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The Yeast YPD1/SLN1 Complex: Insights
into Molecular Recognition in
Two-Component Signaling Systems

SSK1, and SKN7 proteins (referred to as the R1, R2,
and R3 domains, respectively) suggests that YPD1 is
somewhat promiscuous and may have characteristic
molecular surface features that allow it to bind several
different response regulator domains.
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620 Parrington Oval
Norman, Oklahoma 73019 The previously determined structure of the 19.2 kDa

YPD1 protein revealed an all-helical tertiary fold with a
four helix bundle core (Xu and West, 1999; Song et al.,
1999). The phosphorylatable histidine (His64) is solventSummary
exposed and protrudes out from the surface of the heli-
cal bundle. We have used complementary approachesIn Saccharomyces cerevisiae, a branched multistep

phosphorelay signaling pathway regulates cellular ad- to investigate the structural basis of interaction between
YPD1 and response regulator domains. One approachaptation to hyperosmotic stress. YPD1 functions as

a histidine-phosphorylated protein intermediate re- employs alanine-scanning mutagenesis coupled to an
in vivo yeast two-hybrid screen in order to identify YPD1quired for phosphoryl group transfer from a mem-

brane-bound sensor histidine kinase (SLN1) to two residues that are required for protein-protein interac-
tions. In previous work, we focused on the interactiondistinct response regulator proteins (SSK1 and SKN7).

These four proteins are evolutionarily related to the between YPD1 and SSK1-R2, whereby a potential re-
sponse regulator docking site was identified on one facewell-characterized “two-component” regulatory pro-

teins from bacteria. Although structural information is of YPD1 located between the site of phosphorylation
(His64) and the �A helix (Porter et al., 2003). The SSK1-available for many two-component signaling proteins,

there are very few examples of complexes between R2 response regulator binding surface on YPD1 is com-
posed of a large hydrophobic patch (approximatelyinteracting phosphorelay partners. Here we report the

first crystal structure of a prototypical monomeric his- 690 Å2) surrounded by polar and charged residues. Due
to the sequence conservation of residues within thistidine-containing phosphotransfer (HPt) protein YPD1

in complex with its upstream phosphodonor, the re- region, we postulated that this hydrophobic patch is
involved in general binding of HPt domains to responsesponse regulator domain associated with SLN1.
regulator proteins (Porter et al., 2003).

A more direct approach is to attempt to cocrystallizeIntroduction
phosphorelay partners in order to obtain information
regarding protein-protein interactions at the atomicTwo-component signaling pathways typically involve

histidine-to-aspartate phosphoryl transfer between a level. However, structures of complexes between two-
component phosphorelay signaling proteins have beenmembrane-bound sensor histidine protein kinase and a

cytoplasmic response regulator protein. Two-compo- difficult to study due, in part, to the transient nature of
the interaction, and the chemical lability of phospho-nent systems regulate a wide variety of important cellu-

lar processes, such as cell motility, cell cycle control, histidinyl and phospho-aspartyl linkages. Here we report
X-ray crystallographic analysis of a complex betweendevelopment, antibiotic resistance, microbial and fungal

pathogenesis, as well as responses to hormonal stimuli YPD1 and the SLN1 response regulator domain (YPD1/
SLN1-R1). The SLN1-R1 structure is only the secondand environmental stress in bacteria, archaea, amoe-

bae, fungi, and plants (Hoch and Silhavy, 1995; Saito, structure determined of a eukaryotic response regulator
domain and, as expected, shows a very high degree of2001; Stock et al., 2000; Urao et al., 2000; West and

Stock, 2001). In some cases, an additional signaling structure conservation in comparison to the plant ETR1
structure (Müller-Dieckmann et al., 1999) and bacterialmodule referred to as a histidine-containing phospho-

transfer (HPt) protein or domain is employed and the response regulator domains. The structure of the YPD1/
SLN1-R1 complex allows for the first time a detailedsimple two-component system is thus expanded into a

more complex multistep phosphorelay system (West analysis of the mode of interaction between a prototypi-
cal monomeric HPt protein and its cognate responseand Stock, 2001).

In Saccharomyces cerevisiae, the HPt protein YPD1 regulator domain. Furthermore, because of the high de-
gree of structural homology among HPt proteins andis required for phosphoryl group transfer from the mem-

brane-bound hybrid sensor kinase (SLN1) to two down- within the response regulator superfamily, the YPD1/
SLN1-R1 complex can serve as a good model for studiesstream response regulators, SSK1 and SKN7, both of

which are involved in environmental stress responses of other HPt protein-response regulator complexes.
(Brown et al., 1994; Ketela et al., 1998; Li et al., 1998;
Posas et al., 1996). The interaction of YPD1 with the

Results and Discussionresponse regulator domains associated with the SLN1,

Overall Structure of the Complex*Correspondence: awest@chemdept.chem.ou.edu
Two crystal forms of the YPD1/SLN1-R1 complex were2 Present address: Stanford Linear Accelerator Center, 2575 Sand

Hill Road, Mail Stop 99, Menlo Park, California 94025. obtained under similar crystallization conditions (Choo-
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Table 1. Data Collection and Refinement Statistics

