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Optimist
 (the glass is half full)

Pessimist
 (the glass is half empty)

Crystallographer
(the glass is completely full)

Pessimists, Optimists, and Crystallographers

Water

Air

Consider a glass of water



Only 
approximately 

11% of the 
proteins we 

target for 
crystallography 

yield a 
crystallographic 

structure.

At least 99.8%  of crystallization experiments produce an outcome other 
than crystallization.



Fantasy



Crystallography Requires Crystals

HR9027A.007



No crystal …

No crystallography ….

No crystallographer ….



High-throughput crystallization is easy



Efficient High-Throughput Crystallization 
is hard

• Successful high-throughput crystallization 
approaches require efficiency

• The methodology must be equal or better to any other 
methods

• The amount of sample used should be minimal

• The amount of information obtained needs to be 
maximal and interpretable.

• The results must be useable, reproducible and if 
necessary scalable.

• Single point failures must be eliminated or minimized



The Crystallization Screening laboratory at the 
Hauptman-Woodward Medical Research Institute

Since February of 2000 the High Throughput Search (HTS) laboratory has been 
screening potential crystallization conditions as a high-throughput service

The HTS lab screens samples against three types of cocktails:

1. Buffered salt solutions varying pH, anion and cation and salt concentrations
2. Buffered PEG and salt, varying pH, PEG molecular weight and concentration 

and anion and cation type
3. Almost the entire Hampton Research Screening catalog.

 The HTSlab has investigated the crystallization properties of over 15,000 
individual proteins  archiving approximately 140 million images of 
crystallization experiments.



The HWI crystallization 
cocktail screen.

The 1536 diverse chemical cocktails 
(Luft et al., 2003). The 984 in-house 
conditions comprise a incomplete 
factorial sampling of 36 salts, eight 
buffers, and 5 different PEGs.

The remainder of 1536 cocktails are 
comprised of commercial screens 
available from Hampton Research. 
Specifically, in order of use; the 
Natrix Screen, Quick Screen, Nucleic 
Acid Screen, Sodium Malonate Grid, 
PEG/Ion, PEG 6000 Grid, Ammonium 
Sulfate Grid, Sodium Chloride Grid, 
HT Screen, Index and the SaltRx 
screen.



Minimize sample volume



Simplified phase diagram for crystallization



The crystallization method used is micro-batch under oil with 200 nl of 
protein solution being added to 200 nl of precipitant cocktail in each well of 
a 1536 well plate.

Wells are imaged before filling, immediately after filling then weekly for six 
weeks duration with images available immediately on a secure ftp server.

Several software utilities for viewing and analyzing data are available.



Outcomes

0.9 mm



The protein data bank

• The Protein Data Bank contains depositions for 
108,607 biological macromolecules.

• Some 90,506 of those are from data derived by X-
ray crystallography.

• Simple validation tests are available but a 
deposition is still accepted even if a test is failed.

• How accurate are the ‘structures’ in the PDB?



What are the errors, if any?

• Residues have well defined geometries.

• Sequence information is well known.

• Potential problems are:
• Structural perturbation due to radiation damage

• Incorrect ligand identification

• Missing ligands

• Just generally bad refinement

• Crystallographic oligomer





How common is the problem?

• More common than you may think

• The examples presented on the previous slide are 
in the PDB and all come from here ….

• Despite care and diligence, errors still get through

• There are serious problems in many models yet the 
non-crystallographic community use these as 
'structures' on the assumption that the model 
accurately represents the structure



How can we over come these problems?

• Structural perturbation due to radiation damage
• Radiation damage studies, knowledge of the chemical processes 

and signatures

• Incorrect ligand identification
• Better ligand treatment during refinement
• Careful analysis of the crystallization conditions
• Analysis of the sample pre or post crystallization

• Missing ligands
• Similar approaches to the above

• Just generally bad refinement
• To paraphrase Bernard Rupp, sometimes is worthwhile to look at 

the map!

• Crystallographic oligomer
• Solution scattering
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Careful analysis of 
crystallization conditions



Molecular fingerprints are 
representations of chemical structures 
designed to capture molecular activity.

