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Abstract

Bacterial two-component regulatory systems (TCSs) mediate signal transduction by transferring
phosphoryl groups between sensor kinase and response regulator proteins, sometimes using
intermediary histidine-phosphotransferase (Hpt) domains to form multistep phosphorelays.
Because almost all known fungal sensor kinases exhibit a domain architecture characteristic

of bacterial TCS phosphorelays, all known fungal Hpts are stand-alone proteins suited to
shuttle between cytoplasm and nucleus, and the best-characterized fungal TCS is a canonical
phosphorelay, it is widely assumed that most or all fungal TCSs function via phosphorelays.
However, fungi generally encode more sensor kinases than Hpts or response regulators, leading
to a disparity between putative phosphorelay inputs and outputs. The simplest resolution of this
paradox is to hypothesize that most fungal sensor kinases do not participate in phosphorelays.
Reimagining how fungal TCSs might function leads to multiple testable predictions.
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Two-Component Regulatory Systems Mediate Signal Transduction

Two-component regulatory systems (TCSs, see Glossary) mediate signal transduction via
transient protein phosphorylation in bacteria, archaea, fungi, and plants [1]. TCSs assemble
circuits suitable for particular signaling purposes from a set of modular protein domains
(reviewed in [2-4]). In a basic bacterial TCS, the unique input and output domains of sensor
kinase and response regulator proteins (the two components) are functionally connected via
phosphorylation of conserved domains (Figure 1A). The input domain of a sensor kinase
detects environmental conditions and regulates the activity of a conserved catalytic and
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ATP binding (CA) domain to autophosphorylate a His residue in a conserved dimerization/
histidine phosphorylation (DHp) domain. The phosphoryl group is then transferred to an
Asp residue in the conserved receiver domain of a response regulator. Receiver domains
exist in equilibria between inactive and active conformations. Energetically disfavored active
conformations are stabilized by phosphorylation. Thus, the phosphorylation state of the
receiver controls activity of the output domain, which implements the response. Removal of
the phosphoryl group by hydrolysis terminates the response.

When present, a histidine phosphotransfer domain (Hpt) expands the signaling repertoire of
"two-component" systems. Hpts participate in bidirectional phosphotransfer reactions with
receiver domains to form multistep phosphorelays (Figure 1B). In bacterial phosphorelays,
multiple phosphorylation domains can be incorporated into the same protein. A hybrid
histidine kinase (HHK) adds a receiver domain to a basic sensor kinase, whereas an
unorthodox kinase further includes an attached Hpt domain.

Phosphorelays offer at least five information-processing benefits compared to basic TCSs:
(i) A phosphorelay provides multiple points of regulation [5]. (ii) Signals can be rapidly
terminated without phosphatases by reverse phosphotransfer and self-catalyzed receiver
domain dephosphorylation (Figure 1B) [6]. (iii) Interaction of one Hpt with three or more
receiver domains can form branched networks that integrate (many-to-one) or distribute
(one-to-many) information [1]. (iv) A chain of phosphorylation sites can generate nonlinear
responses to stimuli [7-10]. (v) In eukaryotes, Hpts can shuttle phosphoryl groups between
sensor kinases in the cell membrane or cytoplasm and response regulators in the nucleus
[11].

TCSs originated [12] and were first discovered in Bacteria [13], and have been more
thoroughly characterized in Bacteria than in Archaea or Eukarya. Organization of TCSs
clearly differs between phylogenetic groups [1]. This article points out how biases based
on extrapolating extensive knowledge of bacterial TCSs may have crept into mechanistic
interpretations of data on fungal TCSs.

Fungal Osmosensing TCSs are Phosphorelays

The osmosensing TCS of Saccharomyces cerevisiae is the first discovered [14, 15] and
best characterized [16] fungal TCS. The membrane-bound HHK SIn1 transfers phosphoryl
groups to the Hpt protein Ypd1, which serves as phosphodonor for the Skn7 and Ssk1
response regulators. Nuclear Skn7 acts as a transcription factor, whereas cytoplasmic Ssk1
regulates the high osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK)
cascade. Thus, the S. cerevisiae osmosensing TCS functions via a multistep phosphorelay
and is organized similarly to a typical bacterial phosphorelay, with the exception of sub-
cellularly localized response regulators.