Crystal Form I Crystal Form II

Data collection
Space group P32 P212121

Cell dimensions (Å) a � b � 91.3, c � 200.35 a � 51.73, b � 74.25, c � 98.80
Resolution (Å) 30–2.1 30–2.3
Mean I/� (I) 30.7(6.4)d 19.0 (6.5)
Number of observations 539,449 84,027
Unique reflections 104,137 17,319
Completeness (%) 95.6 (72.1) 98.3 (94.5)
Rmerge

a 0.053 (0.186) 0.05 (0.239)
Refinement

Resolution range (Å) 30–2.1 30–2.3
R factorb/Rfree

c 23.6 (25.8) 21.4 (26.6)
Average B factor (Å2) 29.43 38.71
Complexes per asu 6 1
No. of protein atoms 13,332 2,292
No. of solvent molecules 225 (18 SO4

2� � 207 H2O) 55 (1 SO4
2� � 54 H2O)

Rms deviation
Bond length (Å) 0.020 0.012
Bond angle (�) 1.73 1.40

Ramachandran plot, % residues in:
Most favored region 94.1 90.9
Additionally allowed region 5.5 7.9
Generously allowed region 0.0 0.8
Disallowed region 0.4 0.4

a Rmerge � �|I � �I	|/�|I|, where I is the intensity measurement for a given reflection, and �I	 is the average intensity for multiple measurements
of this reflection.
b R factor � �||Fobs| � |Fcalc||/�|Fobs|, where |Fobs| and |Fcalc| are observed and calculated structure factor amplitudes, respectively.
c Rfree was calculated using 5% and 10% of the diffraction data that were selected randomly and not used throughout the refinement for crystal
form I and II, respectively.
d Values in parentheses correspond to the highest resolution shell.

back and West, 2003). The structures of the complex tween the two crystal complexes is a rigid body dis-
placement of YPD1 with respect to SLN1-R1 (corre-were determined by molecular replacement using the

YPD1 structure (Xu and West, 1999) (PDB code: 1QSP) sponding to about 6.1 Å rms deviation between YPD1
molecules). By superimposing the SLN1-R1 domainsas a search model. The final models were refined to a

resolution of 2.1 and 2.3 Å with corresponding R factors from the two complex structures, the difference in the
location and orientation of YPD1 as compared to SLN1-of 23.6% (Rfree � 25.8%) and 21.4% (Rfree � 26.6%) for

the structures obtained in space groups P32 and P212121, R1 in the two crystal forms is illustrated in Figure 1B.
Residues from the �A, �B, and �C helices encompassingrespectively (Table 1). There are six 1:1 YPD1/SLN1-R1

complexes per asymmetric unit in the P32 crystal form the site of phosphorylation (His64) of YPD1 form a com-
plementary surface that provides a docking site forthat are related to each other (average rms deviation of

�0.3 Å between C� atoms among the six complexes) SLN1-R1, which binds YPD1 primarily through its �1
helix and four out of the five loops surrounding the activeby 2-fold and 3-fold noncrystallographic symmetry.

There is only one 1:1 complex in the asymmetric unit site (Figures 1A and 1C).
The SLN1 response regulator domain is located at thefor the P212121 crystal form.

Overall, the structures of the individual proteins deter- C terminus of the SLN1 hybrid sensor histidine kinase
and consists of 136 residues (residues 1084–1220 in themined in the two different space groups do not differ

significantly from one another. The rms deviation is primary sequence). The SLN1-R1 domain shares both
sequence (29% identity/53% homology) and functional�0.62 Å for 124 aligned C� atoms between SLN1-R1

domains and �0.61 Å for 155 aligned C� atoms between homology with the bacterial response regulator CheY.
The crystal structure of SLN1-R1 revealed in this studyYPD1 molecules in the two crystal forms. Furthermore,

the YPD1 structure in the complex does not differ signifi- has the same overall tertiary fold (
�)5 as CheY and about
a dozen other bacterial response regulator domains forcantly from the YPD1 structure determined by itself (rms

deviation of 1.12 and 0.56 Å for the P212121 and P32 which structures have been determined (reviewed in
Robinson et al., 2000; Stock et al., 2000; West and Stock,complex, respectively, as compared to the 1QSP model

(Xu and West, 1999). The ribbon structure of the YPD1/ 2001). The SLN1-R1 domain has an rms deviation of
only 1.27 Å for 117 aligned C� atoms when superim-SLN1-R1 complex in P212121 is shown in Figure 1A. YPD1

is positioned relative to SLN1-R1 such that the four helix posed with the structure of E. coli CheY (Volz and Matsu-
mura, 1991). The main difference is in the length of helixbundle of YPD1 is almost perpendicular to the central


 sheet of SLN1-R1 (Figure 1). The phosphorylatable �5, which is shorter by about 5 residues in SLN1-R1
and shows larger backbone differences as comparedhistidine, His64, of YPD1 is in close proximity to the

SLN1-R1 active site. However, the main difference be- to CheY. The C terminus of SLN1-R1 forms an extended
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Figure 1. Structure of the YPD1/SLN1-R1
Complex

