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Abstract

Two-component signaling systems are the primary means by which bacteria,
archaea, and certain plants and fungi react to their environments. The model
yeast, Saccharomyces cerevisiae, uses the Slnl signaling pathway to respond to
hyperosmotic stress. This pathway contains a hybrid histidine kinase (SIn1)
that autophosphorylates and transfers a phosphoryl group to its own receiver
domain (R1). The phosphoryl group is then transferred to a histidine pho-
sphotransfer protein (Ypd1) that finally passes it to the receiver domain (R2) of
a downstream response regulator (Ssk1). Under normal conditions, Ssk1 is
constitutively and preferentially phosphorylated in the phosphorelay. Upon
detecting hyperosmotic stress, Ssk1 rapidly dephosphorylates and activates the
high-osmolarity glycerol (HOG) pathway, initiating a response. Despite their
distinct physiological roles, both Slnl and Ssk1 bind to Ypdl at a common
docking site. Co-crystal structures of response regulators in complex with their
phosphorelay partners are scarce, leaving many mechanistic and structural
details uncharacterized for systems like the Slnl pathway. In this work, we pre-
sent the co-crystal structure of Ypdl and a near wild-type variant of the
receiver domain of Ssk1 (Ssk1-R2-W638A) at a resolution of 2.80 A. Our struc-
tural analyses of Ypdl-receiver domain complexes, biochemical determination
of binding affinities for Ssk1-R2 variants, in silico free energy estimates, and
sequence comparisons reveal distinctive electrostatic properties of the Ypdl/
Ssk1-R2-W638A complex that may provide insight into the regulation of the
SIn1 pathway as a function of dynamic osmolyte concentration.

Abbreviations: ~F, fluoresceinated protein; ~P, phosphorylated protein; 5-IAF, 5-iodoacetamidofluorescein; HHK, hybrid histidine kinase;
HK, histidine kinase; HPt, histidine phosphotransfer protein; IEX, ion exchange chromatography; MAD, multi-wavelength anomalous diffraction;
MM/GBSA, Molecular Mechanics/Generalized Born Surface Area; RMSD, root mean square deviation; RR, response regulator; SEC, size exclusion

chromatography.
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1 | INTRODUCTION
Two-component systems (TCSs) are the primary method
of signal transduction in bacteria."” In some eukaryotes,
like plants and fungi, TCSs are expanded into multi-step
phosphorelays involving hybrid sensor histidine kinases
(HHKs), histidine phosphotransfer proteins (HPts), and
downstream response regulators (RRs).>”> TCSs utilize the
transmission of phosphoryl groups to internalize and
respond to external stimuli. In the model yeast, Saccharo-
myces cerevisiae, the osmosensing pathway begins with the
membrane-bound HHK, SInl. Under normal conditions,
SIn1 constitutively autophosphorylates on a histidine resi-
due and transfers the phosphoryl group to an aspartic acid
residue on an attached C-terminal receiver domain (R1).
Next, the phosphoryl group is transferred to the cytosolic
histidine phosphotransfer (HPt) protein, Ypd1l. Under non-
stress conditions, Ypdl then transfers the phosphoryl
group to a downstream RR, Ssk1.° Under hyperosmotic
stress, SInl autophosphorylation is inhibited, allowing
unphosphorylated Ssk1 to accumulate and initiate glycerol
production via the HOG pathway, ultimately restoring
osmotic balance.’™®

A key feature of the SIn1 pathway is the ability of Ypd1
to interact with multiple partners that share high struc-
tural similarity but fill distinct physiological roles. Ypdl
binds the upstream (SIn1-R1) and downstream (Ssk1-R2)
receiver domains using a common hydrophobic docking
site.” How Ypd1 differentiates between the two RRs is of
great interest, as selectivity is crucial for proper cellular
regulation. Previous studies showed that Ypd1l exhibits a
threefold preference for interaction with Ssk1-R2 over
SIn1-R1 and forms an unusually stable signaling complex
with the phosphorylated form of Ssk1-R2 (Ssk1-R2~-P),
extending its lifetime significantly in vitro.>'® Ypd1 has no
apparent effect on the lifetime of Sln1-R1~P, suggesting
functionally distinct modes of interaction.'® These differ-
ences are further highlighted by the rate of dissociation
and the directionality of phosphotransfer in the system.
While reversible transfer between Ypdl and SInl-R1 is
detectible, the dissociation rate of the Ypd1/SIn1-R1 com-
plex is 30-fold faster than the rate of the reverse reaction,
allowing 97% of Ypdl to remain phosphorylated.'' When
Ypdl encounters Ssk1-R2, the forward reaction is strongly
favored, with no observable reverse transfer.'’ These data
are consistent with the physiological roles of Slnl-R1

serving a phosphorelay function and Ssk1-R2 acting as a
phosphorylation-dependent regulator of the downstream
HOG pathway.'® Ypd1 also fills a regulatory role within
the pathway; its unusually stable signaling complex
with Sskl~P is believed to prevent accumulation of
unphosphorylated, dimeric Ssk1 and the subsequent acti-
vation of the HOG pathway.®'° Certain osmolytes, such as
salt and glycerol, are known to affect the stability of the
Ypd1/Ssk1-R2 complex.'>"® This effect, along with the
extended half-life of its phosphorylated complex, suggests
that the Ypd1/Ssk1-R2 interaction relies on an interesting
signaling mechanism that may both respond to and be
directly regulated by osmotic stress.

