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De novo zinc single-wavelength anomalous dispersion 
(Zn-SAD) phasing has been demonstrated with the 1.9 Å 
resolution data of glucose isomerase and 2.6 Å resolution 
data of Staphylococcus aureus Fur (SaFur) collected using 
in-house Cu Kα X-ray source. The successful in-house Zn-
SAD phasing of glucose isomerase, based on the anomal-
ous signals of both zinc ions introduced to crystals by 
soaking and native sulfur atoms, drove us to determine the 
structure of SaFur, a zinc-containing transcription factor, 
by Zn-SAD phasing using in-house X-ray source. The ab-
undance of zinc-containing proteins in nature, the easy 
zinc derivatization of the protein surface, no need of syn-
chrotron access, and the successful experimental phasing 
with the modest 2.6 Å resolution SAD data indicate that in-
house Zn-SAD phasing can be widely applicable to struc-
ture determination. 
 
 
INTRODUCTION 
 
Multi- or single-wavelength anomalous dispersion (MAD or 
SAD) methods are most commonly used for de novo phasing 
to solve protein structures with no proper homologous models. 
MAD is superior to SAD in that it allows the direct calculation of 
phase angles and has no phase-ambiguity issue (Hendrickson, 
1991). Nevertheless, together with better data-collection facili-
ties, cryogenic techniques, powerful programs for data process-
sing, phasing, density modification (Wang, 1985) and automatic 
model building, SAD gets wide popularity due to its simplicity, 
fast data collection, and low radiation damage (Dauter et al., 
2002). 

SAD phasing has been reported at remote wavelengths above 
the absorption edge (Leonard et al., 2005) and even at Cu Kα 
edge of in-house X-ray sources (Dauter et al., 2002; Debrecze-
ni et al., 2003a; 2003b; 2003c; Evans and Bricogne, 2003; 
Roeser et al., 2005; Sarma and Karplus, 2006; Stevenson et al., 
2004; Vennila and Velmurugan, 2011; Yogavel et al., 2007; 
2009; 2010a; 2010b). The successful in-house SAD phasing 
opens new avenue of experimental phasing with in-house X-ray 
sources. 

  The presence of anomalous scatterers in protein crystals is 
prerequisite for SAD phasing. The most frequently used ano-
malous scatterers are introduced by recombinant DNA me-
thods, as in selenomethionine (SeMet) substitution (Hendrick-
son et al., 1990) or by heavy-atom derivatization (e.g. Hg, Pt, 
lanthanides and actinides) (Blundell and Johnson, 1976; Bog-
gon and Shapiro, 2000; Islam et al., 1998; Petsko, 1985; Rould, 
1997). And metal ions inherently contained in metalloproteins 
(e.g. Zn, Fe or Cu) can also be used as anomalous scatterers. 
After the structure of crambin was solved by pioneering sulfur 
SAD (S-SAD) (Hendrickson and Teeter, 1981), native SAD has 
been explored to solve protein structures using lighter atoms 
such as sulfur from methionine or cysteine (Chayen et al., 2000; 
Debreczeni et al., 2003a; Mueller-Dieckmann et al., 2004; 2005; 
2007; Olczak et al., 2003; Ramagopal et al., 2003a; Weiss et 
al., 2001), P atom in phosphate (Dauter and Adamiak, 2001), 
Cl atom from buffer (Dauter et al., 1999) as anomalous scatter-
ers.  

There are over 8 000 protein structures with zinc ions as li-
gands in the PDB, which shows that zinc ions are the most 
abundant metal ligand of proteins. Furthermore, about 5-10% 
of all proteins predicted from the genomes of all three domains 
of life are estimated to be zinc-containing proteins (Andreini et 
al., 2006). We have recently reported that multiple zinc ions can 
easily be charged onto the surface of proteins by using zinc-
containing solutions and these surface-bound zinc ions are 
highly effective to determine protein structures by MAD/SAD 
phasing (Cha et al., 2012). The successful in-house S-SAD 
phasing cases (Debreczeni et al., 2003a; 2003b; 2003c; Lemke 
et al., 2002; Olsen et al., 2004; Pal et al., 2008; Sarma and 
Karplus, 2006; Yang and Pflugrath, 2001; Yogavel et al., 2010b), 
along with the fact that zinc has higher anomalous signal (f" = 
0.68 e-) than sulfur (f" = 0.56 e-) at Cu Kα edge, encouraged us 
to investigate the possibility of Zn-SAD phasing using in-house 
X-ray source. Here, we report two successful Zn-SAD phasing 
cases with the 1.9 Å resolution data of glucose isomerase (as a 
test case) and the 2.6 Å resolution data of SaFur (as a real 
case) both of which were collected using a MicroMax-007 HF 
rotating-anode X-ray generator. 
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MATERIALS AND METHODS 