The HOG pathway and its mechanisms of regulation are broadly conserved in fungi,
although with variations [17, 18]. Misregulation of the HOG pathway is lethal, providing
a potential drug target that has attracted extensive attention from researchers. In fact, the
antifungal agent fludioxonil Kills by acting indirectly on Group 111 HHKSs to activate the
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HOG pathway [19]. Group Il HHKSs feature multiple HAMP domains, have the widest
phylogenetic distribution of any fungal HHK Group, and are involved in morphogenesis in
many species [20, 21]. Ypd1 is essential for viability in some species of fungi but not others
[22-26], suggesting multiple regulatory controls of the HOG system.

Characteristic Features of Fungal TCSs

Fungal TCSs are typically assumed to function via phosphorelays because of several
distinctive features shared by all known fungal TCSs (reviewed in [27, 28]). First, almost all
fungal sensor kinases are HHKs, and HHKs are commonly associated with phosphorelays
in bacteria. Some fungal sensor kinases take the form of two complete HHKSs in the

same protein, and there are rare variations on the HHK theme (e.g., no CA domain, no
receiver domain, or two receiver domains). Second, all fungal TCSs encode one type of Hpt
(Ypd1) and two types of response regulator (Skn7, Ssk1) proteins, as in the S. cerevisiae
phosphorelay. A narrow phylogenetic group of fungi (e.g., Candida) also encode a third
type of mitochondrial response regulator, Ssrl [29]. Third, there is good evidence for
osmosensing TCS phosphorelays in many fungal species [17, 18]. Finally, all fungal Hpt
domains are encoded as distinct proteins and have not been found in unorthodox kinases

as in bacteria (Figure 1B), consistent with phosphorelays in which Hpt proteins carry
phosphoryl groups between the cytoplasm and the nucleus [11, 30].

The Fungal Hpt Paradox

In striking contrast to the limited repertoire of Hpt and response regulator proteins, fungi
often encode many HHKSs. Virtually all carry C-terminal DHp, CA, and receiver domains,
but differ substantially in their N-terminal regions, which provide the basis for classification
into 19 different types (Groups I to X1X) of fungal HHKs [27, 28, 31, 32]. The 52

fungal genomes used to develop HHK classification were all from different genera and
encoded a range of 1 to 21 HHKSs, with an average of 9 and standard deviation of 5. The
well-characterized case of S. cerevisiae, upon which much interpretation of fungal TCSs is
based by analogy, is an outlier with only one HHK. What are the implications of the general
case of fungi with many HHKSs, but one Hpt and few response regulators?

Hpts are promiscuous by design, with an exposed His phosphorylation site. Hpts must
interact with at least two different receiver domains to form a phosphorelay (Figure 1B),
and S. cerevisiae Ypdl interacts with three different receiver domains in SInl, Skn7, and
Ssk1 [11]. Purified Hpt and receiver domains from different TCSs (and even different
species) can successfully exchange phosphoryl groups /n vitro [33—-36]. We created an
artificial phosphorelay that connected unrelated receiver domains by replacing the entire
Hpt protein with the small molecule imidazole (the sidechain of His) [37]. Thus, the need
for phosphotransfer reactions between multiple HHKs and a single Ypd1 does not pose a
theoretical barrier to the paradigm that fungal TCSs function as phosphorelays.

However, there is a serious objection. Evidence indicates that individual fungal HHKs
respond to different stimuli and control distinct physiological processes [38—40]. If fungal
TCSs primarily function via phosphorelays, then how can distinct stimuli detected by many
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different HHKs be funneled through one Hpt to very few response regulators and still
implement appropriate responses (Figure 2)? Several clever schemes have been proposed

to retain specificity when passing phosphoryl groups through a single Ypd1, including
different scaffolds to form specific complexes, different Ypd1 isoforms (splice variants),

and frequency modulated transmission [1, 41]. Some of these mechanisms may be utilized
[42], but none satisfactorily address the fundamental paradox. Instead, each simply shifts the
bottleneck from one Hpt protein to a few response regulators.