Characterizing the interactions between Ypdl and its
protein partners is a critical step in understanding the path
of signal transduction within the system. However, the
lack of structural information for the downstream RR
(Ssk1) has made previous study of the interaction mecha-
nisms in the Slnl pathway challenging. Here, we present
the 2.80 A co-crystal structure of a eukaryotic HPt protein
(Ypdl) in complex with a near wild-type variant of
the receiver domain of its cognate downstream RR
(Ssk1-R2-W638A). For the first time, we investigate differ-
ences in the binding interfaces between Ypd1 and its part-
ners using the existing co-crystal complex of Ypd1/Sln1-R1
as a point of reference.* Our comparison is further
supported by sequence analysis, biochemical characteriza-
tion, and computational studies to determine key residues
involved in complex formation and phosphotransfer. We
identify distinct electrostatic characteristics at the binding
interface that strongly influence the Ypd1/Sskl interac-
tion. The electrostatic forces are likely to be affected by the
intracellular osmolyte levels, providing an explanation for
how changes in the osmotic environment can alter the sta-
bility of the Ypd1/Sskl complex and ultimately influence
the activation of the HOG pathway.

2 | RESULTS AND DISCUSSION

2.1 | Overall Structural Comparison of
Ypd1/Ssk1-R2-W638A and Ypd1/SIn1-R1

The identification of a Trp-to-Ala substitution at position
638 in Ssk1-R2 (W638A) led to improved solubility and
notable purification improvements over the intractable



BRANSCUM ET AL.

wild-type protein, facilitating successful crystallization."
Due to its location away from the functional surface
of Ssk1-R2, the W638 residue is believed to have negligi-
ble effects on partner binding or phosphotransfer
(Figure 1A). The Ypd1/Ssk1-R2-W638A co-crystal struc-
ture was determined using a selenomethionine derivative
of Ssk1-R2-W638A. Crystallographic phase information
was obtained using the multi-wavelength anomalous dif-
fraction (MAD) technique.'® After several rounds of
refinement using phenix.refine the R-factor was at 22.9%
with an Ryee Of 27.9%.7 The final model was refined to a
resolution of 2.80 A (Table 1).

Our lab previously reported the co-crystal structure of
Ypdl bound with the receiver domain of its upstream
partner (SIn1-R1) in an unphosphorylated state (PDB:
10XB)."* This was used for comparison with the newly
elucidated Ypd1/Ssk1-R2-W638A complex (Figure 1a).

(a)

FIGURE 1
comparison of SIn1-R1 and
Ssk1-R2-W638A with Ypdl. (a) Ypdl
(green) adopts a four-helix bundle

Structural

core; the active site histidine (H64)
is depicted in stick format. The
Ssk1-W638A receiver domain (blue)
adopts the canonical RR (fo)s fold;
the active site aspartate residue
(D554) is shown in stick format with
the site of substitution (W638A) in
cyan. (b) SIn1-R1 (magenta, PDB ID:
10XB) and Ssk1-R2-W638A (blue,
PDB ID: 5KBX) bind to Ypd1 (green)
at the same hydrophobic docking
site but adopt different rigid body
positions. Complexes were
structurally aligned using the Co
atoms of the Ypd1 monomers.

(c) SIn1-R1 (magenta)
superpositioned with
Ssk1-R2-W638A (blue). The sites of
phosphorylation (SIn1-R1-D1144,
Ssk1-R2-D554) are shown in stick
format
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To identify a structural basis for the unique features of
the Ypd1/Ssk1-R2 interaction, we performed comprehen-
sive analyses on the two receiver domain structures,
including comparing docking orientations with regard to
Ypdl (Figure 1b), overall topologies (Figure 1c), inter-
molecular contacts (Table S1), and surface properties of
both SIn1-R1 and Ssk1-R2-W638A (Figure 2). The SInl
and Sskl receiver domains exhibited a highly similar
(Ba)s topology. Structure-based alignment of the receiver
domains showed an overall Coo RMSD of ~0.89 A, with
larger deviations in the variable loop regions, such as the
dynamic p4-a4 segment (up to 24 A Ca RMSD;
Figure 1c, a corresponding sequence alignment is shown
in Figure S1). Based on this alignment, two notable dif-
ferences were observed at the a3-p4 loop with a
20-residue extension and a 50-residue extension at the
C-terminal tail in Ssk1 (distal to the active site surface).
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TABLE 1 X-ray data collection® and refinement statistics

Data collection Se-peak Se-remote  Se-edge
Wavelength (A) 0.9791 0.9116 0.9793
Temperature (°K) 100
Resolution (A) 33.27-2.80 (2.90-2.80)
Reflections observed 12,051 12,033 12,010
Reflections 10,608 10,535 10,560
observed after
elliptical
truncation
Redundancy 10.4 10.3 10.4
Completeness (%) 99.8(99.5)  99.8 (100.00) 99.8 (99.7)
Completeness after 88.4 (44.6) 86.9(35.05) 87.3(41.2)
elliptical
truncation (%)
Mean I/ (I) 43(325)  40.6(2.75)  42.7(3.5)
Ryym® 0.055 (0.69) 0.062 (0.79)  0.058 (0.79)
Crystal parameters
Space Group P452,2
Unit cell 71.69, 71.73, 71.74,
dimensions (A) 71.69, 71.73, 71.74,
176.38 176.47 176.51
Matthews' 2.51
coefficient
(A*/Da)
Solvent 51.00
content (%)
Refinement
Resolution 33.27-2.80
range (A)
Number of 2377