 
Protein preparation and crystallization 
 
Glucose isomerase 
Glucose isomerase was purchased from Hampton Research 
(Lot No. 022004). According to the manufacturer’s specifica-
tions, glucose isomerase was extensively dialyzed against 20 
mM Tris-HCl pH 7.5 and subsequently diluted to a final concen-
tration of 33 mg ml-1. Crystals were obtained by the hanging-
drop vapour-diffusion method at 295 K using a precipitant solu-
tion consisting of 0.2 M magnesium acetate, 0.1 M MES pH 6.5, 
20% 2-methyl-2,4-pentanediol (MPD). Prior to the diffraction 
experiment, the crystals were soaked in same precipitant solu-
tion with 50 mM zinc acetate for 30 min - 2 h to introduce zinc 
ions into the protein surface.  
 
SaFur 
The fur gene (GenBank accession no. 15221618) was ampli-
fied by polymerase chain reaction using S. aureus genomic 
DNA as template. The gene was inserted downstream of the 
T7 promoter of the expression plasmid pET-11a(+) vector (No-
vagen, USA) and the resulting construct expressed residues 1-
149 of the SaFur protein. After verifying the DNA sequence, 
plasmid DNA was transformed into Escherichia coli strain BL21 
(DE3) pLysS (Promega Corp., USA). The cells were grown to 
OD600 of approximately 0.5 in Luria-Bertani medium (Merck) 
containing 50 μg ml-1 Ampicillin at 310 K and expression was 
induced by 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG, 
Duchefa). After 4 h of induction at 310 K, the cells were har-
vested and resuspended in 20 mM Tris-HCl pH 8.0 containing 
5% glycerol and 10 mM EDTA. The cells were disrupted by 
sonication and the cell debris was discarded by centrifugation 
at 20,000 × g for 30 min at 277 K. The resulting supernatant 
was loaded onto a 20 ml Heparin Sepharose™ column (GE 
Healthcare). The column was washed with a washing buffer 
consisting of 20 mM Tris-HCl pH 8.0, 5% glycerol, 10 mM 
EDTA and 50 mM NaCl. SaFur was eluted with the same buffer 
containing 300 mM NaCl. The partially purified protein fraction 
by Heparin Sepharose column was dialysed into washing buffer 
and loaded onto a column packed with 20 ml Q-Sepharose 
resin (GE Healthcare). This column was then washed with a 
gradient to 20 mM Tris-HCl pH 8.0, 5% glycerol, 10 mM EDTA 
and 1 M NaCl. The eluted fraction containing SaFur was con-
centrated and subsequently loaded onto a Superdex 75 HR 
16/60 column (GE Healthcare), which was pre-equilibrated with 
a washing buffer. The SaFur protein was eluted at ~45 min with 
a flow rate of 1.5 ml min-1. The purified SaFur was concentrated 
to approximately 15 mg ml-1 for crystallization. Crystals were 
grown at 295 K using the microbatch crystallization method. 
Small drops composed of 1 μl protein solution and an equal 
volume of a precipitant solution consisting of 30% (v/v) 1,2-
propanediol, 0.1 M HEPES pH 7.5, 20% (v/v) PEG 400 were 
pipetted under a layer of a 1:1 mixture of silicon oil and paraffin 
oil in 72-well HLA plates (Nunc). 
 
Data collection 
A 1.9 Å resolution SAD data set for glucose isomerase and a 
2.6 Å resolution SAD data set for SaFur were collected at wa-
velength of 1.54178 Å using a MicroMax-007 HF rotating-
anode X-ray generator and an R-AXIS IV++ imaging-plate area 
detector (Rigaku, Japan) at the Korea Basic Science Institute, 
Republic of Korea. A total 720 frames of 1° oscillation were 
collected with the crystal-to-detector distance set to 150 mm in 

the case of glucose isomerase (Table 1) and a total 720 frames 
of 1° oscillation were collected with the crystal-to-detector dis-
tance set to 170 mm in the case of SaFur (Table 2). 
 
