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• Why membrane proteins?
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• Different mechanisms of transport

• Bright future



Pro- and eukaryotic cells



Membrane structure



Membrane proteins in human 
genome

~25% of genome!



The human tissue–enriched proteins.All tissue-enriched proteins 
are shown for 13 representative tissues or groups of tissues, 

stratified according to their predicted subcellular localization. 

Mathias Uhlén et al. Science 2015;347:1260419 



Types of transporters
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Need for structures!

• What is the molecular mechanism of transport?

• Can we interfere with (block, modulate, enhance)  
this transport?

• Can we fix malfunctioning transporters?

• Can we copy this transport for biotechnology?

• How can we get reliable structures, and are 
the structures enough to answer all these questions?



Protein Crystallography

>100.000 structures!

Some 
1934 - Diffraction from a pepsine crystal (Bernal & Hodgkin)

1954 - Phase problem solved by MIR technique (Perutz et al., Proc. Royal Soc. 
Lond. A 225, 287–307

1958 - Myoglobin structure (Kendrew et al.,  Nature 185, 422–427
1978 - Tomato bushy stunt virus structure (Harrison et al., Nature 276, 368–

373 
1985 - First membrane protein structure (photosynthetic center)  (Michel et al., 

Nature, 318 618–624
2000 - high-resolution Ribosome structures (Yonath, Steiz, Ramakrishnan)

2007 - First mammalian GPCR structure (Kobilka et al., Nature 450, 383-387 



Limitations of crystallography

Proteins in crystal is not in native conformation

Radiation damage

Static picture!
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Examples of different 
transport mechanisms:
1. CorA Gated-channel



The mystery of Mg

• The most abundant divalent cation in living cells
• Versatility – from structural roles to signalling 

(photosynthesis, Calvin cycle,  ATP, DNA, RNA, 
enzymes, membrane walls…)

• The biggest difference between hydrated and ionic 
volume  ~ 400 times!

• And very strong binding of water molecules due to the 
high charge density



2006: three structures of CorA 

2.9Å Eshaghi et al 3.9Å Lunin et al 3.7Å Payadeh & Pai



• Are all CorAs pentamers or some are tetramers? 

• Only Mg

• What is the structure of the periplasmic loop (and thus 

selectivity filter)?

• How does the transport occur ( through the long 

hydrophobic “neck”)?

•  What is the actual gating mechanism?



The sequence diversity of the 
superfamily

Almost no identity among Kingdoms,
Very low identity even within Kingdoms (17-25%)



The general architecture

Guskov et al., (2012) PNAS, 



Comparison with TmCorA



Concavity and selectivity filter



GMN motif



The entry point for magnesium ions
extracellular Mg

pool

Inside

Outside



Putative mechanism



Tunnel profile

Calculated with MOLEonline 2.0: interactive web-based analysis of biomacromolecular channels 
K Berka et al Nucleic Acids Research, 2012, 1–6 doi:10.1093/nar/gks363



Ion permeation energy profile

Closed conformation Putative open conformation
Calculated with APBSmem: A graphical interface for electrostatics calculations at the membrane.  

KM Callenberg et al (2010) PLoS ONE 5(9): e12722 



Examples of different transport 
mechanisms:

2. Facilitated diffusion (Gated-pore) by 
Pnu vitamin transporters



B-Vitamins
Pnu proteins are poorly characterised membrane 

transporters involved in vitamin uptake in bacteria

PnuT
PnuX PnuC



Putative mechanism

Facilitated diffusion 
coupled to the metabolic 

trapping



Crystal structure of PnuC

Jaehme, Guskov, Slotboom (2014) Nat Struct Mol Biol, 



Ligand coordination
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The binding site

• The cavity is sealed from both sides - fully-occluded ligand-bound state



Intracellular (cytoplasmic) gate

• two layers of symmetry 
related residues



Periplasmic gate

• The thick hydrophilic layer

• possible access path shown 
with the red dashed oval



Mechanism

b   Gated-pore mechanism

Occluded state
Gate 1

Gate 2



Examples of different transport mechanisms:
3. Secondary active transport of glutamate/aspartate 

via an elevator mechanism



Mammalian glutamate transporters take up the 
excitatory neurotransmitter glutamate