(A) Ribbon representation illustrates the rela-
tive positioning of YPD1 (yellow) with respect
to the SLN1 response regulator domain R1
(cyan and magenta) as seen in the crystalline
P212121 complex. The side chains for His64
of YPD1 and Asp1144 of SLN1-R1 that are
involved in phosphotransfer are shown in
stick model.
(B) Stereoview overlay of the C� trace of
YPD1/SLN1-R1 complex structures obtained
in the two crystal forms. The SLN1-R1 do-
mains (bottom) from the two crystal forms
were superimposed onto each other to illus-
trate the slightly different binding modes of
YPD1 (top) observed in the P212121 (shown in
blue with residue numbers) versus P32 (shown
in red) crystal forms.
(C) A view approximately 90� away from Fig-
ure 1B showing the molecular surface of
YPD1 (gray) and a ribbon diagram of SLN1-
R1 (cyan and magenta), which highlights the
surface complementarity at the binding inter-
face in the P212121 complex.

loop containing residues 1211–1220 that are disordered. Interestingly, the SLN1-R1 structure exhibits greater se-
quence and structure similarity to bacterial CheY (asBased on structural comparisons between SLN1-R1 and

other response regulator domains, the central parallel cited above) than it does to the plant ETR1 response
regulator domain (26% sequence identity/48% homol-
 sheet and backbone conformations in and around the

active site are highly conserved, whereas the regions ogy; rms deviation of 1.34 Å for 105 aligned C� atoms).
Overall, the SLN1-R1 structure in comparison to otheron the opposite face of the molecule, such as the �→


loops, exhibit greater sequence and length variability. bacterial response regulator domains (Baikalov et al.,
1996; Birck et al., 1999; Djordjevic et al., 1998; Mad-For example, the loop between �2 and 
3 in SLN1-R1

is about 5 residues longer than the corresponding loop husudan et al., 1996; Stock et al., 1993; Volkman et al.,
1995) and ETR1 from Arabidopsis (Müller-Dieckmannof CheY. Among the 
→� loops that form the active site,

the backbone of loops 
1-�1, 
2-�2, and 
3-�3 are et al., 1999) indicates evolutionary conservation of the
response regulator three-dimensional structure andmore conserved (i.e., they have lower rms deviation in

comparison to CheY) than the 
4-�4 and 
5-�5 loops. function.
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Figure 2. YPD1/ SLN1-R1 Interaction Surface

(A) The binding surfaces are highlighted with
respect to hydrophobic (dark gray) versus po-
lar (green) character on YPD1 (left panel) and
SLN1-R1 (right panel) as observed in the
P212121 crystal complex. The two molecules
in the complex were rotated approximately
90� (in opposite directions) and translated
apart to face the viewer.
(B) The same view of YPD1 and SLN1-R1 as
in Figure 2A but with a transparent molecular
surface and an underlying ribbon represen-
tation to illustrate the location of important
secondary structure elements (labeled) dis-
cussed in the text. Side chains for the active
site residues, His64 in YPD1 and Asp1144 in
SLN1-R1, are shown in stick model.

Analysis of the Binding Interface �C of YPD1 (Figure 2). The �1 helix of SLN1-R1 is ori-
ented nearly parallel to helix C of YPD1 (� � 26.6�,The YPD1/SLN1-R1 binding interface features a buried

patch of hydrophobic area flanked by hydrophilic inter- defined in PROMOTIF [Hutchinson and Thornton, 1996])
and is nestled between the �B and �C helices of YPD1actions (Figure 2A). The buried surface area contributed

by YPD1 in the P212121 complex is 953 Å2 (11.5% of the (Figure 3A). The N-terminal portion of the �5 helix and
the conserved 
5-�5 loop of SLN1-R1 also make hy-total surface area of YPD1), characteristic of weakly

interacting proteins (Nooren and Thornton, 2003). Resi- drophobic contacts with the N-terminal portion of helix
�A in YPD1. The remaining loop regions that form thedues from YPD1 that make contact with SLN1-R1 come

from helices �A, �B, �C, and �D (Figure 2B; Table 2). active site of SLN1-R1, with the exception of 
2-�2 loop,
also constitute a large portion of the binding interface.The surface-exposed face of helix A in YPD1, which

contains several hydrophobic residues (Ile13, Ile17, and These loops mainly make contact to YPD1 near the
perimeter of the hydrophobic docking surface of YPD1.Met20), makes extensive contact with the SLN1-R1 do-

main, and we predict that this is important in mediating Due to the difference in position of YPD1 relative to
SLN1-R1, the overall interface area contributed by YPD1complex formation. The binding surface on SLN1-R1

consists of residues located along the �1 helix and sev- is less extensive in the P32 complex (678 Å2) than the
P212121 model (Figure 3B). Analysis of the positioningeral loops surrounding the active site, specifically 
1-

�1, 
3-�3, 
4-�4, and 
4-�4 (Figure 2B; Table 2). Surface of �1 of SLN1-R1 relative to �C of YPD1 (� � 16.4�)
indicates the molecules are rotated approximately 10�residues from the �1 helix of SLN1-R1 are mainly hy-

drophobic in nature and contribute a large part of the relative to one another in the two crystal forms. One
consequence of this rotation is that the 
4-�4 loop frombinding surface forming interactions with �A, �B, and
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Table 2. YPD1/SLN1-R1 Intermolecular Contacts

