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Abstract  
 
My laboratory has been using the macromolecular crystallography beamlines 
BL-6A, BL-6B, and BL-18B at Photon Factory since early 1990s to collect 
high-resolution X-ray diffraction data. Photon Factory data were used to solve 
a number of protein structures, including Bacillus licheniformis a-amylase, sweet 
potato P-amylase, Pseudomonas cepacia lipase, Pseudomonas fluorescens 
carboxylesterase, xylose isomerases from Thermus caldophilus and Thermus 
thermophilus, Saccharomyces cerevisiae Ypd1p, Methanococcus jannaschii 
malatenactate dehydrogenase, deoxycytidylate hydroxymethylase from 
bacteriophage T4, rice non-specific lipid transfer protein, ecotin from 
Escherichia coli, barley chitinase, DNA polymerase I from Thermus aquaticus, 
and DNA ligase from Thermus filiformis. Two of these structures will be described 
briefly in this article.  
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1. Saccharomyces cerevisiae Ypdlp  

 

1.1 Introduction  

 

The “two-component" regulatory system, commonly employed by 

prokaryotic organisms (Hoch and Silhavy, 1995; Eggar et al., 1997; Mizuno, 

1998), consists of two basic units: a sensor histidine kinase and a response 

regulator. More elaborate His-Asp-His-Asp four-step phosphorelay signal 

transduction pathways have also been identified (Appleby et al., 1996). 

The phosphorelay systems also operate in lower eukaryotic organisms such 

as yeast, fungi, plants, and the slime mold Dictyostelium (Swanson and 

Simon, 1994; Chang and Meyerowitz, 1994; Swanson et al., 1994; Loomis et 

al., 1997; Wurgler-Murphy and Saito, 1997). However, no such system has 

so far been detected in mammalian organisms. 

The best-characterized eukaryotic phosphorelay system is the 

His-Asp-His-Asp multistep phosphorelay, which governs osmoregulation in 

Saccharomyces cerevisiae (Posas et al., 1996). This pathway involves four 

proteins Sln1p, Ypd1p, Ssk1p, and Skn7p (Burg et al., 1996). Sln1p is a 

hybrid or unorthodox histidine kinase that possesses both a conserved 

histidine kinase domain (HI module) and an aspartate-containing recerver 

domain (D1 module) of response regulators (Ota and Varshavsky, 1993). Under 

normal growth conditions, it is active and autophosphorylates His576, from 

where the phosphate is relayed to Asp1l14. The phosphate is then 

transferred to His64 of the phosphorelay intermediate protein Ypd1p (H2 

module) and passed along to Asp554 of the Ssk1p response regulator (D2 

module). The phosphotransferase Ypdlp thus binds to the receiver domains 

of both Sln1p and Ssk1p to mediate the multistep phosphorelay 

Phosphorylation of the C-terminal receiver domain in the Ssklp response 

regulator renders it unable to activate the MAP kinase cascade, which is 

composed of three tiers of protein kinases, namely, Ssk2p/Ssk22p MAPKKKS, 

Pbs2p MAPKK, and Hog1p MAPK (Eggar et al., 1997; Whitmarsh and Davis, 1998). 

Under conditions of high osmolarity, the histidine kinase Sln1p is inactive 

and the unphosphorylated Ssk1p leads to an enhanced level of intracellular 

glycerol so that the cells can continue to grow in the hyperosmotic 
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envrronment. The Sln1p-regulated osmotic-stress pathway is bifurcated 

(Ketela et al., 1998; Li et al., 1998),  

 

 

 

 

 

with Sln1p kinase transmitting signals via Ypd1p to the Ssk1p response 
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regulator as well as to Skn7p (Asp427). In order to provide structural 

information to illuminate eukaryotic phosphorelay signal transduction and 

to allow structural comparisons, we determined the crystal structure of 

the phosphotransferase Ypd1p. 

 

1.2 Results and discussion 

 

Structure determination  

The structure of Ypd1p, fused with a His6-tag at its C-teminus, was 

initially determined by multiple isomorphous replacement (MIR) [space 

group P1, a = 66.34 Å, b = 66.48 Å, c = 66.49 Å α= 106.4°, β = 106.7°, 

and γ= 115.3°] and was refined against 2.3 Å data. The model accounts 

for 652 amino acid residues in four copies of the His-tagged Ypd1p as well 

as 1 76 ordered solvent molecules in the crystallographic asymmetric unit 

Subsequently, Ypd1p without a C-terminal His6-tag was crystallized [space 

group P43212, a = 53.01 A and c = 244.9 Å] and its structure was solved 

by molecular replacement at 1.8 Å resolution. The model accounts for 332 

amino acid residues in two copies of the intact Ypd1p as well as 56 ordered 

solvent molecules in the crystallographic asymmetric unit (Table 1).  