Data processing and phasing 
Diffraction data were processed and scaled using DENZO and 
SCALEPACK from the HKL2000 program suite (Otwinowski 
and Minor, 1997). Experimental phasing was performed with 
the AutoSol program (Terwilliger et al., 2009) in the PHENIX 
suite (Adams et al., 2010) which is an experimental phasing 
pipeline that combines HySS (Hybrid Substructure Search) 
(Grosse-Kunstleve and Adams, 2003) for finding heavy-atom 
sites, Phaser (McCoy et al., 2007) or SOLVE (Terwilliger, 2002) 
for calculating experimental phases, and RESOLVE (Terwilliger, 
2002) for density modification and model-building. The auto-
built models from the phasing programs were completed using 
COOT (Emsley et al., 2010) and refinement was performed 
with a maximum-likelihood algorithm implemented in CNS 
(Brunger et al., 1998) or REFMAC5 (Murshudov et al., 2011). 
 
RESULTS AND DISCUSSION 

 
A test case: structure determination of glucose isomerase  
using in-house Zn-SAD 
Glucose isomerase is a highly suitable protein for testing differ-
ent phasing methods based on the anomalous scattering of 
various metals because of the possibility of substituting its natu-
ral metal cofactors, Mn2+ or Mg2+, with several other divalent 
metal ions (Ramagopal et al., 2003b). Thus, we selected glu-
cose isomerase as a test protein to examine whether anomal-
ous signal from zinc ions introduced by soaking can be used for 
in-house experimental phasing. A 1.9 Å resolution SAD data 
set (Table 1) was collected from a crystal that was cooled in a 
cryostream at 100 K after briefly being immersed in a cryopro-
tectant solution consisting of 20% MPD, 0.1 M MES pH 6.5, 0.2 
M magnesium acetate and 50 mM zinc acetate dehydrate. The 
crystal of glucose isomerase belonged to the orthorhombic 
space group I222, with unit-cell parameters a = 92.927, b = 
98.867, c = 102.638 Å. There was one molecule in the asym-
metric unit, giving a Matthews coefficient (VM) of 2.73 Å3 Da-1 

and a calculated solvent content of 54.92 % (Matthews, 1968).  
Anomalous signals, which were evaluated by <d"/sig>, a 

good indicator of the strength of the anomalous signal, were 
over the threshold (0.80) (Sheldrick, 2010) to the highest reso-
lution shell (Fig. 1A). The AutoSol program was used to find 
anomalous zinc substructures and produced a phase set with a 
figure of merit (FOM) before and after density modification of 
0.42 and 0.90, respectively. The experimental electron-density 
map was clearly interpretable and a model with Rwork/Rfree of 
0.1878/ 0.2084 was automatically built. The initial model was 
manually remodeled producing a final model with Rwork/Rfree of 
0.1409/ 0.1625. 

In fact, among the twelve heavy atom sites found by HySS, 
eight sites turned out to be the ordered sulfur positions from 
methionines or cysteines. Although the location of the relatively 
strong anomalous scatterers, zinc atoms (f" = 0.68), may facili-
tate the finding of sulfur atoms (f" = 0.56), the data evidently 
contained a meaningful anomalous scattering contribution ori-
ginating from sulfur. This result is in accordance with the pre-
vious study that the location of Mn atoms facilitates the finding 
of sulfur atoms and the anomalous scattering of sulfur atoms 
contributes to SAD phasing (Ramagopal et al., 2003b). 

Among four zinc ions finally modeled, two ions (Zn1 and Zn2) 
were located in the intrinsic metal binding sites and the other 
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Table 1. Data collection, phasing and refinement statistics 

Protein name Glucose Isomerase 

Data collection SAD 

Space group I222 

X-ray source In-house Cu Kα 

Wavelength (Å) 1.54178 

Oscillation (°) 240 300 360 420 480 540 600 660 720 

Unit cell parameters 
a, b, c (Å) 

92.927, 98.867, 102.638 

Resolution (Å)1 50-1.9(1.93-1.9) 

Completeness (%)1 97.5(79.3) 97.6(80.5) 97.8(81.0) 97.8(80.8) 97.8(80.8) 97.8(80.9) 97.8(80.7) 97.8(80.7) 97.8(80.1)

Rmerge
 (%)1,2 3.3(8.9) 3.3(8.8) 3.5(8.6) 3.4(8.6) 3.4(8.6) 3.5(8.6) 3.5(9.0) 3.6(9.0) 3.6(8.9) 