protein atoms

Average B-factors  42.19

(A%
R-factor (%) 22.8
Rfree (%) 27.9
RMSD bond 0.001
lengths (A)
RMSD bond 0.350
angles (°)
Ramachandran
plot (%)
Most favored 98.62
region
Additionally 1.38
allowed region
Clash score 1.85

aRsym = X, ZlI(h) — <I(h)>1/Z,Z;<I(h)> where Ii(h) is the ith measurement
of reflection h and <I(h)> is the average value of the reflection intensity.
"Values in parentheses are for highest-resolution shell.

Sin1-R1

FIGURE 2 Electrostatic surface potential of SIn1-R1 and
Ssk1-R2-W638A interfaces with Ypdl. Complexes were bisected
and rotated to provide a frontal view of each binding interface. Top)
SIn1-R1 (left) and Ypd1 (right). Bottom) Ssk1-R2-W638A (left) and
Ypd1 (right). Red = electronegative, white = neutral, blue =
electropositive. Phosphorylatable aspartate residue positions
(SIn1-R1-D1144 and Ssk1-R2-W638A-D554; left) are circled in black

Electron density was not detected for these regions in the
Ypd1/Ssk1-R2-W638A co-crystal structure, suggesting
high flexibility. Additional deviations were found on the
side of the receiver domains distal to the Ypdl binding
interface, including at the C-terminal ends of the al
(up to 2.9 A Ca RMSD) and a3 (up to 2.2 A Ca RMSD)
helices and at the o2-p3 loop (up to 1.9 A Ca RMSD).
Although these features may affect the Ypdl/Ssk1l-R2
interaction, their distance from the active site surface
suggests that they are unlikely to play a major role in
binding or catalysis.

2.2 | Interface characteristics of the
Ypd1/Ssk1-R2-W638A and Ypd1l/SInl-R1
co-complexes

The Ypd1/Ssk1-R2-W638A co-crystal structure confirmed
that a common hydrophobic binding surface is used by
Ypdl to interact with its cognate partners.” However, a
rigid-body shift of the receiver domain docking positions on
Ypdl (Figure 1b) suggested that their interfaces could be
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distinct. The full functional implications of this rigid-body
shift are unclear, though similar variations in rigid-body
orientations have been observed in multiple HK/RR com-
plexes.'® The shift results in noticeably increased distance
between the conserved active site residues when compared
to the Ypd1/SIn1-R1 structure. If the same orientation
occurs during the wild-type Ypd1/Ssk1-R2 interaction, this
may affect the reversibility of the phosphotransfer reaction
between Ypd1 and the receiver domain.'® While the Ypd1/
Ssk1-R2-W638A and Ypdl/SInl1-R1 complexes shared an
approximately equal number of hydrophobic contacts
between subunits (20 unique residues forming 15 inter-
molecular interactions vs. 24 unique residues forming
16 intermolecular interactions, respectively; determined
with PDBsum), the Ypd1/SIn1-R1 structure exhibited sev-
eral features typically associated with higher binding
affinities.”>** The Ypd1/SIn1-R1 interface contained nearly
twice as many intermolecular hydrogen bonds, and the
overall binding interface of SIn1-R1 was ~24% larger than
that of Ssk1-R2-W638A (based on the largest interfaces
detected with PDBePISA).** An overview of the various
intermolecular interactions observed at each of the Ypdl/
Ssk1-R2-W638A and SIn1-R1 interfaces can be found in
Table S1 (generated with PDBsum).>* These features offer
little explanation for the interaction and phosphotransfer
preference for wild-type Ssk1-R2 exhibited by Ypd1 in previ-
ous work.”'' Due to the constitutively phosphorylated
nature of Ssk1-R2 under nonstress conditions, we cannot
rule out the possibility of significant phosphorylation-
dependent changes at the Ypd1/Ssk1-R2 interface. Struc-
tural studies incorporating a phosphoryl analog will likely
provide more insight, though efforts utilizing BeF;~ have
thus far been unsuccessful.

Further analyses of the interfaces revealed distinct elec-
trostatic profiles for the receiver domain binding surfaces.
Electrostatic potential maps (Figure 2) suggested that
Ssk1-R2-W638A possesses a binding interface that is highly
complementary to the electronegative surface of Ypdl.
Charge complementarity can affect association rates
through a phenomenon known as electrostatic steering,
often leading to higher apparent binding affinities.'*>***>*
This is likely related to previous findings that described an
osmolyte-dependence on the affinity of wild-type Ssk1 for
Ypd1, while interactions between wild-type Slnl and Ypd1
were minimally affected.'*"?