YPD1 Residue Location SLN1-R1 Residue(s) Location

P212121 Complex

Hydrophobic interactionsa

Ile13 �A Pro1196 
5-�5 loop
Ile17 �A Val1102 �1
Met20 �A Arg1105, Met1106, Leu1109 �1
Phe27 �B Arg1105 �1
Leu31 �B Val1102 �1
Ser69 �C Val1098 �1
Ala71 �C Pro1196 
5-�5 loop
Ala72 �C Pro1196, Val1102 
5-�5 loop, �1
Glu83 �D Phe1175 
4-�4 loop

Hydrogen bond interactionsb

Glu16 O�1 �A Arg1199 N �5
Met20 O �A Arg1105 N2 �1
Gln34 N�2 �B Glu1101 O�2 �1
Gln34 O�1 �B His1097 N�1 �1
Gln38 N�2 �B Asn1096 O�1 
1-�1 loop
Gln38 O�1 �B Asn1096 N�2 
1-�1 loop
Asp60 O�1 �C Gln1146 N�2 
3-�3 loop
His64 N�2 �C Asp1095 O�2 
1-�1 loop
Phe65 O �C Asn1096 N�2 
1-�1 loop
Gly68 O �C Asn1099 N�2 �1
Gln86 O�1 �D Gln1146 N�2 
3-�3 loop
Arg90 N2 �D Gln1146 O�1 
3-�3 loop

P32 Complex

Hydrophobic interactionsa

Ile13 �A Pro1196 
5-�5 loop
Ile17 �A Val1102 �1
Met20 �A Arg1105, Met1106, Leu1109, Arg1199 �1, �5
Phe27 �B Arg1105 �1
Leu31 �B Glu1101, Val1102 �1
Gln34 �B Val1098 �1
Ser69 �C Val1098 �1

Hydrogen bond interactionsb

Glu16 O�1 �A Arg1199 N �5
Ser19 O� �A Arg1199 N2 �5
Met20 O �A Arg1105 N1, Arg1105 N� �1
Gln38 N�2 �B Asn1096 O�1 
1-�1 loop
Gln38 O�1 �B Asn1096 N�2 
1-�1 loop
His64 N�2 �C Asp1095 O�2 
1-�1 loop
Phe65 O �C Asn1096 N�2 
1-�1 loop
Gly68 O �C Asn1099 N�2 �1

a Identified using the programs LigPlot (Wallace et al., 1995), SURFNET (Laskowski, 1991), and by visual inspection.
b Identified using the HBPLUS algorithm as implemented in LigPlot (Wallace et al., 1995) with donor-acceptance cutoff distance of �3.2 Å.

SLN1-R1 loses contact with helix �D of YPD1 (Figure SLN1-R1 is nestled between the �B and �C helices of
YPD1 in an almost parallel fashion.3B). This results in a significant reduction in buried sur-

face area for the P32 complex (290 Å2 less) relative to the Another important difference between the two crystal
forms is the distance between His64 of YPD1 to theP212121 complex. New contacts are made between the

�A helix of YPD1 and �5 of SLN1-R1, which contribute active site of SLN1-R1. In the P212121 complex, His64 of
YPD1 is closer to the acidic active site pocket of SLN1-to the buried surface area of the P32 complex (Table 2).

In both crystal forms, the hydrophobic contacts be- R1 and is within a more reasonable distance to Asp1144
of SLN1-R1 for phosphoryl transfer. The N�2 atom oftween the �1 of SLN1-R1 and YPD1 are maintained

(Figure 3; Table 2). However, the position of this helix His64 is 3.91 and 5.78 Å away from the O�2 atom of
Asp1144 in the P212121 and P32 crystal complexes, re-is different in the two crystal forms. In the P212121 model,

the relative difference in positioning of the SLN1-R1 spectively. Additionally, the two active sites become
buried in the P212121 complex, whereas the active sitedomain with respect to YPD1, results in the �1 helix

from SLN1-R1 being rotated slightly away from helix �B area in the P32 model is more accessible to bulk solvent.
In the P212121 complex, there are only a few water-toward helix �C of YPD1. The 
4-�4 loop of SLN1-R1

is not in contact with YPD1 in the P32 model, but does mediated contacts at the interface, whereas in the P32

complex, none were observed. It is interesting to note,form contacts with helix �D (around Gln86) of YPD1 in
the P212121 model. In the P32 model, the �1 helix of however, that the ratio of polar to nonpolar residues at
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Figure 3. Interactions between SLN1-R1 and YPD1

(A) Stereoview illustrates the hydrophobic contacts at the binding interface involving residues from the �A, �B, and �C helices in YPD1
(magenta) and residues from the �1 helix in SLN1-R1 (green).
(B) A ribbon diagram (on the left) illustrates the location of secondary structure elements corresponding to the same orientation shown in the
molecular surface view of YPD1 (on the right). The common interface shared by both crystal complexes is colored blue and the additional
binding surface specific to the P212121 or P32 crystal complex is colored yellow and green, respectively, in the molecular surface representation.