Vandenberg & Ryan (2013) Physiol Rev 93: 1621–1657



Glutamate (aspartate) transporters 
in eu- and prokaryotes

Sequence identity

• 30-35% between EAAT(1-5) (Human) and GltPh

• 45-55% among  EAAT

1. The stoichiometry of ion flux coupling:
the concentrating capacity of transporters

Glutamate transport by EAAT1, 2, and 3 is coupled to the
cotransport of 3 Na! and 1 H! followed by the counter-
transport of 1 K! (156, 192, 302) (FIGURE 2, A AND C). The
stoichiometry of coupling has not been determined for
EAAT4 and EAAT5, but we assume that they have the same
coupling ratios. From these ratios, the concentrating capac-
ity of the transporter can be estimated using a modified
version of the Goldman-Hodgkin-Katz equation: [Glu]o/
[Glu]i " RT/ZF ln {([Na!]o/[Na!]i)

3([H!]o/[H!]i)([K
!]i/

[K!]o)}, where [X]o and [X]i refer to the outside and inside
concentrations of the various ionic species, R is the gas
constant, T is temperature (in oK), F is Faraday’s constant,
and Z " 2 because there is a net transfer of 2 positive

charges. Note that the term referring to the Na! gradient is
to the power of 3 because 3 Na! are coupled to the trans-
port process.

At equilibrium under standard physiological conditions,
this coupling ratio is able to support a 106 fold gradient of
glutamate across the cell membrane (302). Theoretically,
this coupling ratio should ensure that the resting extracel-
lular glutamate concentration should be in the low nano-
molar range. This theoretical value contradicts a number of
estimates of resting extracellular glutamate concentrations
using in vivo dialysis, which predict resting extracellular
glutamate concentrations to be as high as 1–4 !M (154,
188). This conundrum was resolved by Herman and Jahr
(111) using the N-methyl-D-aspartate (NMDA) subtype of
glutamate receptors expressed by CA1 pyramidal cells in
acute hippocampal slices. The activity of NMDA receptors
was used as a probe for the glutamate concentration. Under
resting conditions, it was estimated that the glutamate con-
centration was as low as 25 nM, which is closer to the
theoretical estimates based on the stoichiometry of ion-flux
coupling of the EAATs (302).

2. EAATs also have an uncoupled
chloride conductance

In addition to the coupled glutamate ion fluxes, substrate
binding to the EAATs generates a thermodynamically un-
coupled chloride (Cl#) flux through the transporter (23, 70,
272, 284), reviewed by Vandenberg and colleagues (224,
274) (FIGURE 3A). The extent of channel activity varies be-
tween transporter subtypes. The neuronal transporters
EAAT4 and EAAT5 behave predominantly as Cl# channels
(FIGURE 3C), while for EAAT1, EAAT2, and EAAT3 the
channel activity represents a much smaller proportion of
the ion fluxes associated with transporter function (6, 70,
284) (FIGURE 3B). The properties of the Cl# conductance
have been investigated in detail by Wadiche and Kavanaugh

A BGlu–

3Na+

H+

EAAT GltPh

Cl–

Cl–

K+

Asp–

3Na+ Cl–

Cl–

Asp–

FIGURE 2. Stoichiometry of ion-flux coupling. A: glutamate trans-
port by the EAATs is coupled to the cotransport of 3 Na! and 1 H!

followed by the countertransport of 1 K!. B: aspartate transport by
GltPh is coupled to the cotransport of 3 Na!. Binding of substrates
and Na! to the transporters also activates an uncoupled anion
conductance through the transporter.
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FIGURE 3. Current-voltage plots of currents associated with glutamate transporters. A: schematic of the
current-voltage relationship for the transport current (green), the chloride current (blue), and the combined or
net current (red) for transporters expressed in Xenopus laevis oocytes. EAAT1–5 differ in the proportion of
current due to transport and chloride channel. B: the net currents observed for EAAT1–3 have greater
contributions from the transport component than the chloride channel, which results in more positive reversal
potentials. C: the chloride channel component is greater in EAAT4 and EAAT5 leading to a reversal potential
that is closer to the chloride reversal potential.