 

Overall structure  

The yeast Ypd1p structure contains six α-helices and two 310-helices but 

no β-strands (Figure 1A). The α-helices B, C, D, and F form a four-helix 

bundle, which is arranged in an up-down-up-down topology with left-handed 

twist. The N-terminal half of helix F is rich in hydrophobic residues and 

is surrounded by helices B, C, and D on one side and by irregular loops 

on the other side (Figure 1A). The longest helix F (43 Å long) is bent 

at Argl49 and another long helix B (38 Å long) at Asp37. Two short α

-helices A and E, two 310-helices G1 and G2, and connecting loops are the 

extra structural elements besides the four-helix bundle. The connection 

between helices B and C and that between helices C and D are short. Most 

linker regions between the two adjacent helices contain P-turns. However, 

the helices C and D are connected by an inverse γ-turn (Figure 1A), which 

is formed by the residues Gly-Leu-Gln at positions 74-76, with the Cα
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Figure 1. (a) Ribbon diagram showing the secondary structure elements of yeast Ypd1p. 

Six a-helices (blue ribbons), two 310-helices (yellow ribbons), and connecting loops 

(pink ropes) are drawn. The site of phosphorylation, His64, is shown in green. This 

figure drawn with MOLSCRIPT (Kraulis, 1991) and RASTER 3D (Merritt and Bacon, 1997). 

(b) Backbone superposition of Ypd1p (green) and ArcB HPt domain (magenta) Several 

residues of Ypd1p are also drawn and labeled. Figure drawn with GRASP (Nicholls et 

al., 1991) 

 

 

distance of 5.4 Å between Gly74 and Gln76. The hydrophobic residues 

(Leu73 and Leu75 in Ypd1p) and the glycine residue (Gly74) residing in the 

linker between helices C and D are nearly invariant in other homologous 

proteins (Kato et al., 1997). The helices D and F are connected by a 

44-residue insertion (residues 93-136), which contains a one-turn cc-helix 

E and a 310-helix G2 (Figure 1A). The interaction between this mini 

insertion domain and the four helix bundle is mediated in part by the 

N-terminal loop region (residues 2-lO). A highly negatively-charged 
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surface patch at the top of the molecule is formed by clustering of the 

residues, Asp22, Asp23, Asp24, and Asp26, in the connecting loop between 

the 310-helix G1 and α-helix B (Figure 1B). This may serve an important 

function such as protein-protein interactions.  

 

Structural comparisons  

Despite very low overall sequence identity, the structure of Ypd1p is most 

similar to that of the HPt domain of E. coli  ArcB (Kato et al., 1997) 

(Figure 1B). A sequence alignment of the two proteins indicates that only 

13 of 167 residues of Ypd1p are conserved. Eight of 13 identical residues 

of Ypd1p belong to the α-helical hairpin formed by α-helices C and D and 

the connecting γ-turn. When the sequence alignment is limited to this 

region only (residues 56-99), the identity is increased to 23.5%. In fact, 

the helix C with His64 (the site of phosphorylation), the inverse γ-turn, 

and the helix D of Ypd1p are structurally the most conserved region. A 

superposition of structurally equivalent residues in this α-helical 

hairpin of Ypd1p and the corresponding residues in the HPt domain of ArcB 

yields a rms deviation of 0.5 Å for 34 Cα atom pairs. The most pronounced 

difference is the presence m Ypd1p of the 44-residue insertion between 

helices D and F (Figure 1), which is missing from the HPt domain of ArcB.  

The Pl domain of CheA (Zhou and Dahlquist, 1997) includes an 

antiparallel four-helix bundle with the same topology as that of Ypd1p. 