Reimagining Fungal TCSs

The simplest resolution of the paradox is to hypothesize that most fungal TCSs do not form
phosphorelays after all. In this view, only the osmotic stress and closely related pathways
utilize a phosphorelay, which is sufficient to explain why all fungal TCSs encode similar
Hpts and response regulators. Importantly, there appears to be no published evidence to
convincingly demonstrate that any fungal TCS other than the osmotic stress response uses a
phosphorelay. The hypothesis that most fungal HHKSs do not signal via phosphorelays leads
to at least four experimentally testable predictions, considered below (Figure 3, Key Figure).

Prediction #1 - Most Fungal TCS Pathways Do Not Include Hpts or

Response Regulators

The first prediction is that phenotypes arising from deletion or silencing of genes encoding
fungal Hpts or response regulators will not mimic phenotypes due to deletion of genes
encoding non-osmosensing HHKSs, because non-osmosensing HHKs do not signal through
Hpts or response regulators (Figure 3B1). This prediction appears to have been rarely
tested. In many fungal species, Ypd1 is essential for viability due to regulation of the HOG
pathway [18]. Thus, it can be challenging to attribute other phenotypes to loss of Ypd1.
However, a AypdI mutation is not lethal in a background containing additional mutations
that inactivate the HOG pathway. For example, deleting ypdZ in a Ahogl background in
Cryptococcus neoformans affects the same phenotypes observed in AsskZ or Askn7 strains
[23], consistent with all three genes participating in shared pathways as expected for a
phosphorelay. In contrast. Candida albicans Aypd1 strains are initially stressed, but recover
wild-type phenotypes upon accumulation of suppressor mutations in the HOG pathway [22],
inconsistent with simultaneous involvement of Ypd1 in many distinct signaling pathways.

The most direct test of Prediction #1 appears to have been in Aspergillus fumigatus, which
encodes 12 HHKs and two response regulators [38]. Deletion of the gene encoding the
Group Il HHK results in pleiotropic phenotypes that are not matched by deletion of Ssk1
[43] or Skn7 [44], suggesting that the HHK engages in signaling outside a phosphorelay.

The presence of many HHKs and few response regulators complicates the interpretation of
phenotypes. In Aspergillus nidulans [45] and Magnaporthe oryzae [46], removal of Skn7
and/or Ssk1 has more extreme phenotypes than removal of the Group 111 HHK. In keeping
with the phosphorelay paradigm, the authors interpreted their results as indicating other
HHKSs also control Skn7 and Ssk1. An alternative interpretation is that the Group 11l HHKs
do not employ a phosphorelay and do not feed signals into Skn7 and Ssk1.
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Why Have HHKs Without Phosphorelays?

If most fungal TCSs do not involve phosphorelays, then why do all known fungal sensor
kinases take the form of HHKSs, an architecture that is generally thought to be synonymous
with phosphorelays? Consideration of fundamental signal transduction requirements
provides insight. All signal transduction mechanisms (including TCSs) must meet some
common functional challenges. Necessary tasks include detection of stimuli, conversion
of stimuli into internal signals that regulate output, insulation of parallel pathways with
common signaling mechanisms but distinct inputs and outputs, and appropriate kinetics of
turning signals on and off to synchronize responses with stimuli.

TCSs are organized differently in bacteria, fungi, archaea, and plants [1]. Because bacterial
TCSs are by far the best understood, reviewing their organization (Figure 4) provides a
useful perspective before addressing the fungal case. The most common means of signal
transduction in bacteria is one-component systems [47], in which input and output domains
are directly connected to one another (Figure 4A) (e.g. /ac repressor). Because output
domains commonly regulate transcription, almost all one-component system proteins are
cytoplasmic in order to access DNA. Separation of input and output domains into different
proteins in two-component systems (Figure 4B) has important functional consequences.
First, about 3/4 of bacterial sensor kinases contain transmembrane segments, which facilitate
detection of external stimuli, while the separate response regulators remain free to diffuse to
their targets. About 2/3 of bacterial response regulator output domains bind DNA, whereas
others bind proteins or RNA, create or destroy second messengers, etc. [48]. Second,
separation of input and output functions into different proteins supports signal amplification
(one sensor kinase can donate phosphoryl groups to multiple response regulators) and a
diversity of circuit designs (branching, nonlinear responses, multiple control points, etc.).
Bacterial chemotaxis TCSs are a special case in which further separation of input detection
and kinase function into different proteins allows one kinase to integrate inputs from
multiple receptors via a scaffolding protein (Figure 4C).

