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Why do TR-SAXS?

• many pitfalls and technical difficulties

• needs lots of material (compared to static SAXS)

• rad. Damage issues

• It’s cool

• watch reaction in real time

• sensitive to intermediate states in reaction

• details in the kinetic might be functional relevant

• connect to MD simulation/theory

Pros:

Cons:
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How to initiate the reaction

• TR-SAXS in solutions most often use mixing as reaction trigger
• other triggers sometimes used:

light/laser flash, T-jump or pressure jump
• For mixing there are two types: turbulent or laminar flow mixing 
• two basic concepts of mixing devices

• continuous flow (CF)
• stopped-flow (SF)

Final step of mixing governed by diffusion:

x2 = 6tD 2 2.5x m

D »10-5cm2 / s
typ. diffusion constant for 
small molecule in water

t »10-3s
Diffusion time

Need highly turbulent flow

2 2.5x m



Different Types of mixers
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Kathuria et al., Biopolymers (2011)

Turbulent mixing Laminar mixing

Continuous-Flow (CF) mixer
• turbulent or  laminar 
• continuously flow and mix
• achievable time resolution:  ~20us for the 

turbulent mixer, a few ms for the laminar 
mixer

• time resolution limited by beam size
• high sample consumption (> tens of mg) 

laminar mixers are better

Stopped-Flow (SF) mixer
• turbulent mixer
• mix and then stop the flow
• time resolution: ~1ms
• time resolution limited by frame rate 

and photon flux
• sample consumption (several mg). 



What do you need to do TR-SAXS

sizable change 
between initial and 
final state (several A 
in Rg and or Dmax)

initiate the reaction
(mixer, flash, heater, 
pressure … ) 

ability to collect data 
at specific time 
points

Systems that can be studied using TR-SAXS

• conformational changes in response to environmental changes (pH-
jump, T-jump, p-jump …)

• Changes due to ligand binding

• Complex formation

• …



Time-resolved SAXS at BL4-2

• multilayer (Mo/B4C) monochromator with 2% 
energy bandpass for increased photon flux (~1014

ph/s)

• using PCI data acquisition boards gated by pulse 
train from detector for intensity monitoring

• all hardware under Blu-ICE control

• dedicated BluIce interface for TR-SAXS experiments

• fast PAD detector Pilatus3 X 1M

• currently: time resolution 2ms

Pilatus 1M
• 500Hz frame rate
• photon counting

Blu-Ice unser interface

Integrated Si(111) and Mo/B4C Mono



• Biologic SFM-400 stopped-flow device
• 30µl min injection
• Variable flowrate
• >1ms deadtime
• Variable mixing ratios

• Opotek Vibrant 355HE tunable laser
• wavelength range: 410 nm- 2400 nm
• peak energy 45mJ, 5ns pulse duration
• computerized control
• photoreactions and T-jump experiments

Stopped-flow Mixer

Photoreactions and T-jump (in preparation)

Time-resolved SAXS at BL4-2
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Customized Stopped-flow Mixer

• adding sample injection ports with motorized valves

• valve control integrated into Blu-Ice interface

• eliminates sample consuming priming of fluid paths

• simultaneous UV spectrum recording (in preparation)

• allows automated and thorough cleaning of capillary without 
compromising sample (!!!)
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Mixing times

Transmission Intensity

Detector Pulse train

SF trigger

Shutter

Mixing 400mM CsCl with water:
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1st to 10th images (up to 50msec)

P(r) function of 1st  image

q (Å-1)

2msec exposure of 10mg/ml Lysozyme
(5msec repetition, multilayer beam)

Wide bandpass monochromator

• Using the multilayer 

monochromator the photon flux at 

the beamline is increased by about 

a factor of 20

• This allows single ms exposures 

with reasonable S/N



• equilibrate the sample solutions at 
different temperatures

• sample cell held at final Temperature

• enables millisecond T-jump experiments

• T-jump can be up or down 

• example usage:

• protein unfolding or refolding

• oligomerization

• phase transitions

• …

T1 T2

T3

T-jump with Stopped-flow mixer



TR-SAXS experiments with mixers

• Dilution experiments

• Ligand binding

• Complex formation

e.g. pH jump

e.g. small molecule binding

easy

Need to consider:

Initial and final pH

Final concentration of protein

intermediate

Need to consider:

binding constant of ligand

well saturate reaction in final state

kinetics concentration dependent

difficult

Need to consider:

binding constant of complex

observe stochiometry

kinetics concentration dependent



• Check initial and final scattering curve:
➢ is there is a clear difference especially in Rg and especially in the low 

q-range

• Can the protein be concentrated up to a “reasonable” concentration for 
TR-SAXS (depends on required time resolution)

➢ Need to consider both “initial” and “final” concentration

• Is the relevant time-domain known? If not are there any experiments (not 
X-ray) that could at least get the ballpark.

• If the reaction involves ligand binding or complex formation: what is the 
binding constant, and can you reach a well saturated state

• Have initial and final state been well characterized (with SAXS and 
others)?

Questions to ask before considering TR-SAXS



prerequisites for TR-SAXS

• Well characterized initial state and final state and a clear difference between 
them

Kratky plot

I 
*
 Q

2



prerequisites for TR-SAXS

• Well characterized initial state and final state and a clear difference between 
them



How to Analyze TR-SAXS Data

• the same “rules” apply for TR-SAXS data as for regular static SAXS data

• similar to SEC-SAXS data – which is also a time-series 

➢ treat the single frames from the time series as separate data
➢ possibly average consecutive frames to increase S/N

(will smear/decrease time resolution)

• can try to do SVD or PCA of the series to find mayor components (basis 
vectors)

• if the intermediate states are known (and you have a scattering curves), 
try to do a linear decomposition to get occupancy vs time



cellular inhibitor of apoptosis 1 (cIAP1)
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Examples: kinetics of cIAP1

Phillips et al., Nat. Struct. Mol. Biol. (2014)



Examples: Virus maturation

HK97 Bacteriophage capsid

Lee, et al. JMB 352,723 (2005)

+ H+

Capsid 

(d=420A)
Procapsid

(d=480A)

NwV Virus

Matsui, et al., Biophys J 98, 1337 (2010)

d=550A d=650A

TR-SAXS

+ H+

Iso-scattering points

=Two-state transition

No iso-scattering 

point

Static-SAXS

Lee et al., 2005, 
JMB 352, 723

TR-SAXS

Multistage process

Matsui, et al., (2010) 
Biophys J 98, 1337.

+ H+



Summary

• TR-SAXS Is a very useful technique to identify structural 
intermediates and characterize kinetics

• it adds “time” to structural biology research

You need

• a system with reasonably large change between initial and final state 
(well pre-characterized by static SAXS)

• enough sample:

• ~10mg, better more

• depending on time scale: typically the faster the reaction 
the more sample;

• a way to disturb the system out of equilibrium

• ability to collect data at specific time points (enough photons/s and 
fast detectors



Thank you