I/σ (I)1 72.5(25.7) 80.6(29.0) 90.4(31.8) 97.3(17.7) 102.8(36.6) 109.7(38.3) 115.8(40.1) 121.2(42.6) 127.3(44.0)

Multiplicity 7.1(4.0) 9.0(5.0) 10.9(6.0) 12.7(7.0) 14.4(8.0) 16.2(8.9) 18.0(9.8) 19.9(10.9) 21.7(11.9)

Unique reflections 36,671 36,717 36,762 36,773 36,775 36,778 36,798 36,798 36,807 

<d"/sig> of outer shell3 1.34 1.28 1.27 1.33 1.37 1.41 1.5 1.49 1.5 

Phasing statistics 

Success of phasing Failure Success Success Success Success Success Success Success Success 

No. of Zn sites in initial 
model from AutoSol 

9 11 11 12 12 12 13 13 14 

Sites occupancies6 1.00 0.67-0.99 0.68-0.97 0.29-0.99 0.30-1.00 0.29-1.00 0.28-1.00 0.30-1.00 0.32-0.93

FOM6 

Before DM 0.21 0.43 0.46 0.47 0.47 0.48 0.49 0.49 0.42 

After DM 0.81 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.90 

Model-map CC6 0.06 0.57 0.69 0.70 0.71 0.69 0.71 0.70 0.83 

Rwork
4(Rfree) (%) 

 
0.5535/ 
0.5579 

0.2419/ 
0.2687 

0.2049/ 
0.2296 

0.1926/ 
0.2200 

0.2001/ 
0.2340 

0.2278/ 
0.2597 

0.2162/ 
0.2426 

0.2125/ 
0.2408 

0.1878/ 
0.2084 

Refinement statistics 

Resolution range (Å)  28.28-1.9

No. reflections  34,963 

No. atoms  

Protein  3,044 

MPD  2 

Zinc ion  4 

Acetate  2 

Water  446 

Rwork
4(Rfree) (%)  14.09 (16.25)

R.m.s. deviations5  

Bonds length (Å)  0.005 

Bond Angles (°)  1.093 
1The number in parentheses is for the outer shell. 
2
Rmerge

 = Σhkl

 
Σi |Ii(hkl) - <I(hkl))|)Σhkl ΣiIi(hkl), where Ii(hkl)

 is the intensity of observed reflection hkl and <I(hkl)) is the mean intensity of symmetry-equivalent reflections 

3Data from SHELXC (Sheldrick, 2010) 
4
Rwork = Σ |Fo-Fc| ) Σ Fo  

Rfree was calculated with 5% of the reflections. 
5R.m.s. deviations in bond length and angles are the deviations from ideal values. 
6Data from phasing programs 
 

 
 
two ions were bound to surface exposed His49 (Zn3) and 
His71 (Zn4). Zn1 was coordinated by a water molecule, Glu217, 
His220, Asp255, and Asp257 in a trigonal bipyramidal geome-
try (Fig. 2) and a water molecule, Glu181, Glu217, Asp245, and 
Asp287 coordinate Zn2 in a octahedral geometry (Fig. 2). Sur-

face bound Zn3 and Zn4 were coordinated by one water mole-
cule and one acetate molecule (Zn3, Fig. 2) or by a histidine 
residue and three water molecules (Zn4, Fig. 2) in a tetrahedral 
geometry. In the anomalous difference Fourier map contoured 
at 5σ, the peak of Zn3 was not shown due to its weak anoma-
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Table 2. Data collection, phasing and refinement statistics 

Protein name SaFur 

Data collection SAD 

Space group P43 

X-ray source In-house Cu Kα 

Wavelength (Å) 1.54178 

Oscillation (°) 120 150 180 210 240 270 300 330 360 420 480 540 600 660 720

Unit cell parameters 
a, b, c (Å) 

68.924, 68.924, 85.746 
 

Resolution (Å)1 50-2.6 

Completeness (%)1 

 
99.8 

(100.0) 
99.9

(100.0) 
99.9 

(100.0) 
99.9 

(100.0) 
99.9

(100.0)
99.9

(100.0)
99.9

(100.0)
99.9

(100.0)
99.9

(100.0)
99.9

(100.0)
99.9 

(100.0) 
99.9 

(100.0) 
99.9 

(100.0) 
99.9

(100.0)
99.9

(100.0)