The benefits of separating input and output functions into different proteins in TCSs come
with a cost. A single bacterium may have dozens of TCSs operating in parallel and must
insulate the pathways from one another to properly match responses with stimuli. Insulation
can result from spatial or temporal separation of TCSs, but is primarily achieved through
specific binding interfaces between sensor kinases and response regulators [49]. Notably, the
DHp and receiver domains of HHKSs exhibit reduced interaction specificity that is overcome
by high local concentrations due to being part of the same protein [50-52].

Most fungal sensor kinases are cytoplasmic, and those with transmembrane segments tend to
have restricted phylogenetic distribution [27, 28]. Thus, fungal TCSs do not take topological
advantage of the separation of input and output domains into discrete proteins in the same
way that bacterial TCSs do. Fungal TCSs retain input and receiver domains in the same
protein. This suggests that the evolutionary rationale for fungal HHKSs could be to solve

the insulation problem, in a manner similar to bacterial one-component systems. In this
view, phosphorylation in fungal TCSs is not primarily used to transfer signals between a
HHK and a response regulator, but rather to stably encode information (see Prediction #2)
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and utilize the binary switch feature of active and inactive receiver domain conformations
(see Prediction #3) within a HHK. The receiver domains of fungal HHKs contain the five
conserved residues necessary to catalyze phosphorylation and dephosphorylation reactions
and thus seem likely to utilize phosphorylation, even if not as part of a phosphorelay.

Prediction #2 - Some Fungal HHKs Interact with Transmembrane Receptors

Fungal HHKSs frequently contain large N-terminal regions that exhibit no annotated
domains according to typical protein domain classification schemes [53, 54]. The portions
of fungal HHKs without currently identified structure/function may contain intrinsically
disordered regions, which often participate in protein/protein interactions and are capable

of binding to multiple partners [55]. Thus, one function could be to serve as scaffold-

like devices to bind to and receive signals from transmembrane receptors (Figure 3B2).
Information about external stimuli could be transmitted across the membrane by a variety of
mechanisms including changes in the relative positions of receptor transmembrane segments
(piston, rotation, scissor), exposure or occlusion of HHK binding sites, change in receptor
multimeric state, etc. The resulting changes in the cytoplasmic portion of the receptor could
alter how the HHK interacts with the receptor to modulate HHK activity, via allosterically
transmitted conformational changes, changes in relative positions of HHK domains to
enhance or inhibit phosphorylation, etc. This scheme would be functionally analogous to
the interactions between G-proteins and G-protein coupled receptors [56, 57], but with the
receptor affecting intracellular signaling via phosphorylation/dephosphorylation of HHKSs
rather than the GTP binding/hydrolysis used by G-proteins.

Most fungal HHKSs contain CHASE, GAF, HAMP, PAS/PAC or phytochrome domains that
could have input function for cytoplasmic stimuli. However, Group I1, VII, X1V, and XV
HHKSs are particularly likely to interact with membrane receptors due to the complete
absence of recognizable cytoplasmic input domains combined with lack of transmembrane
segments that could position the protein to detect extracellular stimuli.

If one type of fungal HHK bound to different receptors, then it could integrate multiple
stimuli in a manner functionally analogous to sensor kinases in bacterial chemotaxis (Figure
4C). Bacterial chemoreceptors of different specificities form mixed arrays that collectively
connect to sensor kinases via a common scaffold protein [58]. Alternatively, a population

of fungal HHKs might sample various individual receptors to achieve an average activation
state that reflects the status of the receptor pool.