To analyze the electrostatic nature of specific regions
in direct contact within each complex, we searched both
binding surfaces for explicit intermolecular salt bridges.
At the Ypd1/SIn1-R1 interface, two theoretical salt brid-
ges were seen in the active site: H64 in Ypdl can poten-
tially form a salt bridge with both D1144 and D1095 in
SIn1-R1. These interactions are unlikely to occur dur-
ing prephosphotransfer complex formation between
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phosphorylated Sln1-R1 and Ypdl, as D1144 is the pho-
sphorylatable aspartate residue and D1095 is responsible
for binding to a Mg>* cation.”® These interactions were
not detected when we analyzed a separate, activated
(BeF;-bound) Ypd1/SIn1-R1 structure (PDB: 2R25).* In
contrast, the Ypd1/Ssk1-R2-W638A structure contained an
extra salt bridge cluster at the edge of the binding interface
(Figure 3a). One salt bridge was located within the active
site: H64 of Ypdl can form a potential salt bridge with
D511 of Ssk1-R2-W638A. An additional salt bridge cluster
was observed near the highly negative loop residues
D21-D22-D23-D24 between the oA and aB helices of Ypd1l
and R524 on the al helix of Ssk1-R2-W638A (Figure 3b).
The proximity of K525 on Ssk1-R2-W638A suggests that it
is likely able to form a salt bridge as well. The addition
of ionic tethers at a protein-protein interface can greatly
affect the apparent binding behavior and overall hydro-
gen-bonding network of the complex.?* A pair of positively
charged residues was also observed on the ol helix of
SIn1-R1 (K1104 and R1105) in the Ypd1/SIn1-R1 structure;
however, the rotated orientations and increased distance
between these charged residues and the negatively
charged loop on Ypdl within the complex suggested that
they are less ideal for participating in intermolecular
ionic interaction(s). The same altered orientations were
observed in the activated Ypd1/SInl-R1 structure. How-
ever, considering the flexible loop-like nature of the
corresponding region on Ypdl, it seems reasonable that
R1105 could participate in a salt bridge interaction with
Ypdl. Two additional electropositive residues (H526 and
K527) were seen directly C-terminal to the putative salt-
bridge residues R524 and K525 on Ssk1-R2-W638A. No
such residues were found on SIn1-R1; in fact, several nega-
tively charged glutamate residues are located near the site.
While the possibility of a more transient intermolecular
salt bridge forming between SInl-R1 and Ypdl at the
R1105 position should not be ruled out, these findings
suggested a significantly elevated concentration of electro-
positive potential on the C-terminus of al in Ssk1-R2.

2.3 | Sequence analysis and conservation
of electrostatic properties

The distribution of charged residues in the al helix is illus-
trated in Figure 4. A structure-based sequence alignment of
Ssk1-R2, SIn1-R1, and various representative RRs was used
to compare the electrostatic nature of the region among
other well-characterized proteins. Most RRs exhibited a
concentration of electropositive residues near the acidic
Mg**-binding residues (Figure 4, green and pink bars). In
Ssk1-R2, this increased density of electropositivity was
shifted and extended toward the C-terminus (Figure 4, blue
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(a) y (b)
Sin1-R1 pd1 Ypd1 D21-24
o 3
90°
7
J
Ypd1 D21
90° K525¢ . R524
K527
Ssk1-R2-W638A Ypd1

FIGURE 3 Molecular surfaces depicting salt bridge positions on SIn1-R1 and Ssk1-R2-W638A interfaces with Ypdl. Complexes were
bisected and rotated to view each binding interface. (a) Top: SIn1-R1 (yellow) and Ypd1 (green). Bottom: Ssk1-R2-W638A (purple) and Ypd1
(green) (PDB ID: 5KBX). Putative salt bridges are highlighted in magenta. (b) Close-up of electrostatic interactions found on the a1 helix of
the RRs. Ypd1/SIn1-R1 (shown on top) lacks a direct intermolecular salt bridge. Ypd1/Ssk1-R2-W638A (shown on bottom) includes a patch
of four positively charged residues on the a1 helix of Ssk1-R2 that forms a highly complementary electrostatic clamp with the negatively

charged aA-oB elbow of Ypdl
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FIGURE 4 Structure-based sequence alignment of the p1-a1 loop and helix region (binding surface) of Ssk1-R2 and other
representative RRs. Sequences for Ssk1-R2, SIn1-R1 and other RR receiver domains with available high-resolution crystal structures were
aligned for comparison. PDB codes are included as prefixes in the sequence names. Residues are colored by electrostatic potential (blue,
electropositive, red, electronegative, purple, hydrophilic, grey, other). Three general clusters of positively charged residues are annotated

with colored rectangles shown above the alignment

bar). Ssk1-R2 also lacked the negatively charged residues
found in the region C-terminal from positions 524-527
(Figure 4, blue bar) in other RRs.

To obtain a broader picture of the physicochemical
nature of this area, we generated a sequence alignment
using a comprehensive set of RR sequences and visual-
ized the overall distribution of amino acids in the
region.>>>! Amino acids with charged side chains (E, D,
R, and K) were abundant in most RRs throughout the
region corresponding to positions 515-534 of Ssk1-R2. In

contrast to Ssk1-R2, both negatively and positively
charged residues are frequently found at positions
524-526, and glycine appears most frequently at position
527 (Figure S2, top). A similar analysis was repeated for
HPt domains that focused on the region corresponding to
positions 11-31 of Ypd1. Again, charged residues (mostly
electronegative) were found to be relatively abundant
within this region (Figure S2, bottom).