the interface of the two crystal forms is very similar (both between YPD1 and SLN1-R1 with the common hy-
drophobic patch serving as an initial recognition site.interfaces are �65% nonpolar). For both complexes, a

relatively low gap index (Jones et al., 2000; Nooren and Alternatively, the P32 crystal form may be the result of
a low-affinity complex formed after phosphotransfer hasThornton, 2003) was calculated, which indicates a very

high degree of surface complementarity. occurred but just prior to dissociation of the two mole-
cules.Although one cannot rule out the effects of crystal

packing completely, the fact that the two models were The binding interface of the P212121 model correlates
very well with the surface identified by yeast two-hybridobtained under similar conditions suggests that there

are at least two possible modes of binding between analysis of the interaction between YPD1 and the down-
stream response regulator SSK1-R2 (Porter et al., 2003).SLN1-R1 and YPD1. A common hydrophobic binding

site is observed in both crystal forms. Since YPD1 and Most of the mutations on the surface of YPD1 that dis-
rupt complex formation with SSK1-R2 (e.g., Ile13,SLN1-R1 are associated in the P32 crystal form through

a smaller binding interface, in what might be a lower Met20, Phe27, Leu31, and Phe65) are clustered around
the conserved hydrophobic interfaces observed in bothaffinity complex, it is plausible that the complex in the

P32 crystal form may represent an initial stable complex YPD1/SLN1-R1 crystal complexes (Figure 2A). Further-
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more, the yeast two-hybrid data obtained with YPD1 mated binding interface is �470 Å2). In the modeled
complex, the distance between the C terminus of theand SSK1-R2 indicated several polar residues located

near the hydrophobic binding patch (e.g., Glu16, Asp21, CheA-P1 domain and N terminus of the P2 domain can
easily be accommodated by the missing 28 residue in-Gln38, Asp60, Gly68, Ser69, and Gln76) are also impor-

tant for protein-protein interaction. Although structural terdomain linker region.
The YPD1/SLN1-R1 complexes in the two crystalinformation at the level of atomic resolution is not yet

available for the SSK1-R2 domain (or any complex), it forms share a common hydrophobic binding interface.
The exposed hydrophobic residues on the surface ofwas very interesting to note that a large majority of

the YPD1 residues involved in interaction with SLN1-R1 SLN1-R1 that form part of the binding interface are
Val1098, Val1102, Met1106, and Leu1109 from helix �1(Table 2) were also found to be important for interaction

with SSK1-R2 (Porter et al., 2003). All things considered, and Pro1196 from the 
5-�5 loop (Figure 3A; Table 2).
Interestingly, the corresponding �1 helix and 
5-�5 loopwe believe that the conformation of the YPD1/SLN1-R1

complex obtained in the P212121 crystal form is more from the Bacillus subtilis Spo0F response regulator are
also involved in forming similar contacts to Spo0B, alikely than the P32 complex to represent a productive

complex in which His64 of YPD1 and Asp1144 of SLN1- dimeric HPt protein (Figure 5) (Zapf et al., 2000). Spo0B
binds Spo0F through a more extensive interface (buriedR1 are properly aligned and within reasonable distance

to each other for phosphotransfer to occur. surface area of �1200 Å2) than the YPD1/SLN1-R1 com-
plex (Zapf et al., 2000). The primary difference in mode
of binding is that the response regulator Spo0F binds

Conservation of HPt Protein/Response Regulator to Spo0B such that contacts are made to a flanking
Protein Interactions C-terminal �/
 domain as well as an elongated four helix
It has been well documented that the E. coli ArcBc (Kato bundle. Based on the overall structure of Spo0B and its
et al., 1997) and CheA-P1 (Mourey et al., 2001; Zhou striking similarities to the histidine-containing dimeriza-
and Dahlquist, 1997) HPt domains share very similar tion domain of histidine kinases, like EnvZ (Tomomori
chemical and structural features in comparison to YPD1 et al., 1999), we would argue that the Spo0B/Spo0F
(Xu and West, 1999; Song et al., 1999). From this study, complex is characteristic of histidine kinase-response
it became apparent that the CheA-P1 and ArcBc domains regulator interactions, whereas the YPD1/SLN1-R1
have a similar arrangement and conservation of surface- complex is representative of HPt protein-response regu-
exposed hydrophobic residues as compared to YPD1 lator interactions.
(Figures 4A and 4B, respectively), with the exception of Despite the fact that there is virtually no sequence
residues from the �A helix that are missing in the CheA- homology between Spo0B and YPD1, the overall ar-
P1 domain. Since many of these residues in YPD1 are rangement between the phosphotransfer protein and
directly involved in response regulator binding, we sug- the response regulator, as well as the secondary struc-
gest that other HPt proteins also bind to their cognate ture elements involved in binding, are similar in the
response regulator in a similar manner involving ex- YPD1/SLN1-R1 and Spo0B/Spo0F complexes. How-
posed hydrophobic residues from regions of the protein ever, when the two complexes were superimposed with
corresponding to the �A, �B, and �C helices in YPD1. respect to the response regulator domains, there was