Prediction #3 - Fungal HHK Receiver Domains Bind to Output Targets

If most fungal HHKs do not participate in phosphorelays, then their receiver domains likely
bind to other distinct targets (Figure 3B3). Binding of the receiver domains of fungal Ssk1
response regulators to Ssk2 in the MAP kinase cascade is an obvious analogy [59]. There
are also many examples of bacterial receiver domains in which conformational changes
associated with phosphorylation state affect binding affinity to other proteins [4]. The
relaxed evolutionary constraints on the receiver domain as a result of being part of the
HHK [51] could facilitate the evolution of additional binding specificity for a separate
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partner. Alvarez et al. suggested that fungal HHKs might migrate to the nucleus and bind
transcription factors or histone modifying proteins [1]. Many other targets are possible.

Fungi encode one atypical response regulator (Rim15, reviewed in [60]) bearing a
pseudoreceiver domain in which Glu replaces the Asp phosphorylation site [46]. Deletion

of the pseudoreceiver domain alters Rim15 function [61], confirming the domain is not
cryptic. It is not known if or how Rim15 connects to fungal TCSs, but Rim15 could be a
direct target of HHK binding. In bacteria, phosphorylation typically leads to receiver domain
dimerization [3]. Furthermore, phosphorylated receiver domains can form heterodimers
with unphosphorylated receiver domains that stabilize the latter in an active conformation
[62—64]. Introduction of Glu at the phosphorylation site activates some bacterial response
regulators but not others [65], perhaps by altering the propensity to adopt an active
conformation in the absence of phosphorylation. Taken together, these observations raise the
possibility that a phosphorylated HHK receiver domain might bind to and stabilize an active
conformation of the Rim15 pseudoreceiver domain, thus altering the activity of Rim15.

Although receiver domain binding seems the most plausible mechanism to pass signals
from fungal HHKSs to downstream targets without using a canonical TCS phosphorelay,
there are other possibilities involving phosphotransfer. First, the phosphoryl group might be
transferred from the receiver domain of the HHK to a His residue on a non-TCS protein.
His-P residues are well known as enzyme intermediates, but also participate in eukaryotic
signal transduction and regulatory processes [66]. Second, fungal Group X and XVI HHKs
contain Ser/Thr kinase related domains. The output of these HHKs might be Ser/Thr kinase
activity regulated by the receiver domain. Finally, there is bacterial precedent for direct
phosphotransfer from the DHp domain of a HHK to a response regulator [67]. However,
bypassing an Hpt in this manner would not resolve the paradox of insufficient response
regulators compared to fungal HHKs.

Prediction #4 - Some Fungal HHK Targets Amplify Signals

The 1:1 ratio of DHp and receiver domains in HHKSs precludes the signal amplification

that occurs with separate proteins, where one sensor kinase can donate phosphoryl groups
to many response regulators. In the few cases where /n vivo stoichiometry has been
determined, bacterial TCSs generally contain a molar excess of response regulators over
sensor kinases [49, 68]. Therefore, targets of fungal HHKs may have a capability for signal
amplification (e.g. kinase cascades, generation of second messengers, etc.) (Figure 3B4).
There is precedent for this expectation in the MAP kinase cascade that is the target of fungal
osmosensing TCSs. Alternatively, perhaps upstream receptors (Prediction #2) activate a
stoichiometric excess of HHKs to achieve amplification. Finally, if HHKs communicate with
downstream targets via phosphorylation rather than binding, then one HHK could donate
phosphoryl groups to multiple targets.

