was repeated with the control (reference)
sensors. Data were processed and visualized using proprietary Octet software
specific for each Octet machine, and the response rate was determined by
subtracting the baseline and reference responses. Binding isotherms were fit
using Octet software to determine the dissociation constant (Kd). The Kd value
was double referenced by applying global, steady-state, and partial fits (where
appropriate).

Data Availability. The atomic models have been deposited in the PDB Da-
tabase under the accession nos. 5O51, 5ZVP, and 6JIK).

ACKNOWLEDGMENTS. We thank the ESRF–European Molecular Biology Lab-
oratory Joint Structural Biology group in Grenoble and Diamond Synchrotron
Facility in Oxford for beamline time; Samantho Kosto from the Dundee Fin-
gerPrints Proteomics facility for help with mass spectrometry; Martin Kierans
from the Dundee Imaging facility for help with EM; and Luci de Vries for
assistance with protein purification. This work was funded by a Medical Re-
search Council Programme Grant (V001094) to D.M.F.v.A. W.W. was supported
by the Chinese Scholarship Council. D.E.A.L. was supported by a Wellcome
Trust Postdoctoral Research Training Fellowship for Clinicians (WT105772).

1. I. S. Schwartz, T. F. Patterson, The emerging threat of antifungal resistance in trans-

plant infectious diseases. Curr. Infect. Dis. Rep. 20, 2 (2018).
2. A. C. Pasqualotto, D. W. Denning, New and emerging treatments for fungal infec-

tions. J. Antimicrob. Chemother. 61 (suppl. 1), i19–i30 (2008).
3. J. Heeres, L. J. Backx, J. Van Cutsem, Antimycotic azoles. 7. Synthesis and antifungal

properties of a series of novel triazol-3-ones. J. Med. Chem. 27, 894–900 (1984).

4. D. S. Palacios, I. Dailey, D. M. Siebert, B. C. Wilcock, M. D. Burke, Synthesis-enabled

functional group deletions reveal key underpinnings of amphotericin B ion channel

and antifungal activities. Proc. Natl. Acad. Sci. U.S.A. 108, 6733–6738 (2011).
5. A. R. Balakrishnan, K. R. Easwaran, Lipid-amphotericin B complex structure in solu-

tion: A possible first step in the aggregation process in cell membranes. Biochemistry

32, 4139–4144 (1993).

Bartual et al. PNAS | 9 of 10
The citron homology domain as a scaffold for Rho1 signaling https://doi.org/10.1073/pnas.2110298118

M
IC
RO

BI
O
LO

G
Y

http://www.rcsb.org/pdb/explore/explore.do?structureId=5O51
http://www.rcsb.org/pdb/explore/explore.do?structureId=5ZVP
http://www.rcsb.org/pdb/explore/explore.do?structureId=6JIK
https://doi.org/10.1073/pnas.2110298118


6. S. C. Chen, M. A. Slavin, T. C. Sorrell, Echinocandin antifungal drugs in fungal infec-
tions: A comparison. Drugs 71, 11–41 (2011).

7. A. Beauvais et al., Glucan synthase complex of Aspergillus fumigatus. J. Bacteriol. 183,
2273–2279 (2001).

8. L. Ostrosky-Zeichner, A. Casadevall, J. N. Galgiani, F. C. Odds, J. H. Rex, An insight into
the antifungal pipeline: Selected newmolecules and beyond. Nat. Rev. Drug Discov. 9,
719–727 (2010).

9. J. A. Maertens et al., Isavuconazole versus voriconazole for primary treatment of in-
vasive mould disease caused by Aspergillus and other filamentous fungi (SECURE): A
phase 3, randomised-controlled, non-inferiority trial. Lancet 387, 760–769 (2016).

10. S. J. Howard et al., Multi-azole resistance in Aspergillus fumigatus. Int. J. Antimicrob.
Agents 28, 450–453 (2006).

11. S. M. Bowman, S. J. Free, The structure and synthesis of the fungal cell wall. BioEssays
28, 799–808 (2006).

12. S. E. Hardison, G. D. Brown, C-type lectin receptors orchestrate antifungal immunity.
Nat. Immunol. 13, 817–822 (2012).