But a detailed structural comparison is made difficult by the relatively 

low resolution of the solution structure of CheA Pl domain. SpoOB from B. 

subtilis (Varughese et al., 1998) is structurally unique among the 

phosphorelay H2 modules, since the four-helix bundles of SpoOB is formed 

by a dimeric association of two identical polypeptide chains. Structural 

comparisons suggest that the four-helix bundle architecture with the fully 

exposed active site histidine is commonly utilized by both prokaryotic and 

lower eukaryotic organisms to serve as a key intermediate in multistep 

phosphorelay signal transduction. 
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2. Deoxycytidylate hydroxymethylase from bacteriophage T4 

 

2.1 Introduction 

 

T4 deoxycytidylate hydroxymethylase (CH; EC 2.1 .2.8), encoded by the gene 

42 of bacteriophage T4, exists as a homodimer consisting of polypeptide 

chains with 246 amino acid residues (subunit Mr 28,450). Its ammo acid 

sequence (Lamm et al., 1987; Lamm et al., 1988; Thylen, 1988) shows low 

(19-21%) but statistically significant identity with those of thymidylate 

synthases (TS) from T4 and E. coli. T4 CH and TSs however exhibrt distinct 

pyrimidine base specificities and differ in the details of their catalyzed 

reactions T4 CH hydroxymethylates dCMP, whereas TSs reductively methylate 

dUMP. And the same cofactor 5,1O-methylene-5,6,7,8-tetrahydrofolate 

(CH2H4folate) is converted into 5,6,7,8-tetrahydrofolate by T4 CH but into 

7,8-dihydrofolate by TSs. As part of the DNA modification system in 

bacteriophage T4, 2'-deoxycytidylate (dCMP) is converted into 

5-hydroxymethyl-dCMP by CH. And hydroxymethyl-deoxycytidine triphosphate 

(Hm-dCTP), subsequently synthesized from Hm-dCMP by the actions of T4 

deoxynucleoside monophosphate kinase and E. coli nucleoside diphosphate 

kinase, is incorporated into the phage DNA by T4 DNA polymerase. In order 

to provide insight into the substrate specificity and catalytic mechanism, 

we determined the crystal structure of T4 CH. 

 

2.2 Results and discussion 

 

Structure determination  

The crystals of His-tagged T4 CH grown in the presence of dCMP belong to 

the space group C2, with unit cell dimensions of a = 174.22 Å, b = 53.12 

Å, c = 75.17 Å, and β = 115.29°(Sohn et al., 1999). The structure was 

determined by multiple isomorphous replacement (MIR) method and was 

refined to 1.6 Å (Table 1) Subsequently, T4 CH without the C-terminal 

His-tag was crystallized, also in complex with dCMP, and its structure was 

refined at 2.2 Å (Table 1). T4 CH fused with a C-terminal His-tag was also 

crystallized in the presence of 5-hydroxymethyl cytosine, a fragment of 

the product, but its structure did not show the ligand in the active site. 
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Instead, it showed a strong electron density of a bound phosphate ion at 

the substrate binding pocket. Coordinates have been deposited in the 

Protein Data Bank with accession codes 1b5e for dCMP-bound, Hrs-tagged 

enzyme, 1b49 for Pi-bound, His-tagged enzyme, and 1b5d for dCMP-bound, 

His-untagged enzyme. 

 

 

Figure 2. Ribbon diagram showing the secondary structure elements of T4 CH dimer. 

Six β-strands (red arrows), eight α-helices (blue ribbons), and three 310-helices 

(yellow ribbons) are drawn The catalytically important residues (Glu60, Cysl48, and 

Aspl79) and a bound-dCMP molecule are shown in green and deep blue, respectively.  
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Homodimer structure and structural comparison  

The homodimer of T4 CH has approximate dimensions of 72 Å x 64 Å x 40 

Å. Each monomer consisting of a six-stranded P-sheet, surrounded by eight 

α-helices and three 310-helices (Figure 2) folds into a two-domain 

structure. Each active site of the dimer is contributed asymmetrically by 

residues from both subunits. Thus the substrate dCMP bound to the active 

site is located very close to the dimer interface (Figure 2). All six β

-strands within each monomer as well as α-helices A, E, and F are involved 

in dimerization (Figure 2). Despite sharing a common subunit fold, T4 CH 

and TS display significant structural differences. A superposition with 

E. coli TS gives a rms difference of 0.90 Å for 79 Cα atoms which 

encompass the central β-sheet β2-β6 and α-helices E and G of T4 CH. 

The remaining structural elements show large differences. For instance, 

 

 

 
Figure 3. Stereo diagram of the hydrogen-bond network around the bound dCMP molecule 

in the active site of T4 CH. Figure drawn with MOLSCRIPT (Kraulis, 1991) and RASTER 

3D (Merritt and Bacon, 1997).  
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the helices A(A), B(B), and H(K) show a shift of ～2.5 Å, ～4.0 Å, and 

～2.7 Å, respectively. The labels given m parenthesis are those of the 

secondary structure elements in E. coli TS (Montfort et al., 1990). The 

loops connecting the secondary structure elements show still larger 

differences. For instance, a loop connecting α-helices C(D) and D(G) and 

another loop between β-strands 1(-i) and 2(i) are shifted by more than 

5.0 Å. A major difference between T4 CH and E. coli TS is that the 

C-terminal region of TS is deleted in CH. Among the extra 27 C-terminal 

residues present in E. coli TS, the last six residues move -4 Å into and 

partly cover the active site upon binding folate (Matthews et al., 1990a; 

Montfort et al., 1990). Therefore, the presumed folate binding site of T4 

CH is more open than that of E. coli TS. 