We use atomic properties and a SMILES 
string to capture six components:

1. Atomic number
2. Number of directly-bonded neighbors
3. Number of attached hydrogens
4. The atomic charge
5. The atomic mass
6. If the atom is contained in a ring

These components are calculated for the 
whole molecule in an iterative manner 
starting from an arbitrary non-hydrogen.

Example: 
Sodium chloride, NaCl 

Sodium [11,0,0,1,22.99,0]
Chlorine [17,0,0,-1,35.45,0]

Starting from Na two, properties are 
associated with Na and encoded by:
(3,855,292,234,1) and (3,737,048,253, 1)*

One property is associated with Cl and 
encoded by: (2,096,516,726,1)

This information is stored in single 
integer with bits 3,855,292,234, 
3,737,048,253 and 2,096,516,726 set 
to on.

Molecular Fingerprints

* Rodgers and Hahn, J. Chem. Inf. Model. 2010, 
50, 742-754



Cocktail Fingerprints

Cocktail fingerprints combine the 
molecular fingerprints and account for 
the molarity of each in the crystallization 
cocktail.

For example, consider  a very simple 
example: 0.1 M sodium chloride and 0.1 
M ammonium sulfate

Molecular fingerprint:  Sodium chloride         [(3855292234, 1),(3737048253, 1),(2096516726, 1)] 
                                               Ammonium chloride [(847680145, 1),   (3855292234, 1),(2214760707, 1)] 

Bit (3855292234, 1) is common in both so we set the bit count to 2 and multiply by the 
molar concentration

Cocktail fingerprint: [(3855292234, 0.2),(3737048253, 0.1),(2096516726, 0.1) 
                                           (847680145, 1),(2214760707, 0.1)] 

The bits are stored in a single 64 bit number with the bit counts stored in a sequential 
array



Comparing Cocktail Fingerprints

Take a real example of two crystallization screening cocktails as stored in our database

First convert all concentrations to molarity 

Cocktail C1249 contains 30% (v/v) MPD. This is converted to 2.349 M. PEGs are more 
problematic as they can be polydispersive in which case the average molecular weight is 
used.

The cocktail fingerprint is calculated using the molecular fingerprint for each component 
and its molar concentration 
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Where Fk is the cocktail fingerprint, i is the number of 
components, f the molecular fingerprint and c the 
concentration



An example of two cocktail fingerprints

Each is encoded in a single hashed number.



Comparing Cocktail Fingerprints (worked)

Take a real example of two crystallization screening cocktails





Cocktail similarity measures are not new.

We build on the original work by Janet Newman’s in Melbourne, Australia 
who originated the concept of a similarity measure (termed C6) within 
crystallization to compare individual cocktails and different screening kits. 
(Newman J, Fazio VJ, Lawson B, Peat TS (2010) The C6 Web Tool: A Resource for the Rational 
Selection of Crystallization Conditions. Crystal Growth & Design 10: 2785-2792).

Our internal 1,536 screens are reformatted on a yearly basis to remove any 
conditions that produce salt crystals, to incorporate the latest screening 
developments, and building on internal research into crystallization 
processes.

In this example we apply both the C6 and our new similarity measure to two 
generations of screen where 96 conditions have been replaced with a new 
commercially available screen/
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The Bray-Curtis dissimilarity measure is used to compute the dissimilarity. 

This pH is incorporated along with the ability to weight individual components 
and the Cocktail Dissimilarity coefficient calculated.

coeffcoeff CDCS −=1

The Cocktail Similarity coefficient given by:



Clustering then using 
a hierarchal display



The Dissimilarity Measure Over the Whole Screen

Aspects of the screen design 
are clearly seen

Salt based screens

PEG based conditions sampling 
different molecular weight PEGS 
at two concentrations

Hampton Research PEG/Ion screen

Hampton Research Silver Bullets

The scale is normalized to the most 
dissimilar chemical conditions Cocktail ID number



Automatic Clustering of the Results

PEG based 
conditions

Salts with 
different 
anions and 
cations

Hierarchical 
clustering using a 
default max cophenetic 
distance cutoff of one 
standard deviation 
identified 28 clusters. 



A structural genomics target.

BfR192, is a 343 residue protein with a molecular weight of 39.77 kDa. For 
crystallization screening the protein was prepared at 7.4 mg/ml in a 5 mM 
DTT, 100 mM NaCl, 10 mM Tris-HCl, pH 7.5, 0.02% NaN3 buffer. 