Concluding Remarks

Pathogenic fungi are a major threat to humans, plants, and animals [69]. Because fungal
pathogens and their hosts are eukaryotes, it is challenging to target critical fungal functions
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without also harming the hosts [70, 71]. TCSs are present in most pathogenic fungi but
not humans, so TCSs have long been considered potential targets for new antifungal drugs
[72]. However, we have pointed out here that some current perceptions about fungal TCSs
may be incorrect, and much remains unknown about how fungal TCSs actually function.
Discovering the molecular signaling mechanisms used by fungal TCSs (see Outstanding
Questions) could substantially facilitate effective targeting by therapeutic agents.
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GLOSSARY

Atypical response regulator

A response regulator containing a pseudoreceiver domain, in which one or more of the five
conserved active site residues that catalyze phosphoryl group reactions and bind metal ion
has been replaced. Fungal atypical response regulators are typically termed Rim15 after the
S. cerevisiae prototype

CA domain
Catalytic and ATP binding domain (HATPase_c, PF02518)

DHp domain

Dimerization and histidine phosphorylation domain. Any one of five Pfam domains (HisKA,
PF00512; HisKA _3, PF07730; His_Kinase, PF06580; HisKA 2, PF07568; HWE_HK,
PF07536). HiskKA is the most abundant, followed by HisKA 3

Groups | to XIX
Types of fungal HHKSs defined by the domain architecture of the N-terminal region and
phylogenetic relationships

HHK

Hybrid histidine kinase. Also hybrid sensor kinase. A subset of sensor kinases containing
DHp, CA, and receiver domains in that order from N- to C-terminal and not containing an
Hpt domain

HOG pathway
High osmolarity glycerol pathway. Part of the fungal response to osmatic stress. Regulated
by a MAP kinase

Hpt domain
Histidine-containing phosphotransfer domain (Hpt, Pfam01627). Fungal Hpts are typically
termed Ypd1 after the S. cerevisiae prototype

MAP kinase
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Mitogen-activated protein kinase. Also MAPK or stress-activated protein kinase (SAPK).
Often at the end of a kinase cascade (MAPKKK — MAPKK — MAPK — transcription
factor)

Phosphorelay
Short for "multistep phosphorelay" formed from a sensor kinase, receiver domain, Hpt
domain, and response regulator (Figure 1B)

Receiver domain
(Response_reg, Pfam00072). Also receiver module

Response regulator

Defined by the presence of a receiver domain and the absence of a CA domain. Often
contains an output domain to implement a response. Fungal response regulators are
typically termed Skn7, Ssk1, or Srrl after the S. cerevisiae or Candida albicans prototypes

Sensor kinase

Also termed a histidine kinase. Defined by the presence of DHp and CA domains in that
order from N- to C-terminal. The DHp and CA domains together form a transmitter
module. Typically also contains one or more input domains to detect stimuli

TCS
Two-component regulatory system. Defined by the presence of at least one sensor kinase
(with transmitter module) and response regulator (with receiver module)

Unorthodox kinase
A subset of sensor kinases containing DHp, CA, receiver, and Hpt domains in that order
from N- to C-terminal
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OUTSTANDING QUESTIONS

How are fungal TCSs insulated from one another, i.e. how do distinct stimuli
result in specific responses?

To what extent do fungal TCSs employ multistep phosphorelays?

Do phenotypes attributed to loss of a fungal HHK depend on Ypd1, Ssk1,
Skn7 and/or Ssr1?

Do fungal HHK receiver domains have binding partners other than Ypd1? If
so, what are the binding partners?

Do fungal HHKSs donate phosphoryl groups to proteins other than Ypd1? If
so, what are the recipients and reaction mechanisms?

What are the functional role(s) of the large regions in fungal HHKSs that
contain no recognizable domain structure? Do these uncharacterized regions
serve as scaffolds to bind upstream or downstream signaling partners?

Can fungal HHKSs directly regulate nuclear targets without using a
phosphorelay?

How do signals reach the mitochondrial response regulator Srr1?

Is Rim15 functionally connected to fungal TCSs? If so, how?
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HIGHLIGHTS

Two-component regulatory systems (TCSs) mediate signal transduction in
bacteria, archaea, fungi, and plants, but are organized differently in these taxa.

Extrapolation from extensive knowledge of bacterial TCSs, the characteristic
features of fungal TCS proteins, and the fact that the best-characterized fungal
TCS is a phosphorelay, have led to the dogma that all fungal TCSs function

as phosphorelays. Remarkably little support exists in the literature for this
position.

The model of fungal TCSs functioning as phosphorelays leads to a paradox of
not enough outputs to match inputs. The simplest resolution of the paradox is
to propose that the widely conserved osmosensing/HOG pathway is the only
fungal TCS that functions as a phosphorelay.

