
Soft X-rays in the Home Lab: 
Native SAD Phasing with  

Chromium and Copper Radiation 
J.W. Pflugrath and Mark Del Campo 

Rigaku Americas 
 

Jim.Pflugrath@Rigaku.com 



Outline of the seminar 

•  Hardware 
•  Software 
•  Examples 
•  Speculation 



“… on the shoulders of giants.”   
•  CuKα  or CrKα radiation from a home source 

–  Blow, D.M. Proc. of the Royal Society 247, 302-336 (1958). 
–  Hendrickson,W.A. and Teeter, M.M. Nature 290,107-113 (1981). 
–  Wang, B.C.  Methods in Enzymology, 115, 90-112 (1985). 

•    Synchrotron radiation near the sulfur absorption edge 
–  Stuhrmann, S., Bartels, K.S., Braunwarth, W., Doose, R., Dauvergne, 

F., Gabriel, A., Knöchel, A., Marmotti, M., Stuhrmann, H.B., Trame, 
C. and Lehmann, M.S. J. Synchrotron Rad. 4, 298-310 (1997). 

–  Behrens, W., Otto, H., Stuhrmann, B. and Heyn, M.P. Biophys. J. 75, 
255-266, (1998). 

•   Synchrotron radiation at 1.54 or 2.0 Å wavelength 
–  Dauter, Z., Dauter, M., de La Fortelle, E., Bricogne, G. and Sheldrick, 

G.M. J. Mol. Biol. 289, 83-92 (1999). 
–  Cianci, M., Rizkallah, P.J., Olczak, A., Raftery, J., Chayen, N.E., 

Zagalsky, P.F. and Helliwell, J.R. Acta Cryst. D57, 1219-1229 (2001). 
 



1981：Hendrickson & Teeter (Nature), crambin (4.72kDa) with 

S-RAS (resolved anomalous scattering)  method.  

1985：BC Wang (Methods in Enzymology), simulated a S-SAD 

phasing of protein RHE using iterative single-wavelength 

anomalous scattering (ISAS) method.  

1999：Dauter (Acta Cryst D), feasibility study on lysozyme.  

2000：Liu, etc (Protein Sci), new structure of obelin, λ=1.74Å, 

ISAS method. 

 History of Sulfur Phasing: 

Courtesy of Zhi-Jie Liu, IBP 

Background 



Structures determined by Sulfur-SAD phasing using Cr X-rays 

SSO10A 
PFU 542154 

Pfu-1801964 Hum-Q15691 Pae-Lectin1 

50 residues / sulfur 

Courtesy of Joe Ferrara 

Background 

Courtesy of Zhi-Jie Liu, IBP 



Our Home Lab Setup 
•  FR-E+ Dual 

Wavelength 

•  VariMax DW 
Multilayer Optic 

•  HTC Imaging 
Plate  
– Helium Beam Path 



X-ray Generator: FR-E+ SuperBright 

•  Highest brilliance microfocus 
rotating anode generator  
–  2.475 kW power (45 kV 55 mA) 
–  70 µm focal spot size 

 
•  Delivers 16 x 1010 Cu Kα photons/

second/mm2  
–  for a 100 µm sample at 4.8 mR 



µXG Performance Comparison  

Rigaku 
MM-007 HF 

VariMax-HF  

Rigaku  
FR-E+ 

VariMax-HF 

Rigaku 
MM-003 

Focal Spot Size (µm) Ø70 Ø70 Ø30 

Power (kW) 1.2 2.475 0.03 

Beam Size at Sample (µm) 208 208 100 

Divergence (mR) 4.8 4.8 7.3 

Useable flux w/ 0.1 mm aperture         
 (X-ray/sec/mm2) 7.8 x 1010 16 x 1010 1.4 x 1010 

Normalized 
Useable Flux (RU + Blue) 19.5 40 3.4 



µXG Performance Comparison  

Rigaku 
MM-007 HF 

VariMax-HF  

Rigaku  
FR-E+ 

VariMax-HF 

Rigaku 
MM-003 

Focal Spot Size (µm) Ø70 Ø70 Ø30 

Power (kW) 1.2 2.475 0.03 

Beam Size at Sample (µm) 208 208 100 

Useable flux w/ 0.1 mm aperture         
 (X-ray/sec/mm2) 7.8 x 1010 16 x 1010 1.4 x 1010 