Several potential crystallization conditions for BfR192 SelMet labeled protein were 
identified 

The optimized conditions for crystallization combined 5µl of the protein at 7.4 
mg/ml concentration was mixed with the precipitant containing 320mM 
potassium acetate, 100 mM sodium acetate, pH 6.5 in 1:1 ratio. Crystals appeared 
in one week.



PDB ID 3DMA as deposited in the PDB



Overlaying crystallization data



Overlaying Crystal Hits on the Cocktail Clustering

Cluster 20, PEG based, only 3 hits

Conditions showing 
crystal hits are given 
for each cluster 
along with the total 
number of cocktails 
in that cluster.

A selection of cocktails 
that showed hits are 
listed on the outside of 
the dendogram. For 
clarity not all hits are 
shown



Cluster Total Hits % hits Sodium % Potassium % Phosphate %

All cocktails

1536 70 4.5 47 24 16

All crystal

70 70 100 70 27 30

Clusters with crystals

C13 108 19 17.6 73 72 100

C14 106 15 14.2 65 21 0

C12 57 11 19.3 16 2 0

C8 45 7 15.6 100 2 2

C11 42 5 11.9 45 0 0

C17 28 4 14.3 68 11 0

C20 965 3 0.3 41 23 13

C15 19 3 15.8 58 0 0

C23 8 1 12.5 100 0 0

C4 12 1 8.3 83 25 0

C10 12 1 8.3 75 25 0

Cluster 13 proved interesting in that sodium is present 
in 73% of the conditions versus 47% for the 1536 
condition screen overall, potassium is present in 72% 
of the conditions verses 24% overall and finally 
phosphate is present in 100% of the conditions versus 
16% overall. This suggests a strong influence of these 
components in crystallization in this cluster. 



Zoom in on Cluster 13

Clustering samples the phase diagram

Identifies
a pipette 

error





Incorporating the correct 
ligands reduced the R 
and Rfree from to 23.5% 
and 26.4% to 20.7% and 
24.3% respectively.

The software is publically 
available and while it 
takes some time to run 
for each generation of 
screen it only has to be 
run once.



A Revised Structure Illustrating Mechanism

PDB 4PY9



Biological implication of the phosphates identified

• The structure consists of two domains (N-terminal domain; residues 2 -212 and C-
terminal domain residues 217-343) which are connected by a short loop – seen in the 
initial structure

• The N-terminal domain contains the DHH (Asp224-His225-His226) motif and the C-terminal 
domain contains a glycine-rich (GGGH-Gly308-Gly309-Gly310-His311) phosphate binding motif – 
seen but not identified in the initial structure. 

• Three of the phosphates (presumably carried with the protein), and the potassium and the 
sodium ion are bound in the cleft between the two domains. 

• The phosphate ions interact with the side chains of His29, Arg105, His126, His311 and Asp127. 
• The location of the phosphate binding pocket suggests that the phosphoryl moieties of polyP 

might anchor in this pocket. 
• The putative active site has features that are consistent with active sites of other phosphatases 

which are involved in binding the phosphoryl moieties of nucleotide triphosphates.  
• The possible roles of the active site phosphate are contributing to proper substrate orientation 

and polarization of the phosphoryl P-O bond to increase the susceptibility of the P atom to 
nucleophilic attack. 

• The space around the phosphate ions suggests that the cleft can bind longer polyP substrates.

The important point here is not the details of the 
new information but that this information was 
obtained after the correct ligands were identified. 
Potential function and mechanism was revealed. 
While on could argue that these could have been 
identified earlier many examples in the PDB have 
ambiguous atoms – we have explored only a small 
sample of structures and seen problems in many of 
them.



Elemental Analysis



The energy of an X-ray emitted when an atomic electron undergoes an energy 

transition between its shell and a vacant electron site in a lower energy shell 

(e.g. for an M to L shell transition, sulphur gives a 2.3 keV X-ray) gives  an 

unambiguous identification of atoms.

Emission of the characteristic X-rays from a sample can be induced by an 

incident beam of high energy protons (Particle Induced X-ray Emission: 

PIXE).