13. J. P. Latgé, The cell wall: A carbohydrate armour for the fungal cell. Mol. Microbiol.
66, 279–290 (2007).

14. D. E. Levin, Cell wall integrity signaling in Saccharomyces cerevisiae. Microbiol. Mol.
Biol. Rev. 69, 262–291 (2005).

15. D. E. Levin, Regulation of cell wall biogenesis in Saccharomyces cerevisiae: The cell
wall integrity signaling pathway. Genetics 189, 1145–1175 (2011).

16. O. Kondoh, Y. Tachibana, Y. Ohya, M. Arisawa, T. Watanabe, Cloning of the RHO1
gene from Candida albicans and its regulation of beta-1,3-glucan synthesis.
J. Bacteriol. 179, 7734–7741 (1997).

17. K. Dichtl, C. Helmschrott, F. Dirr, J. Wagener, Deciphering cell wall integrity signalling
in Aspergillus fumigatus: Identification and functional characterization of cell wall
stress sensors and relevant Rho GTPases. Mol. Microbiol. 83, 506–519 (2012).

18. K. Ozaki et al., Rom1p and Rom2p are GDP/GTP exchange proteins (GEPs) for the
Rho1p small GTP binding protein in Saccharomyces cerevisiae. EMBO J. 15, 2196–2207
(1996).

19. S. Samantaray, M. Neubauer, C. Helmschrott, J. Wagener, Role of the guanine nu-
cleotide exchange factor Rom2 in cell wall integrity maintenance of Aspergillus fu-
migatus. Eukaryot. Cell 12, 288–298 (2013).

20. A. Mor, M. R. Philips, Compartmentalized Ras/MAPK signaling. Annu. Rev. Immunol.
24, 771–800 (2006).

21. S. Muñoz, E. Manjón, P. García, P. Sunnerhagen, Y. Sánchez, The checkpoint-
dependent nuclear accumulation of Rho1p exchange factor Rgf1p is important for
tolerance to chronic replication stress. Mol. Biol. Cell 25, 1137–1150 (2014).

22. B. Aghazadeh et al., Structure and mutagenesis of the Dbl homology domain. Nat.
Struct. Biol. 5, 1098–1107 (1998).

23. D. Justa-Schuch, Y. Heilig, C. Richthammer, S. Seiler, Septum formation is regulated by
the RHO4-specific exchange factors BUD3 and RGF3 and by the landmark protein
BUD4 in Neurospora crassa. Mol. Microbiol. 76, 220–235 (2010).

24. K. Taira et al., The Traf2- and Nck-interacting kinase as a putative effector of Rap2 to
regulate actin cytoskeleton. J. Biol. Chem. 279, 49488–49496 (2004).

25. Z. I. Bassi et al., Sticky/Citron kinase maintains proper RhoA localization at the
cleavage site during cytokinesis. J. Cell Biol. 195, 595–603 (2011).

26. S. Caplan, L. M. Hartnell, R. C. Aguilar, N. Naslavsky, J. S. Bonifacino, Human Vam6p
promotes lysosome clustering and fusion in vivo. J. Cell Biol. 154, 109–122 (2001).

27. R. J. Redkar, R. W. Herzog, N. K. Singh, Transcriptional activation of the Aspergillus
nidulans gpdA promoter by osmotic signals. Appl. Environ. Microbiol. 64, 2229–2231
(1998).

28. K. Dichtl et al., Aspergillus fumigatus devoid of cell wall β-1,3-glucan is viable, mas-
sively sheds galactomannan and is killed by septum formation inhibitors. Mol. Mi-
crobiol. 95, 458–471 (2015).

29. J. J. Coleman et al., Characterization of plant-derived saponin natural products
against Candida albicans. ACS Chem. Biol. 5, 321–332 (2010).

30. I. Chaudhuri, J. Söding, A. N. Lupas, Evolution of the beta-propeller fold. Proteins 71,
795–803 (2008).

31. L. Holm, L. M. Laakso, Dali server update. Nucleic Acids Res. 44 (W1), W351-5 (2016).
32. C. U. Stirnimann, E. Petsalaki, R. B. Russell, C. W. Müller, WD40 proteins propel cellular

networks. Trends Biochem. Sci. 35, 565–574 (2010).
33. W. Kagawa, T. Sagawa, H. Niki, H. Kurumizaka, Structural basis for the DNA-binding

activity of the bacterial β-propeller protein YncE. Acta Crystallogr. D Biol. Crystallogr.
67, 1045–1053 (2011).