Next, we obtained sequences for eukaryotic RR
receiver domains annotated with GO terms related to
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FIGURE 5 Residue distributions
for upstream (top; analogous to SIn1-R1)
and downstream (bottom; analogous to
Ssk1-R2) receiver domains near the salt
bridge cluster of the Ypd1/Ssk1-R2
interface. Eukaryotic RR sequences

Probability

involved in osmotic stress response were
aligned and categorized into “upstream”
(containing HHK domains) and
“downstream” (receiver domains lacking
a kinase domain) groups. Rectangles
indicate positions
R524-K525-H526-K527 in Ssk1-R2 and
the corresponding region in Sln1-R1.

Probability

Residues are colored by charge (blue,
electropositive, red, electronegative,
black, neutral)

osmosensing from the UniProt database.** Proteins were
divided into two groups corresponding to upstream and
downstream elements of a pathway, respectively: receiver
domains located on a HHK, and receiver domains lacking
a kinase domain. These groups were considered analogous
to the relationship between SIn1-R1 and Ssk1-R2. Both
groups were aligned, and residue distributions were visual-
ized for the regions corresponding to positions 515-534 on
Ssk1-R2 (Figure 5). The graphics revealed a distinguish-
able pattern between the two RR groups. Receiver
domains analogous to Ssk1-R2 exhibited enrichment for
electropositive residues at the C-terminal end of the ol
helix, while the HHK receiver domains exhibited consider-
ably less conservation and more negatively charged amino
acids. The individual sequence groups were directly
compared to test for differences in amino acid distributions
based on physicochemical properties.*® Positively charged
and aromatic residues were significantly enriched
(p <.001) within the Ssk1-R2 group (13 sequences),
while negatively charged residues were significantly
depleted (p < .001) when compared to the Sln1-R1/HHK
group (75 sequences). While our analysis was limited by
the extent and accuracy of GO term annotations within
the database, the striking prevalence of electropositive resi-
dues in the group analogous to Ssk1-R2 implied a potential
functional relevance for these residues.

2.4 | Investigation of the contribution of
specific amino acids to Ypd1/Ssk1-R2
binding

To further examine the electrostatic complementarity
observed in the Ypdl/Ssk1-R2-W638A complex, we

A0
I=<H—<
GOOTOR
=

IOTZEM>

Residue Position on Ssk1-R2

analyzed the roles of specific amino acids on Ssk1-R2
with respect to binding affinity. We hypothesized that
certain electrostatic interactions (primarily the salt brid-
ges formed between Ssk1-R2-R524/K525 and Ypd1-D23/
D24) significantly contribute to the affinity between Ypd1
and Ssk1-R2. We first calculated the per-residue contribu-
tions to binding energy for the complex using the Molec-
ular Mechanics/Generalized Born Surface Area
technique (MM/GBSA) (Table 2). These estimates
highlighted the significant roles of Ssk1-R2 residues 1518,
R524, and K525 in Ypdl binding; all three residues pro-
vided favorable contributions of approximately 2 kcal/
mol or more. Previous work suggested that 1518 is located
within the hydrophobic binding surface, while the con-
siderable contributions from R524 and K525 supported
the hypothesis that electrostatic forces play a major role
in complex formation.®>*

To confirm the estimates, an in vitro fluorescence-
binding assay was used to measure relative binding affini-
ties between Ypdl and Ssk1-R2 variants that we created
to disrupt these interactions.®> A threonine residue (T12)
near the binding surface of Ypd1 was substituted with cys-
teine (T12C) and labeled with 5-iodoacetamidofluorescein
(5-IAF). Titrations of Ssk1-R2 variants affected the fluo-
rescence of 5-IAF-labeled Ypd1-T12C in a concentration-
dependent manner (Figure S3). Binding data were
corrected for dilution and fitted using an expanded qua-
dratic equation to obtain apparent equilibrium dissociation
constants. Binding curves for Ssk1-R2-R524A and K525A
(Figure S3, green and blue) exhibited highly diminished
signal changes relative to wild-type, up to maximum
attainable concentrations (uM range; data not shown).
Curves for Ssk1-R2-1518S (Figure S3, red) resembled the
buffer control (also extended to a maximum attainable
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TABLE 2 Observed binding affinities between Ypdl and
Ssk1-R2 Variants

Obs. K; with Contribution +
Ssk1-R2 Ypdl-T12C~F £ AAGyinging SD (kcal/mol,
variant  SD (nM) (kcal/mol) GBYECK?)
WT 237+ 2.0 - -
1518S Not determinable - —4.1+0.6
R524A 918.0 + 460.4 2.2 -19+1.6
K525A 640.4 + 178.8 1.9 -32+14
‘W638A 219.1 +29.4 1.3 —0.01 + 0.02

Note. Multiple replicates were run for each variant (n = 3-5).

concentration in the pM range). We inferred from their
flattened binding curves that all three substitutions nega-
tively affected binding to Ypdl. Apparent K; values for
both salt bridge substitutions were considerably higher
than wild-type (~28-39-fold increases). These results high-
light the significant role played by electrostatic interactions
in the Ypd1/Ssk1-R2 complex. This is consistent with pre-
vious findings that the introduction of complementary
charged residues near equivalent positions in the Ypdl/
SIn1-R1 complex can affect both binding affinity and
sensitivity to salt, as well as the negative relationship
observed between Ypd1/Ssk1-R2~P stability and osmolyte
levels.'>"3