MECHANISMS OF GLUTAMATE TRANSPORT

1623Physiol Rev • VOL 93 • OCTOBER 2013 • www.prv.org

• Regulation of [Glu]extra to maintain 
synaptic signa#ing processes

• Glu is the predominant excitatory 
neurotransmitter

• Faster transport (ms)

• Prefers Asp over Glu
• Asp is a nutrient
• Slower transport (min)

Vandenberg & Ryan (2013) Physiol Rev 93: 1621–1657



Crystal structures of archaeal 
aspartate transporters



General architecture

• E.Gouaux, O. Boudker and D.J. Slotboom labs
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The trimerization domains form a scaffold in the 
membrane,

move 
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Closer look at the elevator

HP2

HP1
In

Out

Two helical hairpins (HP1 and HP2) are the possible lids (“doors”) 
that can open



The crystal structures explain the strong 
cooperativity between Na+ and 

Aspartate binding



Conserved
position of the substrate

TM8 TM7

R401D398

T402

N405

T317

Arg401:
Strictly conserved

Essential for transport
But also for re-orientation

Jensen et al., (2013) Nat Struct Mol Biol. 20(10):1224

with substrate

substrate-free



Mutations of Arg401 prevent 
substrate binding

TM8 TM7

Arg to Ala

Fo-fc electron density for the substrate at -3σ 

Verdon et al.  (2014) eLife, 3:e02283 



Sodium binding sites
TM8 TM7

R401

N405 M314Na+

Na+

with substrate

substrate-free

Jensen et al., (2013) Nat Struct Mol Biol. 20(10):1224



Geometry of binding sites is 
destroyed





Single-Molecule Studies

Low FRET

High FRET

Outward-outward 72 Å

Outward-inward 62 Å

Intermediate-Intermediate 60 Å

Intermediate-inward 58 Å

Inward-inward 49 Å
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Erkens et al., (2013) Nature, 502(7469):119
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Examples of different transport 
mechanisms:

4. Primary active transport via an 
toppled elevator mechanism?



General architecture
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Possible mechanism of transport



Future is here?



X

Plot from J. Ullrich, A. Rudenko, R. 
Moshammer, Ann. Rev. Phys. Chem. 
63, 635 (2012)

��

Brilliance, also called brightness, is 
a measure of the coherence and 
intensity of  photon beams. 
Improved longitudinal coherence  
will further increase the brilliance.

SACLA

The jump by 9 orders of  
magnitude obtained at LCLS in 
2009 is a remarkable event.

From J. Ullrich, A. Rudenko, R. Moshammer (2012) Ann. Rev. Phys. Chem. 63:635

It is extremely brilliant 
it generates pulses on the 

femto (10-15) second scale!



Diffraction 
principle

R. Neutze et al., (2000) Nature, 406(6797):752



Unprecedented possibilities for 
structural biology with XFELs

Collecting (room-temperature) data without radiation damage 
and from very tiny crystals!

No need for time- and resource-consuming optimisation to get 
bigger crystals

et al., 2011), where an intense femtosecond pulse from a laser source
illuminates a crystallization trial and a detector sensitive to the
doubled frequency is used to detect the signal. This can be a very
sensitive technique; current instruments are estimated to be able to
detect crystals as small as 90 nm (0.09 mm) in all dimensions, with the
potential to detect even smaller samples (Kissick et al., 2011). A small
number of biological crystals are nonchiral and a larger number of
nonprotein crystals are chiral (e.g. detergents and drug-like small
molecules), but other sensitive methods are available to discriminate
between a biological or small-molecule crystal (Closser et al., 2013).