The hypothesis that most fungal TCSs do not use phosphorelays leads to at
least four experimentally testable predictions.
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Figure 1. Organization of generic bacterial two-component regulatory systems.
A) Basic two-component system. Reactions are (1) sensor kinase autophosphorylation, (2)

His to Asp phosphotransfer, and (3) response regulator dephosphorylation. B) Multistep
phosphorelay. Reactions are (1) sensor kinase autophosphorylation, (2) (4) (6) His to
Asp phosphotransfer, (3) (5) Asp to His phosphotransfer, and (7) receiver domain
dephosphorylation. Incorporation of additional domain(s) into the sensor kinase results in
a hybrid kinase or unorthodox kinase. Phosphatase activity is not shown for clarity.
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Figure 2. The fungal TCS paradox.
If fungal TCSs function exclusively or primarily by phosphorelays, then how do different

stimuli detected via multiple HHKSs and converted to phosphoryl groups funneled through a
single Hpt (Ypd1) to two or three response regulators (Skn7, Ssk1, Srrl) result in specific
and appropriate responses? Schemes to maintain signal specificity through Ypd1 (e.g., using
scaffolds or splice variants) shift the bottleneck but do not resolve the paradox posed by

an excess of HHKSs over response regulators. The simplest resolution of either form of

the paradox is to hypothesize that only the osmotic stress and closely related pathways
utilize a phosphorelay, whereas most fungal TCSs do not. This hypothesis explains why

all fungal TCSs encode similar Hpts and response regulators. Reactions are (1) sensor
kinase autophosphorylation, (2) (4) His to Asp phosphotransfer, and (3) Asp to His
phosphotransfer. Reversible and dephosphorylation reactions are not shown for clarity.
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Figure 3. Reimagined fungal TCSs.
A) Canonical: Osmosensing TCS functions as a multi-step phosphorelay from the

osmosensing HHK to Ypd1 to Skn7 and Ssk1 essentially as in S. cerevisiae. B)
Hypothetical: Non-osmosensing TCSs generally do not function as phosphorelays, which
leads to four predictions. (1) Because there is no phosphorelay, the phenotypes resulting
from removal of non-osmosensing HHKs will be different than the phenotypes resulting
from removal of Ypd1, Skn7, or Ssk1. (2) The HHKSs can detect cytoplasmic stimuli via
their own input domains, or bind to transmembrane receptors to process external stimuli.
Fungal HHKSs have substantial N-terminal regions with no identifiable domains, which
could serve to bind transmembrane receptors. Furthermore, binding of one type of HHK

to a family of receptors could integrate multiple inputs in a manner analogous to bacterial
chemoreceptors. (3) The receiver domain of the HHKSs binds to downstream targets in a
phosphorylation dependent manner. Alternatively, HHKs might interact with downstream
targets via non-TCS phosphorylation (e.g., transfer from the HHK receiver domain to a His
residue on a non-TCS protein, or phosphorylation mediated by the Ser/Thr kinase domains
of Group X and XVI HHKS). (4) Because phosphotransfer within HHKs does not result in
signal amplification, some targets of HHKs may have amplification capability (e.g. kinase
cascades, generation of second messengers, etc.). Alternatively, activation of multiple HHKs
by a single transmembrane receptor as predicted in (2) could result in signal amplification.
Reversible and dephosphorylation reactions are not shown for clarity.
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Figure 4. Variants of bacterial two-component systems.
A) One-component systems detect cytoplasmic stimuli. B) Two-component systems with

transmembrane sensor kinases detect extracellular stimuli. C) Chemotaxis system with
multiple transmembrane chemoreceptors that detect several distinct stimuli. The scaffold
protein that connects multiple chemoreceptors with the kinase to integrate information is
typically termed CheW. In chemotaxis kinases (typically termed CheA), an Hpt domain
replaces the DHp domain of a sensor kinase. The resulting branched pathway (not shown)
distributes phosphoryl groups between one kinase and multiple response regulators for
excitation and adaptation.
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