Rmerge
 (%)1,2 

 
7.2 

(40.2) 
7.7 

(39.8) 
8.1 

(39.9) 
8.1 

(40.7) 
8.2 

(41.7)
8.3 

(42.5)
8.2 

(42.7)
8.4 

(42.8)
8.5 

(43.0)
8.5 

(43.7)
8.4 

(43.8) 
8.5 

(43.7) 
8.5 

(44.2) 
8.5 

(44.2)
8.6 

(44.1)

I/σ (I)1 

 
38.7 
(5.7) 

45.6
(6.6)

50.8 
(7.3) 

54.2 
(7.7) 

57.6
(8.2)

61.3
(8.8)

65.1
(9.2)

68.7
(9.7)

72.2
(10.1)

77.5
(10.8)

82.7 
(11.7) 

87.7 
(12.4) 

92.1 
(12.9) 

96.9
(13.4)

100.9
(14.0)

Multiplicity 
 

4.8 
(4.7) 

6.0 
(5.9)

7.2 
(7.1) 

8.4 
(8.1) 

9.6 
(9.3)

10.9
(10.6)

12.1
(11.7)

13.2
(12.8)

14.4
(14.0)

16.9
(16.5)

19.4 
(18.8) 

21.8 
(21.3) 

24.2 
(23.5) 

26.6
(25.9)

29.0
(28.2)

<d"/sig> of outer shell 3 1.09 1.11 1.09 1.09 1.08 1.10 1.13 1.13 1.13 1.15 1.19 1.20 1.20 1.23 1.25

Phasing statistics 

Success of phasing Failure Failure Failure Success SuccessSuccessSuccessSuccessSuccessSuccessSuccess Success Success Success Success

No. of Zn sites in initial 
model from AutoSol 

6 
 

5 
 

6 
 

5 
 

8 
 

7 
 

8 
 

7 
 

7 
 

7 
 

6 
 

6 
 

7 
 

6 
 

7 
 

Sites occupancies6 

 
1.00 

 
1.00

 
1.00 

 
1.00 

 
0.41-
1.00

0.83-
1.00

1.00
 

0.52-
1.00

0.94-
1.00

0.69-
1.00

1.00 
 

1.00 
 

1.00 
 

1.00
 

0.40-
1.00

FOM6 

Before DM 0.29 0.28 0.31 0.32 0.36 0.36 0.37 0.37 0.39 0.39 0.38 0.9 0.40 0.41 0.42

After DM 0.80 0.79 0.79 0.80 0.81 0.81 0.81 0.79 0.81 0.81 0.81 0.81 0.81 0.82 0.82

Model-map CC6 0.28 0.35 0.38 0.49 0.53 0.55 0.54 0.60 0.53 0.54 0.53 0.55 0.55 0.50 0.51

Rwork
4(Rfree) (%) 

 
0.4777/
0.5310 

0.4804/
0.5085 

0.4881/
0.4953 

0.4592/
0.5015 

0.4268/
0.4884

0.4214/
0.4586

0.4344/
0.4737

0.3899/
0.4361

0.4048/
0.4422

0.4010/
0.4259

0.4101/
0.4467 

0.4197/
0.4458 

0.4235/
0.4733 

0.4312/
0.4741

0.4455/
0.4706

Refinement statistics 

Resolution range (Å)  26.82-2.6

No. reflections  12264 

No. atoms  

Protein  2389 

Zinc ion  6 

Chloride ion  2 

Rwork
4(Rfree) (%)  19.15 (23.92)

R.m.s. deviations5  

Bonds length (Å)  0.003 

Bond Angles (°)  0.756 

1The number in parentheses is for the outer shell. 
2
Rmerge

 = Σhkl

 
Σi |Ii(hkl) - <I(hkl))|)Σhkl Σi Ii (hkl), where Ii (hkl) is the intensity of observed reflection hkl and <I(hkl)) is the mean intensity of symmetry-equivalent reflec-

tions  

3Data from SHELXC (Sheldrick, 2010) 
4
Rwork = Σ |Fo-Fc| ) Σ Fo  

Rfree was calculated with 5% of the reflections. 
5R.m.s. deviations in bond length and angles are the deviations from ideal values. 
6Data from phasing programs 
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Fig. 1. The <d"/sig> plots from

SHELXC as a function of resolu-

tion. (A) The plot of glucose iso-

merase 720° oscillation data. (B)

The plots of glucose isomerase

depending on the multiplicity. (C)

The plot of SaFur 720° oscillation

data and (D) The plots of SaFur

depending on the multiplicity. 