Divergence (mR) 4.8 4.8 7.3 

Brilliance 
(X-ray/sec/mm2/mR2  x 109) 3.4 7.0 0.26 

Normalized 
Brilliance (RU + Blue) 6.07 12.5 0.47 

micro-focus rotating anode 



Home Lab: Like a Bending Magnet Source 

a 

b 

c 

d 

e 



Generator: FR-E+ DW SuperBright 
•  Two wavelengths in one generator 

–  Cr and Cu rotating anode 
–  Switchable electron gun 

Ultimate HomeLab w/ FR-E+ DW SuperBright 
Chrome Phasing 

without 
Derivatization 

Cu Cr 



Why use Cr radiation? 
•  Problem 

–  Scientists would like to speed up the process of 
solving structures and overcome the difficulty of 
expressing and crystallizing selenomet proteins 

•  Solution 
–  Enhance the anomalous signal from sulfur, which 

is present in nearly all proteins (certainly present 
in the proteins for which we expect to use 
selenomet) 

•  In addition 
–  Enhance the anomalous signal from some native 

metals, present in nearly 1/3 of all proteins 
–  Enhance the anomalous signal from heavy atom 

derivatives, for example Δf”≈12.6 e- for iodine 



Native SAD Phasing with Cu or Cr 
•  Cr SAD phasing takes advantage of increasing of anomalous 

scattering of many intrinsic elements like S 
•  Obtain the phase of protein data without any derivatization. 

–  Make the density map available before sending your crystal to 
synchrotron for the final high resolution data.   
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 S 1.14 

Se 2.28 

Ca 2.51 

S 0.56 Ca 1.29 
Se 1.14 

Cu Kα 1.54 Å, 8.0 keV Cr Kα 2.29 Å, 5.4 keV 



 Osmic Multilayer Optics 



Osmic VariMax™ Optics 
Variable 

Divergence Slit 

• VariMax HR 
• VariMax HF 
• VarMax VHF 



VariMax™ for Large Unit Cells 
•  50S Ribosomal Subunit  

–  Peter Moore, Tom Steitz and 
Martin Schmeing, Yale University 

–  Space group: C2221 

–  Unit cell dimensions              
•  216.98   302.30   578.28 
•  90.00   90.00   90.00 



VariMax-DW 
– Multiple wavelengths 
– With preferred take-off 

angle 
– Pre-aligned to each 

source spot 
– Cross at sample position 

B
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Rigaku patent pending 



DualWave Mirror VariMax DW 

Mo setting Cu setting 

Just rotate the handle 

Mirro 
VariMax DW 



Mo Cu 

Controller 

DualWave X-ray generator 
MicroMax007HF 

X-ray generator 
MicroMax007HF 

Target 
DW Target 

Unnecessary to remove 
target 

＜How to change＞ 
　　１．X-ray OFF 
　　２．Switch to position 
　　３．X-ray ON 



Imaging Plate Area Detectors 



Imaging Plate Benefits 
•  Very low background noise  
•  Large solid angle 
•  No image distortion (no FOT) 
•  No calibration except for PMTs 
•  Wide dynamic range  
•  Available helium beam path  

–  For chromium phasing applications 
–  No large internal air gap behind the faceplate 

•  Supported by CrystalClear™, HKL2000™, MOSFLM and 
XDS 



R-AXIS HTC 

•  3 IPs: Expose, Read, Erase simultaneously 
•  As fast as 1st generation CCD detectors 
•  30 s read time 
  



The Absorption Problem 

•  More than 50% of the flux is 
lost 
– Without He(g) path (d= 135 mm) 

•  Modified hardware setup  
– Essential to preserve small 

anomalous signals 
– He(g) path is critical to success 

•  Minimization of the free air 
path is important 

  T
ra

ns
m

is
si

on
 

 2Theta 

Air path 

He path 

CrKα  
Transmission vs. Resolution 



Helium Beam Path  



Helium Beam Path  



Our Home Lab Setup 
•  FR-E+ Dual 

Wavelength 

•  VariMax DW 
Multilayer Optic 

•  HTC Imaging 
Plate  
– Helium Beam Path 



Outline of the seminar 

•  Hardware 

• Software 
•  Examples 
•  Speculation 



Minor et al. (2006) Acta Cryst. D62, 859-866.




HKL3000 – Structure tab uses: 
 
CCP4 suite --- Many authors 
Collaborative Computational Project, Number 4. 1994. 

"The CCP4 Suite: Programs for Protein Crystallography". Acta Cryst. D50, 760-763 
 
Data Analysis (signal high enough?) 
 
Find sites: SHELXD --- Sheldrick 
 
Phase: MLPHARE + DM --- Otwinowski; Cowtan 
 
Auto-build: ARP/wARP --- Perrakis, Cohen, Lamzin, et al. 
REFMAC: --- Murshudov, Vagin, Steiner, et al. 
 