Particle Induced X-ray Emission



High-throughput Sample Preparation

Dispense samples with a non-
contact microarray printer

Up to 144 samples dispensed into a 384 well 
plate and printed into a 12x12 array of 60 um 
drops with 200 um spacing.

Up to five arrays can be mounted into a single 
sample holder giving a total of 720 samples 
per slide.



Scanning Proton Microprobe for PIXE analysis. 2-3 MeV protons 
emerge from the van de Graaff accelerator and are focussed by high 
precision magnets onto the sample. The whole beamline is kept 
under vacuum.

Vacuum

Si(Li) X-Ray 
Detector Si Proton 

Detector

Proton Beam
2-3 MeV

diameter ~ 1um

Sample 

in 

orange



Source & 
Accelerator

Scanning System

Focusing System

~1 μm diameter beam on target



High-Throughput PIXE

• 34 samples analyzed chosen from NESG samples submitted to the high-

throughput crystallization screening laboratory on the basis of a PDB model 

available and that the model in the PDB contained at least one metal ion.

• The samples used were split into four groups based on PIXE analysis

• Those where the PDB was inconsistent with the PIXE data

• Those where extra metals were seen in the PIXE data (but not present 

in the PDB)

• Those that were consistent with the PIXE data.

• Those that produced no signal.



Re-refinement
• 34 samples analyzed chosen on the basis of a PDB structure available and that 

structure containing at least one metal ion.

• The samples used were split into four groups based on PIXE analysis

• Those where the PDB was inconsistent with the PIXE data

• Those where extra metals were seen in the PIXE data (but not present in the 

PDB)

• Those that were consistent with the PIXE data.

• Those that produced no signal.



High-Throughput PIXE
• MicroPIXE can be used to determine the proportion of methionine 

substitution where no sulfur is present in the buffer.
• The concentration of an element is determined by fitting the area of the X-

ray peak corresponding to the element. 
• If the total number of Se atoms per protein molecule is αSe, the total 

number of S atoms left per protein molecule is αS, and the original number 
of S atoms (cysteines + methionines) in the sequence was α then α= αS+ αSe 
and we can write: 𝛼𝑆

𝛼𝑆𝑒
=

𝑐𝑆
𝑐𝑆𝑒

𝐴𝑆𝑒
𝐴𝑆

(𝛼 − 𝛼𝑆𝑒)

𝛼𝑆𝑒

• Where AS and ASe are the atomic masses of S and Se respectively and cS and 
cSe are the mass concentrations.



High-Throughput PIXE
• In our case the NESG buffer has Sulfur. 
• However, all the proteins studied were expressed with SeMet for phasing 

purposes.
• The number of atoms of element Z per protein can be determined by

𝛼𝑍 =
𝑐𝑍
𝑐𝑆𝑒

𝐴𝑆𝑒
𝐴𝑍

𝛼𝑆𝑒

• Where AZ and ASe are the atomic masses of element Z and Se respectively 
and cZ and cSe are the mass concentrations determined from the PIXE 
spectrum.



PDB ID Gene Residues
Metal 

in PDB

Metals in 

PIXE 

(>3xLOD)

Potential 

metals in 

PIXE (1-

3xLOD)

Crystallization conditions

PDB inconsistent with PIXE 

1 3LV4 BiR14 456 Ca - Ca, Mn 18% PEG 3350, 0.2M Ca acetate, 0.1M MES, pH 6.15

2 3HIX NsR437I 106 Mn - - 20% PEG 4000, 0.1M Mn chloride, 0.1M MES, pH 6.0

3 3HLY
SnR135

D
161 Ca - Ca 20% PEG 8000, 0.1M Ca acetate, 0.1M MES, pH 6.0

4 3DCP LmR141 283 Fe/Zn

Ca (3.3), Mn 

(0.5), Fe 

(1.2), Co 

(1.2)

Zn
15% PEG 8000, 0.17 M sodium acetate, 0.01 M L-

cysteine, 0.1 M MES pH 6.2

5 3JSR NsR236 119 K - Ca 8.64 M K acetate, 0.1 M TAPS, pH 9.0

6 3ILM
NsR437

H
141 Mn - Fe, Co 20% PEG 1000, 0.1M Mn chloride, 0.1M MES, pH 6.0

7 3I24 SoR237 137 Na
Co (0.7), Zn 

(0.7)
Fe, Ni NaCl 200 mM, MES PH6, PEG 3350 20%, pH 6.15

8 3GGL BtR324A 169 Zn -
Ca, Mn, 

Fe*
0.75M Mg Formate, 0.1M Bis-Tris, pH 7.0

9 3KB1 GR157 262 Zn - Co
100 mM Na Acetate (pH 4.6), 30% MPD, and 200 mM 

NaCl.