To compare the predicted per-residue contributions
to binding free energy with the experimentally deter-
mined affinities of the Ssk1-R2 variants, observed disso-
ciation constants were converted to AAGyinging €Stimates
(Equation 1, Table 2). The predicted free energy values
correlated well with the observed phenotypes; deleterious
substitutions at highly favorable binding positions led to
large positive increases in the free energies of binding.
Ablating the salt bridge interactions substantially reduced
the affinity between Ssk1 and Ypd1, although binding was
still detectible for both variants (Table 2, Figure S3). Inter-
estingly, the AAGyinging for the W638A substitution rev-
ealed a ninefold decrease in the observed binding affinity
between Ypdl and Ssk1-R2-W638A compared to wild-type
(Table 2), deviating from the in silico predictions. The
direction of the fluorescence change was also inverted in
experiments involving Ssk1-R2-W638A when compared to
the other Ssk1-R2 variants (R2-W638A curves were
converted for visualization). The possibility exists that the
W638A substitution has a destabilizing effect on the struc-
ture of Ssk1-R2. Due to its location on the a4-p5-a5 surface
and its proximity to the aromatic switch residue (Y629),
the indole side chain of W638 could likely interact in some
capacity with functionally important residues involved in
phosphorylation-dependent conformational transitions.
Changes to these interactions may affect partner binding

and/or phosphotransfer. However, given the inverted
fluorescence signal and the low predicted free energy
contributions at this position, we hypothesize that during
the binding assay, a m-stacking interaction occurred
between the indole ring of wild-type Ssk1-R2-W638 and
the 5-IAF fluorophore attached to Ypd1-T12C."® This may
have increased the observed binding affinity for Ypdl in
all Ssk1-R2 variants. The signal inversion was likely due to
the loss of the indole ring in the W638A substitution.
Removal of the nearby H637 imidazole ring produced a
similar decrease in affinity (West lab, H637A, data not
shown). The observed dissociation constants with Ypd1-
T12C~F were calculated to be in the nM range for all
Ssk1-R2 variants, 2- to 10-fold lower than the estimated
dissociation constant for the Ypd1/SInl-R1 interaction.*
However, interaction between W638 (and/or H637) and
the 5-IAF fluorophore likely increased the apparent affin-
ity between Ssk1-R2 and labeled Ypdl, and a closer esti-
mate of an absolute K; may be higher. This would be
consistent with previously reported binding affinities
between Ssk1-R2 and Ypd1.""™"* This highlights the impor-
tance of considering the observed kinetic data of the
Ssk1-R2 variants in relative terms (AAGyinging), rather
than as absolute representations of equilibrium dissocia-
tion constants.

Finally, we examined the Sskl variants using an
in vitro phosphotransfer assay (see Supporting Information
S1) to test for phospho-accepting ability, phospho-stability,
and phosphotransfer preference in relation to wild-type
Ssk1-R2. Ssk1-R2-W638A was found to possess a phosphor-
ylated lifetime and phospho-accepting ability that was com-
parable to wild-type. Moderate reverse phosphotransfer
(Ssk1-R2 to Ypdl) was detected when using the
Ssk1-R2-W638A variant, unlike the exclusively unidirec-
tional reaction seen in the wild-type complex. We speculate
that these observations may be related to changes in the
geometry of the conserved active site residues in the wild-
type and variant Ypd1/Ssk1-R2 complexes relative to the
Ypd1/SIn1-R1 complex, although additional in silico studies
and/or a BeF;~ bound structure of Ypdl/Ssk1-R2 would
provide a more definitive analysis. The loss of the indole
ring at position 638 in the Ssk1-R2-W638A variant may also
affect the aromatic Y629 switch residue involved in
phosphorylation-dependent  conformational transitions,
potentially affecting the reversibility of the phosphotransfer
reaction. While the I518S variant was largely unable to
receive the phosphoryl group from Ypdl (Figure S4), the
R524A and K525A variants both exhibited near wild-type
activity (Figure S5), suggesting that the substitutions did not
grossly affect the topology of the protein. These findings
indicate that removing a single residue from the electroposi-
tive cluster (R524-K525-H526-K527) on Ssk1-R2 is not sulffi-
cient to completely disrupt the pathway under these
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conditions, despite causing a significant drop in apparent
binding affinity. It is reasonable to assume that more
complete ablation of the electrostatic network near
Ssk1-R2-R524 would have a proportionally negative effect
on enzymatic function; however, multiple substitutions
within the receiver domain have proven intractable.