Project 
Data 
Summary 
Index 
Strategy 
Integrate 
Scale 
Structure 
 
Macros




Sheldrick (2008) Act Cryst A64, 112-122.




Structure 
 
Data Analysis 
 
Find Sites 
 
Phase 
 
Build 
 
Refine




Structure 
 
Data Analysis 
 
Find Sites 
 
Phase 
 
Build 
 
Refine




Otwinowski (1991) Proc CCP4 SW 1991, 80-86.


MLPHARE 



•  Cowtan (1994) Joint CCP4 … 31, 34-38.


DM 



Structure 
 
Data Analysis 
 
Find Sites 
 
Phase 
 
Build 
 
Refine




Langer et al. (2008) Nature Protocols 3, 1171-1179.




Murshudov et al. (1997) Acta Cryst D53, 240-255. 
Vagin et al. (2004) Acta Cryst D60, 2184-2195.




Structure 
 
Data Analysis 
 
Find Sites 
 
Phase 
 
Build 
 
Refine




Emsley et al. (2010) Acta Cryst D66, 486-501.




Thaumatin, Rigaku R-AXIS IV++, MM007HF 
 

207 aa, 17 sulfurs, 300 images, 90 degrees, 10 hours 
 

Summary of data collection statistics 
------------------------------------------------------------- 
 Spacegroup                       P41212 
 Unit cell dimensions             57.81   57.81   150.10 
                                  90.00   90.00   90.00 
 Resolution range                 19.72 - 1.50    (1.55 - 1.50) 
 Total number of reflections      243628 
 Number of unique reflections     40409 
 Average redundancy               6.03            (2.48) 
 % completeness                   96.8            (72.9) 
 Rmerge                           0.029           (0.168) 
 Rmeas                            0.031           (0.208) 
 RmeasA (I+,I- reflns kept apart) 0.030           (0.201) 
 Reduced ChiSquared               1.10            (0.80) 
 Output <I/sigI>                  35.7            (5.4) 



Electron 
density of 
thaumatin 
map from 
ARP/wARP 
near 
phenylalanine 
residue 
Phe203.  
Nearby are 
Pro111, 
Met112, and 
the disulfide 
formed by 
Cys9 and 
Cys204.   
 



Examples 
•  Thaumatin 

– P41212  58 x 58 x 150 
–  207 residues, 17 sulfurs 

•  Lysozyme (30 minute data collection) 
– P43212  77 x 77 x 38  
–  129 residues, 10 sulfurs 

•  Glucose Isomerase and a 2nd one 
–  I222  93 x 98 x 102 
–  388 residues, 1 manganese & 1 calcium 



Thaumatin - Chromium radiation S-SAD 
 Spacegroup                       P41212

 Unit cell dimensions             57.95   57.95   150.10

                                  90.00   90.00   90.00

 Mosaicity                        0.53

 Resolution range                 31.70 - 2.50



Number of 0.3 deg images 
      600   266  200 
  150 

Exposure time (hours) 
 
     5.00  2.21 1.67 
 1.25

Total number of reflections      119594 
 
30759

Number of unique reflections       9436 
 
 9295

Average redundancy                12.67           
 3.31

% completeness                    99.9            
98.6

Rmerge                            0.032           
0.020

Rmeas                             0.034           
0.024

RmeasA (I+,I- reflns kept apart)  0.030           
0.017

Output <I/sigI>                   75.0            
43.9




Thaumatin - Chromium radiation S-SAD 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 

|∆
F|

/σ
(∆

F)
  

Resolution (Å) 

Chromium Phasing parameters Anom S/N vs Reso 

# of 
Img 

Data 
Used 

Avg. 
Redundancy 

Find 
Sites 

Res. (Å) 

FOM 
after 
DM 

600 180˚ 12.7 2.5 0.85 
266 79.8˚ 5.8 2.5 0.83 

200 60˚ 4.4 2.5 0.83 
150 45˚ 3.3 2.5 0.83 



Thaumatin - Chromium radiation S-SAD 

Maps after solvent-flattening 
Models from ARP/wARP auto-build 

600 (5 hr) 266 200 150 (1.25 hr) 



Thaumatin - Copper radiation S-SAD 
 Spacegroup                       P41212

 Unit cell dimensions             57.88   57.88   150.0

                                  90.00   90.00   90.00

 Mosaicity                        0.45

 Resolution range                 24.47 – 1.70



Number of 0.3 deg images 
      600 
 
  150 

Exposure time (hours) 
 