Despite the common hydrophobic patch, there are very poor structural alignment between YPD1 and
significant differences in how additional surfaces are Spo0B, as illustrated in Figure 4C. Like the CheA-P1
involved in HPt protein/response regulator binding. For domain, Spo0B does not contain a corresponding �A
example, with the CheA/CheY system, CheA does not helix as in YPD1 (Kato et al., 1997). Instead, the two
have an equivalent �A helix observed in YPD1, hence antiparallel helix motifs (one from each monomer) in
the binding interface between CheA-P1 and CheY is Spo0B that are involved in binding Spo0F are longer by
expected to be less extensive. This may explain why the about 12 Å than the helical bundles observed in mono-
CheA-P2 domain is required for binding CheY because meric HPt proteins (Figure 5). The extended helices oc-
it contributes approximately another 600 Å2 of binding cupy the same location as the �A helix of YPD1. More-
surface (McEvoy et al., 1998; Welch et al., 1998). over, key residues on the surface of Spo0B, which are

Since YPD1 exhibits a high degree of structural homol- involved in binding Spo0F map to these extended heli-
ogy to the CheA-P1 domain (Mourey et al., 2001), and ces (Zapf et al., 2000). Although there is conservation
likewise, SLN1-R1 is structurally and functionally related of functional structural motifs (i.e., antiparallel helices
to CheY, the YPD1/SLN1-R1 complex can serve as a forming four helix bundles) between YPD1 and Spo0B,
reasonably good model for examining possible interac- the lack of sequence homology and the difference in
tions between the CheA P1 domain and the response overall structure suggest that these two HPt proteins
regulator CheY. Thus, using the structures of Mg2�- may have evolved from different ancestors.
bound CheY (Stock et al., 1993) and the CheY/CheA- The residues contributing to the hydrophobic patch
P2 complex (Welch et al., 1998), a reasonable ternary on the interacting surface of SLN1-R1 (particularly those
complex between CheY and the P1 and P2 domains from �1 and the 
5-�5 loop) are highly conserved within
of CheA was modeled based on the YPD1/SLN1-R1 the family of eukaryotic response regulator domains
complex (Figure 4D). This analysis identifies two poten- (S.W.P. and A.H.W., unpublished data) and numerous
tially important areas of hydrophobic interactions involv- bacterial response regulators including CheY and Spo0F
ing the CheA P1 domain: the hydrophobic residues at (Zapf et al., 2000; Hoch and Varughese, 2001). The pres-
the N-terminal portion of �A (equivalent to �B of YPD1) ence of conserved hydrophobic surfaces on both re-

sponse regulators and HPt proteins suggests that theand a hydrophobic cluster around Phe59 (total esti-
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Figure 4. Comparison of HPt Protein and Response Regulator Protein Interactions

(A and B) Overlay of the YPD1 (red) hydrophobic response regulator docking site with the CheA-P1 domain (cyan) (A) and the ArcBc HPt
domain (gold) (B) shows that the hydrophobic patch on YPD1 is conserved in other HPt domains.
(C) Superposition of the response regulator proteins from the YPD1/SLN1-R1 complex and the Spo0B/Spo0F complex shows poor structural
alignment in the region of the �A-�D helices from YPD1 (red) and the �1-�2 helices from Spo0B (green).
(D) Modeled ternary complex between CheY (green/magenta) and the CheA-P1 (cyan) and P2 (red) domains. The active site residues for
CheA-P1 (His48) and CheY (Asp57) are shown in stick model. The dashed line represents a 28 residue linker region joining the CheA-P1 and
P2 domains for which structural information is unknown.

interaction mode observed in the YPD1/SLN1-R1 com- taining residues and a lysine residue involved in coordi-
nating an essential magnesium ion (reviewed in Stockplex represents a general scheme of intermolecular in-

teraction employed in two-component signaling sys- et al., 2000; West and Stock, 2001). The arrangement of
the side chains at the active site of SLN1-R1 closelytems. For example, all structurally known HPt proteins

and histidine kinases contain a conserved four helix resembles that of the unphosphorylated response regu-
lator CheY without the active site magnesium ion (Volzbundle motif with similarly located histidine phosphory-

lation sites (Kato et al., 1997; Mourey et al., 2001; Song and Matsumura, 1991) (PDB code: 3CHY). The con-
served residues in the active site of SLN1-R1 (Glu1094,et al., 1999; Tomomori et al., 1999; Varughese et al.,

1998; Xu and West, 1999; Zhou and Dahlquist, 1997). A Asp1095, Asp1144, and Lys1195) are positioned simi-
larly as the corresponding residues in CheY (Asp12,recent crystal structure of the complex between the

chemotaxis phosphatase CheZ and response regulator Asp13, Asp57, and Lys109). Despite being crystallized
in the presence of MgCl2 and a phosphate analog (beryl-CheY revealed similar intermolecular interactions (Zhao

et al., 2002). lium fluoride) (Chooback and West, 2003), no visible
electron density for the metal ion or BeF3

� was observed
in the active sites of SLN1-R1 in either crystal form.His-Asp Phosphotransfer in Two-Component

