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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



High-throughput Crystallization Screening 
at the Hauptman-Woodward 

Medical Research institute



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 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.



Born in Buffalo

Over 1,000 general biomedical 
laboratories world wide use the 
crystallization screening service 
with approximately 2,000 unique 
investigators.

Investigators are sent photographs 
of the results, analyze these 
images and perform their own 
optimization of any hits observed.

No information is released on 
targets. Progress is tracked by 
acknowledgements and citation 
searches.  Currently no other 
metrics are used to measure 
success rates for the general 
biomedical community.

These images represent examples 
of structures from initial hits in the 
HTS laboratory. 



Where success is tracked.

For our Protein Structure Initiative 
partners both success and failure is 
tracked.  In the case of NESG our initial 
screening hits enable on average 80 
structures per year to be deposited to 
the PDB.

The graph demonstrates the ramp up 
of operations with maximum success 
reached from 2006 onward.

Our success rate from protein in the 
door to a crystallization hit leading to a 
PDB deposition is 22%.

The NESG samples represent a special 
case in that they are well characterized 
beforehand – size exclusion 
chromatography, mass spec analysis 
and dynamic light scattering studies.
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In 2011 we switched to PSI Biology – More difficult targets



High throughput

• At our high-throughput crystallization facility we have run ~16,000 

different proteins.

• Crystals result in about 50% of cases.

• Where we track results (PSI samples, ~4,000) about 50% of 

samples that give crystals go on to a PDB deposition (25% of total).

75% of samples do not give structures - Frustration

• All our samples are in solution.

• So since  2007 we have been developing high-throughput strategies 

to take the remaining dregs of crystallization samples from NESG 

(~60 microL) and gathering SAXS data.

• To date, SAXS data from over 1,000 different proteins (at least 3 

concentrations each)





Data

From: Small-angle scattering studies of biological macromolecules in solution, Svergun and Koch, Rep. Prog. 
Phys., 1735-1782 (2003)



Pair distribution function

Fourier transform of data.
From: Small-angle scattering studies of biological macromolecules in solution, Svergun and Koch, Rep. Prog. 
Phys., 1735-1782 (2003)





P(r) plot is simply 
the histogram of 

interatomic 
scattering

Larger compact 
molecules have a high 
distribution at lower 

angle (consider 
detector distance etc.)



SAXS can determine ab initio 
molecular envelopes



But keep in mind, it is possible to 
accurately predict scatting from a 

given model.

(many applications do not need 
an envelope to test a hypothesis)



1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing 
protein LegL7 (39 kDa)

4). E. Coli. Cystine desulfurase 
activator complex (170 kDa)

Ab intio envelopes 



These are compatible with 
structural data



1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing 
protein LegL7 (39 kDa)

4). E. Coli. Cystine desulfurase 
activator complex (170 kDa)

Overlaid with subsequent X-ray structures 



And provide extra information on 
residues present in the construct 

but structurally undefined



1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing 
protein LegL7 (39 kDa)

4). E. Coli. Cystine desulfurase 
activator complex (170 kDa)

And data on what was missing … 

12 missing residues 
in X-ray structure

53 missing residues 
in X-ray structure





Comparing X-ray structures



Comparing NMR 
structures

20 lowest energy
Conformations

shown



What can possibly go wrong?



Sometimes a unique reconstruction is not available.



Garbage in, Garbage out
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Lets take some ‘scattering’ data



Envelope Reconstruction

• Produce 10-20 ab initio reconstructions

• Determine the most probable model, i.e. the least different 
from the rest and align all to this.

• Estimate the similarity of the models using the Normalized 
Spatial Discrepancy (NSD)
– Average NSD ~ 0.5 implies good stability of solution

– Average NSD ~ 0.7-0.9 implies fair stability

– Average NSD > 1.0 implies poor stability.

• NSD can yield some idea of flexibility or possible oligomeric 
mixtures.