SONICC has proved to be especially powerful when imaging
crystals grown in lipidic mesophases, for example membrane proteins.
Crystals from mesophases tend to be small, and if colorless are often
masked by the interaction of lipidic cubic phase with the crystal-
lization cocktail. A trial of the SONICC technique on samples crys-
tallized in lipidic phases, coupled with automated scoring compared
with manual inspection of bright-field and birefringent images,
demonstrated that SONICC was more sensitive and was able to
identify larger crystals (!15 mm in size), small crystals (between 2 and
15 mm) and showers of crystals (less than 2 mm and spaced less than
2 mm apart). Out of 41 crystallization experiments studied, SONICC
performed better than the more conventional imaging !70% of the
time and identified crystalline material in nine experiments where
bright-field and birefringent inspection failed to reveal positive
results (Kissick et al., 2010).

Two-photon fluorescence. An extension to SONICC has been the
addition of two-photon fluorescence, which is used to help under-
stand the crystallization process by studying the distribution of
impurities within protein crystals (Caylor et al., 1999). In this case
the illuminating light is visible (515 nm) and the fluorescent light is
shifted to the near-UV (!340–380 nm; Madden et al., 2011). Two-
photon fluorescence has been shown to identify SONICC-silent
crystals (Padayatti et al., 2012). Because two-photon fluorescence
uses a beam-scanning technology, it substantially reduces UV-
induced photodamage during imaging compared with standard UV
fluorescence, which illuminates the full field of view above and below
the focal plane. UV two-photon fluorescence images have a high
image contrast because the confocal nature of the measurement
significantly decreases the background scatter. In addition, this
method is compatible with conventional plates and cover slips.

Implementation in a high-throughput setting. Both SONICC
and two-photon fluorescence have been implemented in a high-
throughput manner with routine screening of samples entering the
HWI high-throughput crystallization laboratory. In Fig. 7, an example
of the use of these two techniques is shown. Initial visual observation

showed one condition that was non-ideal in terms of crystallization
outcome; it was precipitated and, while having a granular appearance,
was one of many similar results. The SONICC data showed that chiral
crystals were present in the visually undefined precipitate and two-
photon fluorescence showed that these chiral crystals were protein.
Using the initial conditions for the crystallization result, a variant of
the drop volume and temperature ratio technique (DVR/T; Luft et al.,
2007) was used and the small crystals were optimized to a volume
suitable for in-house or synchrotron diffraction studies.

2.2. Other techniques

The precise three-dimensional position of crystals in a crystal-
lization drop has been studied using Raman spectroscopy by Nitahara
et al. (2012). Raman spectroscopy measures shifts in the incident
wavelength caused by vibrations, phonons or other excitations in the
system under study. However, the technique is time-consuming; this
particular study reported needing approximately 1 h to build up an
image of about 400 " 200 mm. Nevertheless, the technique was able
to clearly image a crystal with 10 mm dimensions. Infrared spectro-
scopy is extensively used in the study of biological macromolecules.
Attenuated total reflection (ATR) Fourier transform infrared (FTIR)
spectroscopic imaging (Glassford et al., 2013) has been used to
identify proteinaceous precipitates or crystals (Chan et al., 2009).
As ATR FTIR is a direct-imaging technique, it is faster than Raman
spectroscopy and was able to resolve crystals of 40 mm dimensions
with the instrumentation used for the study, although the authors
note that spatial resolution down to 12 mm is possible. Micro ATR
FTIR spectroscopic imaging has been applied to measure crystals
grown using the hanging-drop approach (Glassford et al., 2012).
Optical coherence tomography is an interference-based technique
that can build up a three-dimensional image of the sample being
studied. Nishizawa and coworkers used an ultrahigh-resolution
variant of the technique to achieve 2 mm resolution during the
observation of protein crystallization experiments (Nishizawa et al.,
2012).