Signaling Systems However, the inclusion of beryllium fluoride in the crys-
tallization conditions favored formation of the ortho-The active sites of response regulators are well con-

served and are composed of three carboxylate-con- rhombic crystals (Chooback and West, 2003). Previous
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YPD1, and Ala1174, Lys1195, and Thr1173 from SLN1-
R1 (Figure 6A). Although not in a position to mimic a
phosphoryl group, the presence of this sulfate ion, influ-
ences the side chain conformations of His64, Lys67,
and Gln86 in YPD1, which all differ slightly from the
YPD1 structure determined alone (Xu and West, 1999).
Furthermore, the side chain position for His64 from
YPD1 in the complex is affected by an additional H bond
interaction between the N�2 atom of His64 and Asp1095
from SLN1-R1. Consequently, the His64 side chain is
shifted into an area normally occupied by a magnesium
ion, and the side chain conformation is different than
that observed in the YPD1 structure determined alone
(Xu and West, 1999) (Figure 6B). The alignment and
distance (4.58 Å) between N�2 of His64 from YPD1 and
O�1 of Asp1144 from SLN1-R1 in the P212121 complex
is not ideal for phosphoryl transfer to occur. However,
a magnesium ion can easily be modeled into the active
site at a position similar to other response regulators

Figure 5. A Ribbon Representation of the Spo0F-Spo0B Complex (Lewis et al., 1999; Stock et al., 1993) with reasonable
The response regulator Spo0F (gray) forms contacts to both the geometry and distances without the need to change the
four helix bundle and flanking �/
 domain of the homodimeric Spo0B structure of SLN1-R1. With the His64 side chain moved
protein (each monomer is shown in a different shade of blue) (PDB back to its original side chain conformation (as in the
code: 1F51). Regions of the Spo0F that are involved in forming

YPD1 structure alone), the N�2 atom of His64 is bettercontacts to Spo0B are highlighted in gold (Zapf et al., 2000). The
aligned for phosphotransfer to occur based on the activeactive site residues, His30 and Asp54, are shown in stick model.
site configuration in the P212121 complex (Figure 6B).For simplicity, only one molecule of Spo0F is shown here.
The distance between N�2 of His64 and O�1 of Asp1144
is then 4.8 Å, which is consistent with what is observed

studies with homologous response regulators indicated in the Spo0B/Spo0F complex (Zapf et al., 2000). Based
that the side chain orientation of two additional residues on the analysis of the active site of the P212121 complex,
located near the active site (Thr87 and Tyr106 in CheY) the transition state representative of a His-Asp phos-
is correlated to the phosphorylation state of response photransfer reaction can easily be realized without major
regulators (Birck et al., 1999; Cho et al., 2000; Halkides structural changes to either YPD1 or SLN1-R1 (Figure
et al., 2000; Kern et al., 1999; Lee et al., 2001; Lewis et 6B). Therefore, we propose that the P212121 crystal struc-
al., 1999). The side chain conformations of the corre- ture of the YPD1/SLN1-R1 complex is representative of
sponding residues in SLN1-R1 (Thr1173 and Phe1192) a productive complex.
indicate that the SLN1-R1 structures determined in this
study represent the unphosphorylated state of the re-
sponse regulator. Specificity of HPt Protein/Response Regulator

Protein InteractionsOverall, there is very low sequence homology among
HPt proteins except in the region near the histidine phos- YPD1 can interact with several different response regu-

lators, including bacterial CheY (Janiak-Spens et al.,phorylation site (Xu and West, 1999). The structures of
HPt proteins that have been determined, however, re- 1999). This apparent lack of specificity of YPD1 toward

response regulator domains is understandable in thatveal much greater structural homology. All HPt proteins
feature a solvent-exposed histidine phosphorylation site YPD1 has evolved to bind to more than one response

regulator in vivo. The binding surface of YPD1 is consis-at similar locations on the surface of a four helix bundle.
The two antiparallel helices facing the same side as the tent with this property. Sequence alignment and homol-

ogy modeling suggests that SSK1-R2 and SLN1-R1histidine show the greatest structural similarity, with the
helical hairpins in YPD1, ArcBc, and the CheA P1 domain share similar hydrophobic surfaces near the �1 helix

(our unpublished data). It seems likely that YPD1 inter-superimposing very well with each other (Figures 4A and
4B). More specifically, the positioning of the histidine acts with response regulators through its conserved hy-

drophobic patch. As a result, YPD1 may have evolvedphosphorylation site on the helix surface and its side
chain conformation (�1 �178.5� and �2 �72.8�) is well to function as a generic type of HPt domain that can

interact with several different but homologous responseconserved. The conserved shape of the HPt surface
around its phosphorylation site provides easy access of regulator domains.

Previous studies have shown that YPD1 binds to thethe histidine to the active site of the response regulators.
In both the P212121 model and the P32 model of the response regulator domain from SSK1 preferentially,

and a complex was detectable by a native gel shift assayYPD1/SLN1-R1 complex, His64 is in close proximity to
the active site of SLN1-R1. However, in the P212121 com- but only when the response regulator was phosphory-

lated (Janiak-Spens et al., 2000). Thus, binding affinityplex, His64 from YPD1 is much closer to the active site
of SLN1-R1. In addition, a sulfate ion (presumably from can be affected by several factors including the phos-

phorylation state of either protein. For example, surfacethe crystallization solution) is located near the N�ı atom
of His64 and is involved in forming a network of H bond complementarity between YPD1 and each response

regulator domain may differ, and consequently, the sizeinteractions, specifically to His64, Lys67, and Gln86 from
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Figure 6. Active Site Configuration and His-Asp Transfer Mechanism