3 | DISCUSSION

We have presented and characterized the co-crystal
structure of the eukaryotic HPt protein, Ypdl, in complex
with its downstream response regulator, Ssk1-R2-W638A.
Supporting biochemical studies revealed that Sskl-
R2-W638A possesses the following properties: wild-type
levels of phosphoaccepting ability; a phosphorylated half-
life indistinguishable from wild-type Ssk1-R2; and only a
moderate difference in binding affinity for Ypd1, indicat-
ing that insights provided by the co-crystal structure have
physiological relevance. Our analysis also revealed that
Ssk1-R2 shares distinct and extensive overall charge com-
plementarity with Ypdl along the interaction surface.
Sequence comparisons suggested that this complementar-
ity may be conserved on the ol helix in other response reg-
ulators involved in osmotic stress response, implying a
deeper functional significance. Two intermolecular salt
bridges involving residues R524 and K525 on Ssk1-R2
were identified that when neutralized, greatly diminished
the binding affinity between Ypdl and Ssk1-R2, implicat-
ing the importance of these residues in the interaction
between Ypdl and its downstream cognate partner. The
role of electrostatic forces in the Ypd1/Ssk1-R2 interaction
offers a means for influencing the SInl pathway through
dynamic osmolyte concentrations, which can affect the
stability of the Ypd1/Ssk1-R2 complex.'*'* However, dis-
ruption of the complex alone is unlikely to account for the
rapid increase in unphosphorylated Ssk1-R2 in response to
stress, based on the estimated half-life of Ssk1-R2~P
(20 min, see Supporting Information S1) and the apparent
activation time of the Slnl pathway upon stimulation
(2 min).*'* Other partially redundant systems or contrib-
uting elements such as phosphatases may also be involved
in the fungal osmotic stress response. The function of this
region is also unclear in the Ypd1/SIln1-R1 complex, specif-
ically involving the previously mentioned R1105 residue
that was observed in the receiver domain, which may also
participate in an intermolecular ionic interaction with
Ypdl. Additional work is needed to more fully character-
ize the role of this area in both the Ypdl/Sskl-R2
and Ypdl/SInl-R1 interactions. The newly determined
co-crystal structure of Ypdl/Ssk1-R2-W638A provides a
valuable starting point for this and other future studies to
better understand the yeast osmoregulatory system.
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4 | MATERIALS AND METHODS

4.1 | Site-directed mutagenesis

Ssk1 wvariants were constructed from the Ssk1-R2
plasmid using the QuikChange (Agilent, Santa Clara,
California) or Q5 (New England BioLabs, Ipswich,
Massachusetts) methods.*® Ypd1-T12C was constructed
from the Ypd1 wild-type expression plasmid.>” DNA was
sequenced at the DNA Sequencing facility at Oklahoma
Medical Research Foundation (OMRF, Oklahoma City,
Oklahoma).

4.2 | Protein purification

Ypdl from S. cerevisiae (and Ypd1-T12C) was purified
from Escherichia coli DH5a cells as a tag-less, full-length
protein by ammonium sulfate precipitation, IEX, and
SEC.?”*® Ssk1-R2 was purified using the IMPACT system
(NEB) followed by SEC.*® For the fluorescence assay,
Ssk1-R2 variants were flash-frozen and stored in buffer
(20 mM Tris pH 8.0, 500 mM NaCl, 10% glycerol) passed
through Chelex (Bio-Rad, Hercules, California) resin.
Variants were purified in a similar manner as wild-type.
Selenomethionine-incorporated Ssk1-R2-W638A was pro-
duced by E. coli grown in M9 minimal media sup-
plemented with selenomethionine and other amino
acids.®® Subsequent purification steps were identical to
wild-type Ssk1-R2.

4.3 | Crystallization and data collection
Ssk1-R2-W638A and Ypdl were mixed together in an
equimolar ratio and co-concentrated to ~15 mg/ml.
Crystals were obtained in 0.2 M Li,SO4, 0.1 M CAPS/
NaOH pH 10.5, 1.2 M NaH,P0,/0.8 M K,HPO,. Hanging
drop optimization screens (24-well) were set up around
these conditions using proteins co-concentrated in
50 mM Tris pH 8.0, 100 mM NaCl and 1% glycerol.
Resulting crystals diffracted to 3.0 A at 100 K at the Mac-
romolecular Crystallography Laboratory at the Univer-
sity of Oklahoma (Rigaku 007HF Micromax generator
with CuKa line and a Dectris Pilatus 200 K detector). To
collect independent phasing information, a selenom-
ethionine-derivative of Ssk1-R2-W638A was created
and co-crystallized with Ypdl. Crystals were cryo-
protected using 1.2 M NaH,PO,, 0.8 M K,HPO,, 0.2 M
Li,SO,4, 0.1 M CAPS pH 10.5, and 9% glycerol. A MAD
data set was collected at the Stanford Synchrotron
Radiation Lightsource (SSRL) at 100 K on beam
line 11-1.
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44 | Structure determination,
refinement and analysis

Data were indexed and scaled using HKL-2000 for all three
wavelengths.** To account for severe anisotropy observed
in all datasets, an elliptical correction was applied to the
merged dataset using ctruncate from the CCP4 software
suite.**** Data were submitted to the UCLA-DOE diffrac-
tion anisotropy server, which suggested diffraction limits
of 3.0, 3.0, and 2.6 along the a*, b*, and c* axes.*> The
structure of the Ssk1-R2-W638A RR receiver domain in
complex with Ypdl was determined using phasing infor-
mation obtained from AutoSol in PHENIX-1.9-1692.'°
Nontruncated data were used to compute the phases. For
refinement with phenix.refine, elliptically truncated data
from the peak wavelength were merged with the R, flags
generated by AutoSol and used as the input for all further
refinement runs.'®'” Standard truncation results in 100%
completeness at a resolution of 3.1 A. TLS parameters
were applied for terminal model refinement runs, with
Chain A as 1 group and chain B split into four groups
(based on chain breaks)."” Structural models were gener-
ated and analyzed using PYMOL and Chimera.*** Elec-
trostatic potentials were calculated using the PDB2PQR/
APBS server (CHARMM?27 force field, protonation states
assigned using PROPKA, 100 mM KCl, pH 7.0) and visual-
ized using PyMOL.*>™*®