• DAMAVER can be used to select the most populated volume 
from all reconstructions



NSD = 0.613, 20 reconstructions
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Actually two populations

Both are correct, i.e. 
they explain the 
scattering data

A Bull or a Bear market!



NSD = 0.613, 20 reconstructions

This is the molecular envelope of the recession, not a protein



An envelope can be calculated even 
if it’s not SAXS data



Now that you have been warned … 
lets try high-throughput SAXS



n15711802_36981105_2758

n15711802_36981109_3699

n15711802_36981111_4190

SSRL Beamline 4-2

http://www.facebook.com/photo.php?pid=36981106&id=15711802
http://www.facebook.com/photo.php?pid=36981110&id=15711802
http://www.facebook.com/photo.php?pid=36981112&id=15711802


High throughput 

protocol

Up to 12 different PCR strips.

3-7 different concentrations per 

sample.

For high-throughput studies, 2 samples 

per strip, 24 samples in total

Start with buffer then lowest 

concentration first. End with buffer

8 exposures, 1-2s each dependent on 

sample molecular weight, buffer and 

concentration.

Oscillate sample to minimize radiation 

damage

Repeat the buffer.

Load next sample

Time per concentration series – approximately 10 to 15 minutes. In high-throughput mode 
24 samples in 3 to 4 hours.

Enables two important things – eat and sleep!



1.5 mg/ml 3.1 mg/ml 4.6 mg/ml

6.1 mg/ml 7.7 mg/ml



12 missing residues – artifact of aggregation or assymetric

12 missing residues – 
artifact of aggregation or 
asymmetric?

Diguanylate cyclase

Globular region fits well



Sensory Box/GGDEF Protein Family

34 missing residues

When  a significant 
percentage of the residues 
are missing in a structure 
positioning within an 
envelope may be ambiguous 
– a potato is a potato.



MucBP Domain 
of PEPE_0118

24 missing residues

Biological unit was 
thought to be a dimer 
from crystallography.

Solution state is not.

The biological state is 
not necessarily the 
solution or 
crystallographic state. In this case the 

asymmetry allowed 
fitting



Size matters

13 missing residues

SAXS is not just about shape of the 
envelope but also it’s overall size. 
The envelope produced reflects 
the size of the sample.



Homology Model of Full-length ScGlnRS Bound to tRNAgln.  A. Full-length ScGlnRS 
shown bound to tRNAgln.  B. Enlarged and rotated model showing gap between NTD 
helical subdomain and tRNA molecule.



What do we know?

• SAXS characterizes the sample and can identify well folded 

samples from those that are natively unfolded.

• Similarly it can establish a degree of globularity and indicate how 

much disorder is present or if there may be multiple domains.

• It is sensitive to sample aggregation.

• It can produce a low resolution molecular envelope of the sample.

• Theoretically envelope is not a unique solution.

What we’d like to know?

• How many of our samples that don’t crystallize are ‘bad’.

• How reliable is the molecular envelope – what degree of confidence 

can we put in it?

High-throughput is not useful for everyone but it has 
applications for some.



Why the interest in high-throughput for crystallization?

Can you measure the crystallization slot?





Requirements for high-throughput 
data collection (creating an pipeline)

– High-throughput
• Maximize number of samples
• Minimize cleaning time

– Rapid analysis of data
• The sample is monomodal
• It does not aggregate
• It does not repel
• It is globular
• It is stable
• It does not suffer from radiation damage

– Rapid processing of data



Requirements for high-throughput
data collection (creating a pipeline)

– High-throughput
• Maximize number of samples
• Minimize cleaning time

– Rapid analysis of data
• The sample is monomodal
• It does not aggregate
• It does not repel
• It is globular
• It is stable
• It does not suffer from radiation damage

– Rapid processing of data



Rapid analysis of data quality

• Radiation damage:

– Ionizing radiation can cause biological macromolecules to form high molecular 

weight oligomers

– These effects manifest themselves as changes in the Guinier plot, radius of 

gyration (Rg), maximum particle dimension (Dmax), and forward scattering 

intensity (I(0)).