(A) Stereoview of the electron density (2Fo-Fc map contoured at 1.5 �) at the active site of the P212121 form of the YPD1/SLN1-R1 complex.
The structure of the P32 form was overlaid onto the P212121 form by superimposing the SLN1-R1 domains. The displaced location of helices
�C and �D and His64 and Gln86 in the P32 complex are shown in gray, and also illustrates the conformational differences between the two
models. Density for the sulfate ion is also shown and hydrogen bond interactions are indicated by the dotted lines.
(B) A transition state model based on the P212121 model of the YPD1/SLN1-R1 complex. By slightly changing the conformation of His64 side
chain from what is observed in the YPD1/SLN1-R1 crystal structures (yellow bonds) to a conserved conformation (green bonds) as seen in
the crystal structure of YPD1 alone (PDB code: 1QSP), the N�2 atom is properly aligned for phosphotransfer as modeled in the active site of
SLN1-R1. A modeled phosphoryl group is shown in red stick model bonded to Asp1144 of the SLN1-R1 domain. An essential magnesium ion
(green sphere) can also be modeled into a similar location at the active site of SLN1-R1 based on analysis of coordination geometry of other
homologous response regulator structures complexed with metal ions (PDB codes: 1QMP, 2CHE).

Experimental Proceduresof the buried hydrophobic binding site may also vary.
In addition, a significant portion of the interactions at the

Sample Preparation and X-Ray Data Collectioninterface is hydrophilic. As a result, hydrogen bonding or
The S. cerevisiae YPD1 (full-length) and SLN-R1 (residues 1084–

salt bridges may serve an important role in modulating 1220) proteins were overexpressed in Escherichia coli, purified to
intermolecular interactions. Further studies are neces- homogeneity, and cocrystallized as described (Chooback and West,
sary to determine which residues allow YPD1 to discrimi- 2003). Two crystal forms (Table 1) were obtained using 2.6 M ammo-

nium sulfate as a precipitant under hanging drop vapor diffusionnate between response regulator domains.
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conditions. X-ray diffraction data were collected at 100 K using a corresponding to �54% solvent content (compared to �46% in
space group P32). The final R factor for the refined model was 0.214Rigaku/MSC RUH3R generator, R-Axis IV2� image plate detector

system, and Oxford Series 700 cryosystem. The data were pro- (Rfree � 0.266). The final refinement statistics for both complexes are
summarized in Table 1.cessed using the HKL suite (Otwinowski and Minor, 1997) or D*TREK

(Pflugrath, 1999). Data collection statistics are summarized in Table 1.

Molecular Modeling of CheA-P1 Domain
and CheY InteractionMolecular Replacement and Structure Refinement
Since YPD1 and the CheA-P1 domain are highly related, the complexThe structure of the YPD1/SLN1-R1 complex in the P32 space group
of YPD1/SLN1-R1 provides a good general model for studyingwas solved by molecular replacement using the 2.7 Å structure of
CheA-P1 domain and CheY interactions as well. The theoreticalYPD1 (Xu and West, 1999) (PDB code: 1QSP) as the search template.
model of a CheY, CheA-P1 domain, and CheA-P2 domain ternaryThe self-rotation search revealed a 2-fold noncrystallographic sym-
complex was constructed using the YPD1/SLN1-R1 complexmetry, and a cross-rotation calculation identified two significant
(P212121) and the CheY/CheA-P2 complex (Welch et al., 1998) (PDBpeaks. However, cell content analysis based on a calculated Mat-
code: 1A0O) as templates. First, the homologous response regulatorthews’ constant (Matthews, 1968) suggested that there were more
domains in the two complexes, i.e., SLN1-R1 and CheY (Stock etthan two molecules in the asymmetric unit. Searches with a single
al., 1993) (PDB code: 2CHE), were overlaid onto each other. ThenYPD1 model failed to separate signal from noise. A new search
the CheA-P1 domain (Mourey et al., 2001) (PDB code: 1I5N) wasmethod, as implemented in the program MOLREP (Vagin and Teply-
overlaid onto YPD1 by structural superimposition. The CheA-P1akov, 1997) of the CCP4 suite, which places two independently
domain and the CheA-P2/CheY complex in the above orientationsoriented YPD1 molecules simultaneously was used to determine
were then combined to produce a model of the CheA-P1/CheY/the locations of the YPD1 molecules. By restricting the rotations
CheA-P2 ternary complex.of YPD1 to the two significant peaks found by the cross-rotation

calculation, three pairs of YPD1 molecules were placed inside the
unit cell giving a correlation coefficient (CC) of 0.389 and an R factor Molecular Graphics
of 0.511 in space group P32 (CC � 0.347, R factor � 0.526 in P31) The figures in this paper were prepared using PYMOL (DeLano,
for resolution up to 3.0 Å. After rigid body refinement, the R factor 2002) or MOLSCRIPT (Kraulis, 1991) combined with either RAST-
dropped to 0.442 (Rfree � 0.443) with starting R factor of 0.480 (Rfree � ER3D (Merritt and Bacon, 1997) or GL_RENDER (http://www.hhmi.
0.477) for all reflections to 2.1 Å (with bulk solvent correction). swmed.edu/external/Doc/Gl_render/Html/gl_render.html) unless speci-

Molecular replacement with a homologous response regulator fied otherwise.
domain (such as CheY) as a search probe was not successful. At
this stage, there was no definitive electron density for identifying
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