2.2.1. Light scattering. The Brownian motion of particles in
solution is random, but has a velocity distribution dependent on
the particle size and concentration, the solution medium and the
temperature. This property has been used for light-scattering studies
to determine particle size and study the nucleation of protein crystals
(Wilson, 2003). Light scattering can detect the presence (but not the
individual locations) of small aggregates (a few nanometres in size;
Saridakis et al., 2002). Dierks and coworkers developed a dynamic
light-scattering (DLS) system that could be used on crystallization

IYCr crystallization series

Acta Cryst. (2014). F70, 993–1008 Calero et al. # Identifying, studying and making good use of macromolecular crystals 999

Figure 7
Example of SONICC imaging with two-photon fluorescence. From left to right: visible image of a precipitated drop, SHG image of the same drop showing white signal
indicative of chiral crystals, UV-TPEF image of the same drop showing UV fluorescence. The far right image shows optimized crystals produced from optimization of the
conditions for the initial nanocrystals identified in the previous images. Each well is 0.9 mm in diameter.



S
Chapman et al., (2011) Nature 470: 73-77

But there are more problems: low hit rate,  non-trivial indexing (thousands of images are 
required),

and you need ml of highly concentrated suspension of microcrystals…



L

Weierstall, U. et al. , (2014) Nature Communications 5: 3309

Flow-rate down
 to 3-300nl/min
that equals to

~0.3mg of purified 
protein!

Figure 5.
Cartoon representation of the events proposed to take place during the crystallization of an
integral membrane protein from the lipidic cubic mesophase. The process begins with the
protein reconstituted into the curved bilayer of the “bicontinuous” cubic phase (tan). Added
“precipitants” shift the equilibrium away from stability in the cubic membrane. This leads to
phase separation wherein protein molecules diffuse from the bicontinuous bilayered
reservoir of the cubic phase into a sheet-like or lamellar domain (A) and locally concentrate
therein in a process that progresses to nucleation and crystal growth (B). Co-crystallization
of the protein with native or additive lipid (cholesterol) is shown in this illustration. As
much as possible, the dimensions of the lipid (tan oval with tail), detergent (pink oval with
tail), cholesterol (purple), protein (blue and green; β2-adrenergic receptor-T4 lysozyme
fusion; PDB code 2RH1), bilayer, and aqueous channels (dark blue) have been drawn to
scale. The lipid bilayer is ~40 Å thick.44 Figure 5 is from reference 138.
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10| Place syringe nos. 4–7 in a Ziploc bag, and add a moist 
fiber-free tissue to maintain a high level of humidity. Seal 
the Ziploc bag and store it in a 20 °C incubator.

 CRITICAL STEP Storing syringes in a Ziploc bag with 
a moist tissue is essential to prevent dehydration and to 
improve reproducibility.

Incubation and inspection  TIMING 1–3 d
11| Inspect the samples directly inside syringes every  
12 h, using a stereo-zoom microscope equipped with cross-polarizers. Microcrystals typically appear within 1–3 d and can be 
detected as a faint uniform glow or as densely packed bright dots under cross-polarizers (Fig. 4).
? TROUBLESHOOTING

PAUSE POINT Microcrystals grown in syringes can be stored for several days at 20 °C. Avoid large temperature fluctuations 
(over 2 °C) during sample storage and inspections. Samples in syringes can be transported at this stage to the XFEL source 
using a Greenbox thermal management system pre equilibrated at 20 °C.

Sample consolidation and titration with 7.9 MAG  TIMING 15 min
12| Take out all the samples from the 20 °C incubator ~1 h before the expected start of LCP-SFX data collection.

13| Carefully remove Parafilm seals from syringe no. 3.

14| Replace the needle stopper with a removable needle.

15| Slowly push the plunger of syringe no. 3, squeezing out the precipitant through the needle.
 CRITICAL STEP Push the plunger of syringe no. 3 slowly and carefully. Harsh motion could accidentally squeeze out some 

LCP along with the precipitant solution, resulting in sample loss.

16| Stop pushing the plunger when most of the precipitant solution is removed.

17| Replace the removable needle with a needle stopper.

18| Repeat Steps 13–17 with syringe nos. 4–7.

19| Remove needle stoppers from syringes no. 3 and no. 4 and connect them together using a syringe coupler.

20| Transfer all of the sample from syringe no. 4 into syringe no. 3.