– Compare changes in overall scattering profile, maximum particle dimension, Rg 

and I(0).

– Collect series of short exposures (typically 10-20, 1s exposures) and compare 

them to see if statistically significant changes are occurring.

– The t-statistic is used which describes the likelihood that a slope is significant i.e. 

that trends in SAXS parameters as a function of radiation are significant, and 

therefore indications of radiation damage are present. 

Details in press, “The accurate assessment of small angle X-ray scattering 
data”, Thomas D. Grant, Joseph R. Luft, Lester G. Carter, Tsutomu Matsui, 
Thomas M. Weiss, Anne Martel, and Edward H. Snell, Acta Cryst D70, 2014



Rapid analysis of data quality

• Multiple Guinier regions:

– Use the traditional region (1), one that takes account maximum particle 

dimension and potentially sparse sampling due to particle size (2) and finally, a 

region that allows for parasitic scatter and divergence in the beam if it does not 

exceed the first Shannon channel (i.e. does not affect the information content) 

(3).

Guinier Region 1 𝑞 <
1.3

𝑅𝑔

Guinier Region 2 𝑞𝑚𝑖𝑛,𝐺 , 𝑞𝑚𝑎𝑥,𝐺 =
0.65

𝑅𝑔
,
1.3

𝑅𝑔

Guinier Region 3 𝑞𝑚𝑖𝑛,𝐺 , 𝑞𝑚𝑎𝑥,𝐺 =
𝜋

𝐷𝑚𝑎𝑥
,
1.3

𝑅𝑔



Rapid analysis of data quality

• Interparticle interactions:

– Collect a minimum of three concentrations

– Interactions also manifest themselves as changes in the Guinier plot, radius of 

gyration (Rg), maximum particle dimension (Dmax), and forward scattering 

intensity (I(0)).

– The data is scaled (non-trivial due to experimental errors in concentration and 

dilution).

– Calculate concentration using previously collected standards.

– Again the t-statistic is used which describes the likelihood that a slope is 

significant i.e. that trends in SAXS parameters as a function of radiation are 

significant, and therefore indications of radiation damage are present. 



Rapid analysis of data quality

• Linearity in the Guinier region:

– Analyze each concentration and each Gunier region

– Apply least squares fit to each block of three data points and calculate slope, 

shift by one point and recalculate.

– A linear regression is calculated through the set of slopes.

– If linear the set of slopes should be constant.

– A slope determines (a) if interactions are present and (b) if they are attractive or 

(c) repulsive.

– Useful for determining the crystallization slot.



Detecting non-linearity in Guinier plots. A typical example of a Guinier plot for Guinier 
region 1 is shown.  Data points are plotted as gray circles.  The linear fit through each set of 
three data points is plotted with alternating solid gray and dashed black lines for clarity.  A 
plot of the slope of each fit is shown in the inset.  The set of slopes is fit with a linear 
regression, shown by the solid black line. Guinier regions that are linear will show a flat line 
with no dependence on q2. Guinier regions that are non-linear will exhibit a dependence on 
q2, detected using the t-statistic



A correlation Frequency plot is used to 
describe graphically the information Here, the 
sample ID is on the vertical axis, while the 
number of parameters with a given p-value is 
shown on the horizontal axis. The likelihood of 
a correlation being present is determined by 
the p-value, which is identified by color as 
unlikely (green, p > 0.20), possible (yellow, 0.05 
< p ≤ 0.20), or probable (red, p ≤ 0.05). 

The plot shows Radiation Damage Analysis for 
the Highest Concentration of Each Sample. The 
number of SAXS parameters (out of 5 total) 
that were unlikely (green, p > 0.20), possibly 
(yellow, 0.05 < p ≤ 0.20), or probably (red, p ≤ 
0.05) affected by radiation damage is shown. 
Any exposures that were affected by radiation 
damage (p < 0.05) in any of the five 
parameters analyzed were rejected from 
averaging

Analysis of multiple images from one same sample



Correlation Frequency Plot for 
Concentration Dependence Analysis. The 
number of SAXS parameters (out of 10 
total) that were unlikely (green, p > 
0.20), possibly (yellow, 0.05 < p ≤ 0.20), 
or probably (red, p ≤ 0.05) affected by 
concentration dependence is shown.  
For each sample, the absolute value of 
the slope of the linear regression for 
each of the ten parameters has been 
calculated as a percentage of the y-
intercept of the regression.  The median 
of these values is shown to the right of 
the chart to describe the typical impact 
that the concentration dependence has 
on the determination of SAXS 
parameters for each sample. 