Model in the PDB containing a metal from the crystallization cocktail and not protein 

Model in the PDB containing an incorrect metal 



PDB ID Gene Residues
Metal 

in PDB

Metals in 

PIXE 

(>3xLOD)

Potential 

metals in 

PIXE (1-

3xLOD)

Crystallization conditions

Extra metals present in PIXE 

1 3LMC MuR16 210 Fe/Zn

Fe (0.6), Co 

(0.9), Ni 

(0.4), Zn (0.7)

-
0.1 M Na2MoO4*2H2O, 0.1 M Bis-Tris propane, 12% 

PEG 20000

2 3K2Q MqR88 420 Na◆ Ca (7.1) Fe 0.1 M Na2MoO4, 0.1 M Tris, pH 8.0, 20% PEG 8000

3 3LM8 SR677 222 Mg◆
Ca (0.7), Fe 

(0.05)
K/Br

0.1 M KH2PO4, 0.1 M NaC2H3O2, pH 5.0, 12% PEG 

20000

4 3E5Z DrR130 296 Mg◆ Ca* -

0.1 M NaCl, 0.1 M TAPS (listed as “TOPS”-no such 

thing), pH 9.0, 18% PEG 3350, MgCl2 (listed as “MgL2”) 

– no concentration given

5 3HNM BtR319D 172 Mg◆ Ca (1.74) - None given

6 3DEV ShR87 320 Mg◆
Mn (0.8), Fe 

(0.7)
-

0.1 M Na citrate, pH 5.2, 1.25 M Li2SO4, 0.5 M 

(NH4)2SO4

7 3IHK SmR83 218 Mg◆
Ca (0.5), Fe 

(0.1)
Ti, Co, Cu 0.1 M LiCl2, 0.1 M Bis-Tris, pH 5.5, 18% PEG 3350

8 3KB4 NsR141 225 Mg◆
Mn (0.2), Fe 

(0.4), Ni (0.4)
Co 0.1 M citric acid, pH 5.0, 1.6 M (NH4)2SO4

9 3E48 ZR319 289 Mg◆ - Ca, Fe, Cu 0.1 M Tris-HCl, pH 9.1, 18% PEG 3350, 0.1 M  MgSO4

Model in the PDB containing an extra misidentified metal 



PDB ID Gene Residues
Metal 

in PDB

Metals in 

PIXE 

(>3xLOD)

Potential 

metals in 

PIXE (1-

3xLOD)

Crystallization conditions

PIXE data consistent with PDB

1 3NNG BfR258E 168 Ca
Ca (1.7) Fe

40% PEG 4000, 0.1 M CaCl2, 0.1 M Bis-Tris Propane, pH 

7.0

2 2KPN BcR147A 103 Ca Ca (0.8) NMR

3 3LRQ
HR4604

D
100 Zn

Zn (2.5), Fe 

(0..3) Ca, Co, Cu

0.1% (w/v) MPD, 0.1% (w/v) 1,2,3-heptanetriol, 0.1% 

(w/v) diethylenetriaminepentakis (methylphosphonic 

acid), 0.1% (w/v) D-sorbitol, 0.1% (w/v) glycerol, 0.06 

M HEPES, 12.5% PEG 3350

4 3NNQ OR3 114 Zn
Ca, Zn* Fe, Ni*

2.0 M Na2C3H2O4, 0.1 M NaC2H3O2, pH 5.0, 0.05% 

Anapoe X-305

5 N/A LkR105 290 - Fe (0.04) Ca, Cu N/A

6 2K52
MjR117

B
80 -

Ca (0.2) Fe

NMR

7 3ESI EwR179 129 -
- Ca, Fe

PEG 4000 (no concentration given), 0.2 M NH4C2H3O2, 

0.1 M Na citrate, pH 5.6

8 3DM3 MjR118E 105 Na◆ - - 0.1 M Na Citrate, 0.1 M NaCl, pH 5.0

9 3I24 VfR176 149 Na◆
- Co

NaCl (no concentration given), 0.2 M MES, pH 6.0, 20% 

PEG 3350, pH 6.15 

10 3L8M SyR86 212 Na◆ - Fe RbCl (no concentration given), 0.1 M NaCitrate, pH 4.2