 

Pyrimidine base specificity  

The substrate dCMP is bound in a deep active site pocket (Figures 2 

and 3). When the nucleotide binding sites of T4 CH and E. coli TS are 

compared, part of the binding site that recognizes the common portion of 

the two nucleotides superimposes very well, whereas the remaining part that 

confers the distinct pyrimidine base specificity and catalytic activity 

is more divergent. In T4 CH, twelve residues (Lys28, Tyr96, Argl23', 

Argl24', Cysl48, Argl68, Serl69, Asnl70, Aspl71, Aspl79, His216, Tyr218) 

interact directly with dCMP, while four more residues (Glu60, Tyr64, Trp82, 

Ser94) interact indirectly via water molecules or other residues, forming 

a network of hydrogen bonds, which includes at least five ordered water 

molecules (Figure 3). The primed residues belong to the second subunit 

within a dimer.  

The key catalytic residue Cysl48 of T4 CH acts as a nucleophile to 

attack the C-6 atom of the cytosine base (Graves et al., 1 992). Its 

side-chain adopts a dual conformation in the 1.6 Å model. In each of the 

two conformations, Sγ of Cysl48 lies within 3.4-3.5 Å from C-6 of dCMP. 

The corresponding residue Cysl46 of E. coli TS forms a covalent bond with 

C-6 of dUMP during catalysis (Montfort et al., 1990; Rutenber and Stroud, 

1996). The sulfur atom of Cysl48 in one of the dual conformations is also 

close to the guanidium group of Argl68 side-chain, Iowering the pKa of 

Cysl48 side-chain by stabilizing the thiolate anion. The corresponding 

residues Argl66 of E. coli TS and Arg218 of L. casei TS Iie similarly in 
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close proximity to the side-chain of the reactive nucleophile cysteine 

(Matthews et al., 1990b; Stroud and Finer-Moore, 1993; Carreras and Santi, 

1995).  

Aspl79 of T4 CH was shown to be the primary determinant of the 

pyrimidine base specificity. When it was substituted with Asn, the value 

of kcat/KM for dCMP was lowered by (1.5 x l04)-fold but it increased for 

dUMP by 60-fold (Graves et al., 1992). The equivalent residue is invariably 

Asn in all TSs and in dUMP hydroxymethylase from bacteriophage SPO1. 

Site-directed mutagenesis of the corresponding residue Asn229 of L. casei 

TS has also indicated a role in determining the pyrimidine base specificity 

(Liu and Santi, 1993; Agarwalla et al., 1997). Recent structural studies 

on Asn229 mutants suggest, however, that Asn229 may contribute to catalysis 

through orientation of dUMP and through hydrogen-bond stabilization of 

reaction intermediates (Finer-Moore et al., 1998). This indicates that the 

difference in charge properties of the reaction intermediates 

discriminates one side-chain over the other. 

With dUMP as substrate, a negative charge is developed at 0-4, when 

Cysl98 adds covalently to C-6 of  

dUMP during methylation by L. casei TS (Stroud and Finer-Moore, 1993) and 

hydrogen bonds from Asn229 and water molecules were proposed to stabilize 

the developing negative charge at 0-4 (Finer-Moore et al., 1998). The 

negatively-charged reaction intermediate will be destabilized by 

replacing Asn229 with Asp. Our structure of T4 CH shows that the orientation 

of Asp 179 side-chain is constrained by the hydrogen bond network, which 

is analogous to the case of Asn229 in L. casei TS (Stroud and Finer-Moore, 

1993). This network will be disturbed when the side-chain of Aspl79 is 

rotated to make hydrogen bonds with dUMP. And if it is mutated to Asn, the 

electron-deficient reaction intermediates (Graves et al., 1992: Scheme l) 

will not be stabilized as well We propose, therefore, that Aspl79 of T4 

CH discriminates dCMP against dUMP by achieving a proper orientation of 

the pyrimidine base for a nucleophilic attack by Cysl48 through a hydrogen 

bond network and a better stabilization of the reaction intermediates. 
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