     5.00  2.21 1.67 
 1.25

Total number of reflections      384288 
 
89184

Number of unique reflections      28883 
 
28390

Average redundancy                13.30       
 3.14

% completeness                    99.9     
 
98.4

Rmerge                            0.035            
0.023

Rmeas                             0.037           
0.028

RmeasA (I+,I- reflns kept apart)  0.036           
0.025

Output <I/sigI>                   56.7            
30.0




Thaumatin -  Cr & Cu radiation S-SAD 
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Lysozyme, Rigaku R-AXIS HTC, FR-E+ 
 129 aa, 10 sulfurs, 60 images, 90 degrees, 30 minutes 

Summary of data collection statistics 
------------------------------------------------------------- 
 Spacegroup                       P43212 
 Unit cell dimensions             77.56   77.56   38.04 
                                  90.00   90.00   90.00 
 Resolution range                 18.81 - 1.70    (1.76 - 1.70) 
 Total number of reflections      88041 
 Number of unique reflections     13250 
 Average redundancy               6.64            (6.39) 
 % completeness                   100.0           (99.8) 
 Rmerge                           0.035           (0.276) 
 Rmeas                            0.038           (0.300) 
 RmeasA (I+,I- reflns kept apart) 0.036           (0.299) 
 Reduced ChiSquared               1.21            (1.04) 
 Output <I/sigI>                  34.2            (6.0) 



Lysozyme, Rigaku R-AXIS HTC, FR-E+ 
 



Example 3A Glucose isomerase, Rigaku MM007HF, Saturn 944+ 
 



Example 3 Glucose isomerase, Rigaku MM007HF, Saturn 944+ 
 

388 aa, 2 Mn?Ca, 1080 images, 540 degrees, 10 hours 
 

Summary of data collection statistics 
------------------------------------------------------------- 
 Spacegroup                       I222 
 Unit cell dimensions             92.64   98.36   102.46 
                                  90.00   90.00   90.00 
 Resolution range                 22.90 - 1.40    (1.45 - 1.40) 
 Total number of reflections      844698 
 Number of unique reflections     92277 
 Average redundancy               9.15            (6.64) 
 % completeness                   99.8            (98.4) 
 Rmerge                           0.047           (0.196) 
 Rmeas                            0.050           (0.213) 
 RmeasA (I+,I- reflns kept apart) 0.050           (0.214) 
 Reduced ChiSquared               1.17            (0.65) 
 Output <I/sigI>                  31.8            (6.8) 
 



Example 3 Glucose isomerase, Rigaku MM007HF, Saturn 944+ 
 



Example 3 Glucose isomerase, Rigaku MM007HF, Saturn 944+ 
 

Map after 
MLPHARE + 
DM 
 
No refinement 



Example 3B Glucose isomerase, Rigaku FR-E+, R-AXIS HTC 
388 aa, 2 Mn?Ca, 468 images, 344 degrees, 3.9 hours 
 

Summary of data collection statistics 
------------------------------------------------------------- 
 Spacegroup                       I222 
 Unit cell dimensions             92.79   97.67   102.56 
                                  90.00   90.00   90.00 
 Resolution range                 21.61 - 1.50    (1.55 - 1.50) 
 Total number of reflections      968113 
 Number of unique reflections     71594 
 Average redundancy               13.52           (13.32) 
 % completeness                   95.8            (91.3) 
 Rmerge                           0.053           (0.345) 
 Rmeas                            0.055           (0.359) 
 RmeasA (I+,I- reflns kept apart) 0.055           (0.362) 
 Reduced ChiSquared               1.24            (0.91) 
 Output <I/sigI>                  34.5            (6.0). 
 
S 



Example 4 Glucose isomerase, Rigaku FR-E+, R-AXIS HTC 
 



Example 4 Glucose isomerase, Rigaku FR-E+, R-AXIS HTC 
 



Example 4 Glucose isomerase, Rigaku FR-E+, R-AXIS HTC 
 



Do a careful experiment:  
 Helium beam path for Cr, not necessary for Cu 

 
Redundancy as low as 3 to 4 on I+, I-  with Cu;  

 lower with Cr 
 
Even low ΔF/σΔF can work 
 
SHELXD is amazing! 
 
Any phase improvement is helpful in auto-tracing 

Conclusions 



Why does low-redundancy with a Home Lab and 
Imaging Plate work so well? 
 

 Stability? 
 Less demand on synchronization? 
 No funky detector calibration? 

 
Dose: Does it matter if one can solve the structure 
with less than 1 minute of exposure? 
 
Photons are photons 

Speculation 
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