4.5 | Sequence analysis

PROMALS3D was used to generate a structure-based
sequence alignment of representative RR proteins for ini-
tial comparison.** A comprehensive RR sequence align-
ment was generated with MAFFT using RR receiver
domain sequences obtained from Pfam.*’>*" Gaps were
removed using Ssk1-R2 as a reference. Pseudo-receiver
domains were manually excluded. A sequence redundancy
threshold of 90% was applied to reduce phylogenetic bias.
For the HPt alignment, full-length sequences for HPt-
containing proteins were obtained from Pfam and aligned
to the pre-existing HPt HMM using hmmalign.’>>* This
was truncated to retain only canonical HPt domains and
residues immediately N-terminal, in order to include the
region corresponding to the negatively charged aA-oB
“elbow” of Ypdl. The clipped sequences were realigned
using MAFFT and a sequence redundancy threshold of
90% was again used. Eukaryotic RR receiver domain
sequences annotated with GO terms related to
“osmosensing” and “osmotic stress” (see Table S2) were
obtained from the UniProt database.** RRs were catego-
rized into “upstream” (attached to HHKs) and “down-
stream” (all other receiver domains) groups analogous to

SIn1-R1 and Ssk1-R2, respectively. Sequences were aligned
with MAFFT. Gaps were removed using SInl-R1 and
Ssk1-R2 as references, and a 90% sequence redundancy
threshold was applied once again. WebLogos were gener-
ated to visualize amino acid frequencies within each
group.®® Analysis of amino acid distributions was per-
formed with Composition Profiler using a Bonferroni
adjusted o level of 1.25 x 10 per test to control for false
positives.**

4.6 | Fluorescence-binding assay
A fluoresceinated Ypdl-T12C variant (Ypdl-T12C~F)
was created and used to test binding affinities with
Ssk1-R2 variants as previously described.*® Briefly, pro-
teins were thawed and equilibrated (23°C) before each
use. Ypd1-T12C~F was added to a quartz cuvette con-
taining 50 mM Tris-HCl pH 8.0, 10 mM MgCl,, and
1 mM DTT in a total volume of 2.5 ml. All buffers were
passed through a 10 ml Chelex (Bio-Rad) column before
use. Ssk1-R2 variants were titrated into the cuvette to a
final volume of 2.7 ml. The reaction was subjected to
gentle mixing and equilibration for 20 s after each injec-
tion. Fluorescence was then recorded to generate an
equilibrium-binding curve. Ssk1-R2 concentrations were
optimized for each assay, and Ypdl-T12C~F concentra-
tion was set to 6, 15, or 30 nM, depending on the
expected K, Assays were designed to bracket the
expected observed K,; with titrations. Excitation and
emission wavelengths were set to 488 and 515 nm,
respectively (Fluoromax-4 Spectrofluorometer from
Horiba Scientific [Piscataway, New Jersey]| slit widths
set to 5 nm, 23 C). Fluorescence measurements were
corrected for dilution prior to analysis. Curves were
converted to fractional fluorescence (F/F,;) and shifted
to begin at the origin for comparison purposes
((F/Fy - 1) for Ssk1-R2-W638A; (1 — F/F,) for all other
Ssk1-R2 variants). GraphPad Prism (v.8) was used to fit
the data using an expanded quadratic equation to
account for fluorescence from both bound and unbound
states of Ypdl.*> AAGyinging values for each variant
were determined using the relationship described by
Equation 1.

AAGyinging between Ssk1-R2 variants with Ypdl-
T12C~F.

RT ’ ln (Kd,wﬁd lype)

J
4184

AAGbinding = (1)

R, gas constant (8.314462 J K~' mol™") and T, temper-
ature (296 K).
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4.7 | Molecular dynamics simulations
and per-residue contributions to free
energy of binding

A tryptophan residue was first modeled back at position
638 in Ssk1-R2-W638A. System preparation was done in
VMD.>* Regions of ambiguous electron density on
Ssk1-R2 were excluded. The complex was solvated using
the TIP3P model with 10 A padding, then neutralized
and ionized to a final concentration of 0.1 M KCI. Simula-
tions were performed using NAMD (v.2.9) with the
CHARMMS36 force field release.>** Four independent
replicates were run using random initial velocities. Initial
energy minimization and equilibration was performed
under a constant pressure using gradually decreasing
atomic restraints over approximately 10 ns. Replicates
were then run unrestrained for another 140 ns using an
integration time step of 2 fs. The last 100 ns of each pro-
duction run were retained for further analysis to ensure
adequate equilibration.

Free energy calculations were done with the
MMPBSA.py script provided in AmberTools16.>® Salt con-
centration was set to 100 mM. Binding free energies were
estimated with the Molecular Mechanics/Generalized
Born Surface Area technique (MM/GBSA) using a
modified Generalized Born model (GBY**%; igb = 8).”’
Additional GB models were explored with similar
results.’®*°° Approximately 375 frames per replicate at
even intervals of 80 ps were included for the final calcula-
tions. Different intervals and effective trajectory lengths
were tested with similar outcomes. Residue contributions
to binding free energy were determined with the decomp
module.®’ Entropic contributions were ignored for compu-
tational efficiency.

PROTEIN STRUCTURE ACCESSION
NUMBER

The atomic coordinates and structure factors for the
Ypd1/Ssk1-R2-W638A complex have been deposited in
RCSB PDB with PDB ID: 5KBX.
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