Fig. 2. Anomalous Fourier maps at the 5σ

level (A), experimental electron-density

maps after density modification (B) and

final 2Fo-Fc maps (C) at the 1σ level su-

perposed onto zinc-binding sites in the

final model of glucose isomerase. Zinc

ions and water molecules are represented

by gray and red spheres, respectively. 
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lous signal intensity even though the clear electron density that 
is connected to the Nε2 atom of His49 was present in both initial 
and final 2Fo-Fc maps (Fig. 2).  

There is the possibility that Mg2+ could be at the Zn1 and Zn2 
sites considering the abundance of Mg2+ in the crystallization 
solution. To ensure the existence of zinc ions at the two sites, 
we compared the thermal B-factors because the B-factor of a 
properly determined and refined metal ion should be close to 
the B-factors of its coordinating atoms (Harding, 2004; Zheng et 
al., 2008). The B-factors calculated with zinc ions at the sites 
(Zn1 = 11.74 Å2, Zn2 = 11.96 Å2) were similar to those of the 
coordinating atoms (Zn1 = 8.81, 8.53, 9.96, 9.66, 10.04 Å2, Zn2 
= 8.47, 8.63, 10.03, 10.31, 11.02, 10.13 Å2), whereas the B-
factors of Mg2+ located at the two sites were refined to 1 Å2 
displaying a large discrepancy compared with liganding atoms. 
The spare Fo-Fc electron-density when Mg2+ is fitted at the Zn1 
and Zn2 sites also supports the assignment of zinc. 

In-house SAD phasing generally requires high redundant da-
ta to accurately measure the subtle anomalous signal. There- 
fore, we rescaled the SAD data set of the total 720 frames to 
evaluate the effect of multiplicity (1-240 to 1-720 with 60° oscil-
lation interval, Table 1). Despite the presence of a reasonable 
anomalous signal (Fig. 1B), the low multiplicity data set of 1-240 
frames was not sufficient to find zinc substructure solutions 
using AutoSol. In this case, a multiplicity of ~9 seems to be the 
minimum data required for successful Zn-SAD phasing. To 
date, most of the successful S-SAD cases required a minimum 
multiplicity of > 10 and there were even cases with a multiplicity 
of > 50 (Doutch et al., 2012). Therefore, in-house Zn-SAD can 
be a good alternative to S-SAD in the perspective of the radia-
tion damage problems. 
 
A real case: structure determination of SaFur using  
in-house Zn-SAD 
SaFur is a homodimeric protein and each monomer consists of 
149 amino acids. SaFur is an iron-sensing transcriptional regu-
lator involved in intracellular iron homeostasis and belongs to 
the ferric uptake regulator (Fur) family which includes sensors 
of Fe (Fur), Zn (Zur) and Ni (Nur) (Lee and Helmann, 2007). 
Fur family proteins contain metal sites and the binding of metal 

ions modulates their DNA-binding activity. Despite the fact that 
Fur proteins are Fe-sensing proteins, the crystal structures of 
Pseudomonas aeruginosa Fur (PaFur) (Pohl et al., 2003), Vi-
brio cholera Fur (VcFur) (Sheikh and Taylor, 2009), Helicobac-
ter pylori Fur (HpFur) (Dian et al., 2011), and Campylorbacter 
jejuni Fur (CjFur) (Butcher et al., 2012) revealed that the metal 
sites of all these four proteins are occupied by zinc atoms. Ex-
cept for VcFur structure, other Fur structures were determined 
using zinc anomalous scattering. Since our trials of molecular 
replacement to solve the structure of SaFur resulted in failure, 
we thought that SaFur was an optimal real case for the in-
house Zn-SAD phasing. We collected a 2.6 Å resolution SAD 
data set (Table 2) from a crystal that was cooled in a cryos-
tream at 100 K after briefly being immersed in a cryoprotectant 
solution consisting of 30% (v/v) 1,2-propanediol, 0.1 M HEPES 
pH 7.5, 20% (v/v) PEG 400. The crystal of SaFur belonged to 
the tetragonal space group, P43, with unit-cell parameters a = b 
= 68.804, c = 85.526 Å. There are two molecules in the asym-
metric unit, giving a Matthews coefficient (VM) of 2.94 Å3 Da-1 
and a calculated solvent content of 58.12% (Matthews, 1968).  