Analysis of multiple concentrations from one 
same sample



Concentration dependence detected for sample 11.  Scattering profiles for the lowest 
(blue), middle (green), and highest (red) concentrations are shown after scaling.  The 
increase in slope and intercept of the data at the low-q region as a function of 
concentration reflect an increase in the size of the particle.  Inset: Guinier plots for each of 
the three concentrations. For clarity, only the linear fits to points in Guinier region 2 are 
shown by black solid lines.  The upper and lower limits of Guinier region 2 are noted by 
black arrows and labeled



# G1 G2 G3 G1 G2 G3 G1 G2 G3

1

2

3 + -

4 + +

5 + - + - -

6 +

7

8 +

9 + + + +

10

11 -

12 +

13 +

14

15

16 +

17

18 +

20 +

21 + +

22 + +

23

24

25 +

26 +

27 +

28 +

Low Conc Mid Conc High Conc

Nonlinearity evaluated for all three 
Guinier regions. Guinier regions that 
were unlikely (green, p > 0.20), 
possibly (yellow, 0.05 < p ≤ 0.20), or 
probably (red, p ≤ 0.05) nonlinear are 
shown for each of the three Guinier 
regions (G1, G2, G3, see section 2.3.2 
for details). Attractive forces are 
denoted as positive (+) and repulsive 
as negative (-).



SAXS data available

• Data from ~1000 samples
• Three concentrations each
• Analyzed as a function of quality (publishable)
• Metadata including concentrations, data collection characteristics.
• Will be used to compare against crystallization outcome (in progress)

Using the data?

• Oligomer determination
• Protein characterization (construct studies)
• Envelope determination
• Compare to structural homologs
• Priority of SAXS targets?



A unique data crystallization set

For the past 15 years and incomplete factorial sampling of chemical space has
been used with the same crystallization method. Images have been archived and
because the micro-batch under oil method has been used the initial chemical
conditions are known. 

Currently we are running image analysis on all the Protein Structure Initiative
samples (approximately 4,500). The categorized images will be available along
with chemical conditions and protein information at an “xTuition” website.

Current status:

~4,500 different proteins
~6,150,400 different experiments
~16,000,000 images of experiments over time



SAXS : the T-shirt (Tom Grant)



2izz from the PDB
(5 chains in PDB) 3gt0 from the PDB

Solution envelope from BcR38B-21.20-
SeMa-Gf (3gt0)

Biological unit based 
on 2izz and SAXS

Crystal packing artifact

Correct position for 
5th chain

~165A ~165A

Another story



Summary, the start of turning high-throughput 
crystallization to high output

The current success rate is 22%, i.e. 1 out of every 5 samples coming through the 
laboratory door lead to a structure deposited in the PDB.

Despite having soluble pure samples ~80% of the time we fail to obtain structure.

Small Angle X-ray Scattering (SAXS) provides a radius of gyration and 
characterization of the sample in terms of globular, domains with flexible linkers or 
natively unfolded. It can also provide a low resolution (15A) envelope of the 
structure. 

We use 60 μl of sample (left over from crystallization screening) and run 3 
concentrations at SSRL beamline 4-2.  Each sample takes 10-15 minutes to run.

Out of 260 samples analyzed (from ~3,000 in the freezer) 77% gave good SAXS data 
and were well folded globular samples (compared to only 22% that crystallized). Out 
of the remainder 2 were natively unfolded.

High-throughput SAXS has applications in crystallization
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Questions?
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