11 3FOJ SyR101A 100 Na◆ - Ca, Fe, Cu 0.15 M MgSO4, 0.1 M Na Citrate, 20% PEG 3350

12 4EVW VcR193 255 Mg◆ - - 40-44% MPD, 0.1 M HEPES, pH 7.5

13 2KW4 DhR1A 147 Mg◆ - Ca, Fe* NMR

14 3DJB BuR114 223 Mg◆ - Fe, Ni 0.1 M HEPES, pH 7.5, 40% PEG 1000, 0.1 M KNO3



PDB 

ID
Gene Residues

Metal in 

PDB

Metals 

in PIXE 

(>3xLOD

)

Potential 

metals in 

PIXE (1-

3xLOD)

Crystallization conditions

Sample too dilute for PIXE (no Se signal)

1 3D3N LpR108 284 Ca - K, Mn
0.1 M HEPES, pH 7.5, 5% PEG 8000, 0.1 M 

Ca(C2H3O2)2

2 3DC7 LpR109 232 Mg/Na◆ - - 0.1 M MgSO4, 0.1 M Bis-Tris, pH 5.5, 16% PEG 8000

• Of the 34 samples analyzed, 9 were inconsistent with the PDB results, 9 had extra 
metals present, 18 were consistent, and 2 were unsuitable for analysis due to low 
protein concentration on the sample. 

• In total, 18 of the 32 analyzable samples (56%) were not correctly or fully described 
in the PDB deposition. 

◆Presence of sodium and magnesium could not be confirmed at the proton energies 
used in these experiments. *Selenium signal was below 3 times the limit of detection, 
so accurate stoichiometries could not be established.



3DCPP 3I24P

3K2QP 3E5Z



3DCP is a putative histidinol phosphatase from Listeria monocytogenes



Re-Refining 3DCP

Rwork Rfree RMS(bonds) RMS(angles) Clash Ram-fav Ram-out Rot-out

PDB

0.193 0.212 0.008 1.2 11.97 96.07 0.61

Re-refined

0.1847 0.2143 0.0031 0.744 1.9 96.81 0.61 2.82

Metal Metals replaced with Co, Fe and Mn, PO4 added in active site. Ca added in places

18.08 21.111 0.003 0.707 1.1 97.3 0 0





PO4

Fe Metals in new structure, Fe, Mn, Co cluster



A closely 
related protein

Metal content 
measured with 
an inductively 
coupled mass 
spectrometer



Accurate Metal identification is important

• The original structure contained Fe and Zn.

• The revised structure shows the phosphate and Co

• The phosphate and tri-nuclear metal center are important for 

mechanism



Work in progress

• All the structures in the table are currently being re-refined

• Each is improved with the correct metal placed

• All will be revisited once completed to determine if there are 

any 'clues' to mechanism with the correct metal in place.



Important notes about the technique

• Because PIXE is an elemental analysis the sample does not 

have to be in any preserved state.

• Samples from years ago can be used to collect experimental 

data.

• The number and ratio of different metals (or other atoms) per 

protein molecule can be determined.

• Not discussed today, but the data reveals clear signatures in 

protein models that identify suspect metals. 



Summary

• Crystallization analysis and elemental analysis have great 

potential in improving structural models.

• This improvement is needed as our limited study shows a 

greater than 50% error rate.

• Experimentally identifying errors defines signatures of those 

same errors in other structural models.

• The work leads to a potential quality control mechanism to 

identify suspect structural models.

• It also allows native metals (at least from expression) to be 

distinguished from opportune ones. 



Andrew Bruno, Elspeth Garman, Geoffrey Grime, 
Joseph Luft, Amanda Ruby, Edward Snell, 

Elizabeth Snell, and Oliver Zeldin

The Team

Special thanks to the 'Pixie'



esnell@hwi.buffalo.edu

Thank you and questions?
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