34. Y. Wei et al., Crystal structure of RhoA-GDP and its functional implications. Nat.
Struct. Biol. 4, 699–703 (1997).

35. C. A. Johnston, D. P. Siderovski, Receptor-mediated activation of heterotrimeric
G-proteins: Current structural insights. Mol. Pharmacol. 72, 219–230 (2007).

36. H. Zong, K. Kaibuchi, L. A. Quilliam, The insert region of RhoA is essential for Rho
kinase activation and cellular transformation. Mol. Cell. Biol. 21, 5287–5298 (2001).

37. M. Bickle, P. A. Delley, A. Schmidt, M. N. Hall, Cell wall integrity modulates RHO1
activity via the exchange factor ROM2. EMBO J. 17, 2235–2245 (1998).

38. F. Vilella, E. Herrero, J. Torres, M. A. de la Torre-Ruiz, Pkc1 and the upstream elements
of the cell integrity pathway in Saccharomyces cerevisiae, Rom2 and Mtl1, are re-
quired for cellular responses to oxidative stress. J. Biol. Chem. 280, 9149–9159 (2005).

39. P. Madaule et al., A novel partner for the GTP-bound forms of rho and rac. FEBS Lett.
377, 243–248 (1995).

40. P. Pérez, J. C. G. Cortés, J. Cansado, J. C. Ribas, Fission yeast cell wall biosynthesis and
cell wall integrity signalling. Cell Surf. 4, 1–9 (2018).

41. P. A. Randazzo et al., Quantitative analysis of guanine nucleotide exchange factors
(GEFs) as enzymes. Cell. Logist. 3, e27609 (2014).

42. P. Perez, S. A. Rincón, Rho GTPases: Regulation of cell polarity and growth in yeasts.
Biochem. J. 426, 243–253 (2010).

43. A. C. Dumetz, A. M. Snellinger-O’brien, E. W. Kaler, A. M. Lenhoff, Patterns of protein
protein interactions in salt solutions and implications for protein crystallization.
Protein Sci. 16, 1867–1877 (2007).

44. P. Canning, F. J. Sorrell, A. N. Bullock, Structural basis of Keap1 interactions with Nrf2.
Free Radic. Biol. Med. 88 (Pt B), 101–107 (2015).

45. K. O. Kopec, A. N. Lupas, β-Propeller blades as ancestral peptides in protein evolution.
PLoS One 8, e77074 (2013).

46. D. G. Lambright et al., The 2.0 A crystal structure of a heterotrimeric G protein. Nature
379, 311–319 (1996).

47. J. Takagi, Y. Yang, J. H. Liu, J. H. Wang, T. A. Springer, Complex between nidogen and
laminin fragments reveals a paradigmatic beta-propeller interface. Nature 424,
969–974 (2003).

48. S. J. Heasman, A. J. Ridley, Mammalian Rho GTPases: New insights into their functions
from in vivo studies. Nat. Rev. Mol. Cell Biol. 9, 690–701 (2008).

49. M. E. da Silva Ferreira et al., The akuB(KU80) mutant deficient for nonhomologous
end joining is a powerful tool for analyzing pathogenicity in Aspergillus fumigatus.
Eukaryot. Cell 5, 207–211 (2006).

50. S. Armitt, W. McCullough, C. F. Roberts, Analysis of acetate non-utilizing (acu) mu-
tants in Aspergillus nidulans. J. Gen. Microbiol. 92, 263–282 (1976).

51. K. Vogt, R. Bhabhra, J. C. Rhodes, D. S. Askew, Doxycycline-regulated gene expression
in the opportunistic fungal pathogen Aspergillus fumigatus. BMC Microbiol. 5, 1
(2005).

52. H. L. Liu, C. P. De Souza, A. H. Osmani, S. A. Osmani, The three fungal transmembrane
nuclear pore complex proteins of Aspergillus nidulans are dispensable in the presence
of an intact An-Nup84-120 complex. Mol. Biol. Cell 20, 616–630 (2009).

53. M. A. Algire, Restrictionless cloning. Methods Enzymol. 529, 125–134 (2013).
54. K. Langfelder, S. Gattung, A. A. Brakhage, A novel method used to delete a new

Aspergillus fumigatus ABC transporter-encoding gene. Curr. Genet. 41, 268–274
(2002).