According to the plot of <d"/sig> versus resolution (Fig. 1C), 
the zinc anomalous signal was high over the entire resolution 
range. A total of six zinc ions, with occupancies of 0.08-1.00, 
were identified in the asymmetric unit and the resulting phasing 
set, characterized by an FOM of 0.42, yielded an interpretable 
electron-density map (Figs. 3A and 3C) leading to an auto-built 
model consisting of 194 residues among the total 298 amino 
acids with Rwork/Rfree of 0.4455/0.4706. Further model building 
was performed manually using the program COOT and the 
iterative rounds of refinement were performed using the pro-
gram REFMAC5. The final model with Rwork/Rfree of 0.1915/ 
0.2392 clearly shows that the dimeric closed form of SaFur and 
DNA binding α4 helices are positioned toward the putative DNA- 
binding site. An anomalous difference Fourier map showed six 
significant peaks > 5σ (Fig. 3E). Their distinctive intensities of 
anomalous signals are compatible with the fact that three metal 
sites in the Fur family proteins (one structural metal site, two 
regulatory metal sites) have a different affinity to metal ions (An 
et al., 2009; Dian et al., 2011; Lucarelli et al., 2007; Shin et al., 
2011). The metal sites of SaFur were occupied by zinc atoms, 

Fig. 3. Representative experimental elec-

tron-density maps of α-helix (A) and β-

sheet regions (C) with Cα-chain of initial

model and final 2Fo-Fc maps correspond-

ing to (A), (C) at the 1σ level superposed

onto the same regions of final model with

(B), (D), respectively. Anomalous Fourier

map at the 5σ level superposed onto the

final SaFur dimer ribbon model and it

clearly shows the six zinc binding sites (E).
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as are in the cases of Fur proteins whose structures are availa-
ble, even though 10 mM EDTA was treated during purification 
in order to obtain zinc-free proteins. It is noteworthy that the 
purified SaFur can bind to its target DNA sequence (data not 
shown). The detailed structural features of SaFur will be pub-
lished elsewhere. 

In contrast to the case of glucose isomerase, no sulfur atoms 
of methionines or cysteines were found in substructure solu-
tions. To the best of our knowledge, this is the first report de-
scribing successful in-house Zn-SAD phasing experiments. The 
successful in-house Zn-SAD phasing of SaFur, solely with a 
zinc anomalous signal from the modest 2.6 Å resolution data 
collected using Cu Kα X-ray radiation, expands the limit of the 
application range of in-house Zn-SAD phasing to protein crys-
tals that have no ordered native sulfur atoms. 

The SAD data set of total 720 frames was rescaled to see 
the effect of multiplicity (1-120 to 1-360 with 30° oscillation in-
terval, 1-360 to 1-720 with 60° oscillation interval, Table 2). 
Despite the presence of a reasonable anomalous signal (Fig. 
1D), the low multiplicity data set 1-120 to 1-180 were not suffi-
cient to give interpretable experimental electron-density maps 
with AutoSol. In this case, a multiplicity of ~8.4 was defined as 
the minimum data required for successful Zn-SAD phasing, 
comparable to the case of glucose isomerase. 
 
CONCLUSION 

 
We demonstrated that protein crystals containing multiple zinc 
ions are suitable for Zn-SAD phasing using in-house Cu Kα X-
ray source. We also expect successful Zn-SAD phasing using 
in-house Cd Kα radiation (λ = 2.1 Å) due to the higher f" value 
of zinc atoms (f" = 1.18 e-) at Cd Kα edge than at Cu Kα edge 
(f" = 0.98 e-). Until now, there are about 8,000 structures (= 
~10%) with zinc ions as ligands in the PDB, and these numbers 
are the highest among possible anomalous scatterers for expe-
rimental phasing. Furthermore, in our previous study, we have 
shown that Zn-SAD phasing can be extended to the protein 
crystals with no intrinsic zinc binding sites (Cha et al., 2012). 
Thus, considering the abundance of zinc-binding proteins in 
nature, the easy zinc derivatization of the protein surface (Cha 
et al., 2012), our success in in-house Zn-SAD phasing with the 
modest 2.6 Å resolution SAD data indicate that in-house Zn-
SAD phasing can be widely applicable to structure determina-
tion without synchrotron access.  
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