55. H. Li et al., Glycosylphosphatidylinositol (GPI) anchor is required in Aspergillus fumi-
gatus for morphogenesis and virulence. Mol. Microbiol. 64, 1014–1027 (2007).

56. W. Fang et al., Characterization of the Aspergillus fumigatus phosphomannose
isomerase Pmi1 and its impact on cell wall synthesis and morphogenesis. Microbiol-
ogy (Reading) 155, 3281–3293 (2009).

57. N. Selvan et al., A mutant O-GlcNAcase enriches Drosophila developmental regula-
tors. Nat. Chem. Biol. 13, 882–887 (2017).

58. G. C. Cerqueira et al., The Aspergillus genome database: Multispecies curation and
incorporation of RNA-Seq data to improve structural gene annotations. Nucleic Acids
Res. 42, D705–D710 (2014).

59. S. Priebe, C. Kreisel, F. Horn, R. Guthke, J. Linde, FungiFun2: A comprehensive online
resource for systematic analysis of gene lists from fungal species. Bioinformatics 31,
445–446 (2015).

60. R. Rose, A. Wittinghofer, M. Weyand, The purification and crystallization of mDia1 in
complex with RhoC. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 61, 225–227
(2005).

61. A. Marchler-Bauer et al., CDD: A conserved domain database for the functional an-
notation of proteins. Nucleic Acids Res. 39, D225–D229 (2011).

62. W. Kabsch, XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132 (2010).
63. P. R. Evans, G. N. Murshudov, How good are my data and what is the resolution? Acta

Crystallogr. D Biol. Crystallogr. 69, 1204–1214 (2013).
64. N. Echols et al., Graphical tools for macromolecular crystallography in PHENIX. J. Appl.

Cryst. 45, 581–586 (2012).
65. P. Emsley, K. Cowtan, Coot: Model-building tools for molecular graphics. Acta Crys-

tallogr. D Biol. Crystallogr. 60, 2126–2132 (2004).
66. G. N. Murshudov et al., REFMAC5 for the refinement of macromolecular crystal

structures. Acta Crystallogr. D Biol. Crystallogr. 67, 355–367 (2011).
67. G. N. Murshudov, A. A. Vagin, E. J. Dodson, Refinement of macromolecular structures

by the maximum-likelihood method. Acta Crystallogr. D Biol. Crystallogr. 53, 240–255
(1997).

68. A. Vagin, A. Teplyakov, MOLREP: An automated program for molecular replacement.
J. Appl. Cryst. 30, 1022–1025 (1997).

69. W. L. DeLano, Use of PYMOL as a communications tool for molecular science. Abst.
Pap. Am. Chem. Soc. 228, U313–U314 (2004).

70. T. G. Battye, L. Kontogiannis, O. Johnson, H. R. Powell, A. G. Leslie, iMOSFLM: A new
graphical interface for diffraction-image processing with MOSFLM. Acta Crystallogr.
D Biol. Crystallogr. 67, 271–281 (2011).

71. H. R. Powell, O. Johnson, A. G. Leslie, Autoindexing diffraction images with iMosflm.
Acta Crystallogr. D Biol. Crystallogr. 69, 1195–1203 (2013).

72. K. Cowtan, P. Emsley, K. S. Wilson, From crystal to structure with CCP4. Acta Crys-
tallogr. D Biol. Crystallogr. 67, 233–234 (2011).

73. R. A. Nicholls, F. Long, G. N. Murshudov, Low-resolution refinement tools in RE-
FMAC5. Acta Crystallogr. D Biol. Crystallogr. 68, 404–417 (2012).

74. W. Fang et al., Genetic and structural validation of Aspergillus fumigatus UDP-N-a-
cetylglucosamine pyrophosphorylase as an antifungal target. Mol. Microbiol. 89,
479–493 (2013).

75. W. Kim, G. L. Hendricks, K. Lee, E. Mylonakis, An update on the use of C. elegans for
preclinical drug discovery: Screening and identifying anti-infective drugs. Expert
Opin. Drug Discov. 12, 625–633 (2017).

10 of 10 | PNAS Bartual et al.
https://doi.org/10.1073/pnas.2110298118 The citron homology domain as a scaffold for Rho1 signaling

https://doi.org/10.1073/pnas.2110298118