21| Repeat Steps 19–20 with syringe nos. 5–7 to consolidate the entire sample in syringe no. 3. Squeeze out as much  
precipitant as possible.

22| Transfer ~5 l of 7.9 MAG into a clean 100- l syringe (no. 2), and connect syringes no. 3 and no. 2 through  
a coupler. The use of 7.9 MAG is only required if LCP is extruded in vacuum for LCP-SFX data collection. When performing 
LCP-SFX experiments at ambient pressure, 9.9 MAG can be used in this step.

23| Homogenize the sample by moving it through the coupler back-and-forth between syringes.

Precipitant

LCP with
crystals

Figure 4 | Crystallization setup in syringes. Photographs of a syringe 
containing 60 l of precipitant and 5 l of protein-laden LCP with 
microcrystals growing in it, at two zoom levels. The highest-zoom 
photograph is taken under a stereo microscope equipped with cross-
polarizers. Microcrystals are visible as bright dense dots inside of a  
snake-like LCP string. Other sparse bright objects are located outside  
of the syringe barrel. The distance between the long scale marks on the 
syringe barrel is 1.2 mm. 

Caffrey et al., (2012) Biochemistry 51(32):6266 Liu et al., (2014) Nature Protocols 9:2123

Benefits:
native-like environment

Type-I crystals
No cryo-protection necessary



Alternative delivery methods

Just use a big crystal if you have it – Suga 
et al., (2015) Nature 517: 99 Photosystem 

II structure at 1.95Å resolution
fixed-target chips (theoretically 100% hit-

rate)

 

Researchers find a way to improve FELs
approach used to study Photosystem II in
plants
27 November 2014, by Bob Yirka

 

Diffraction experiment using the XFEL beam at SACLA.
Credit: Nature (2014) doi:10.1038/nature13991

A team of researchers in Japan has developed a
technique for improving the free electron lasers
(FELs) approach to studying Photosystem II that
allows for creating high-resolution images of the
oxygen evolving complex (OEC) in plants. In their
paper published in the journal Nature, the team
describes their new technique and how their work
might lead to a better understanding of the entire
photosynthesis process. Ilme Schlichting, of the
Max Planck Institute offers a News & Views piece
on the work done by the team in the same journal
issue. 

Scientists have been studying plants for quite
some time trying to understand how
photosynthesis works, and while they have made a
great deal of progress, there are still some parts
that aren't completely understood, one of those is
Photosystem II, the initial reaction in
photosynthesis, where a plant uses energy from
light to split water molecules into oxygen and
hydrogen atoms. The problem lies in catching the
plant mechanism in action and taking a picture of
it. Scientists have used lasers in the past, but that

causes damage to the plant parts being studied.
More recently, X-ray free electron lasers (FELs)
have been developed that allow for a technique
called serial femtosecond crystallography—where a
sample is exposed to a small X-ray pulse, over and
over, resulting in the creation of an image that can
be used for study. But, it still doesn't allow for the
high resolution (because of diffraction issues)
scientists really want. In this new effort, the
researchers have taken the FELs approach a step
further and in so doing have come up with a way to
create the high resolution images scientists have
been hoping for.

The team brought with them expertise in
dehydration techniques that allow for slow,
controlled large crystal growth—adding such a
process to the FELs approach allowed for creating
very high resolution images of Photosystem II (in its
dark resting state) for the first time. Schlichting
notes that because the team used large crystals,
the technique also allows for using more than one
diffraction pattern by moving the sample around,
thus giving researchers more views.

In addition to helping to learn more about how
plants use the sun's energy to perform
photosynthesis, scientists may be able to use the
new technique to develop better man-made
versions of the OEC to hopefully offer a new type of
solar cell that will finally get us off burning fossil
fuels.

 More information: Native structure of
photosystem II at 1.95 Å resolution viewed by
femtosecond X-ray pulses, Nature (2014) DOI:
10.1038/nature13991
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and the glass to allow for easy removal of the glass slide after
PDMS curing. We pre-cured the PDMS for 4 h at room
temperature before we removed the weight and transferred
the complete stack into an oven to drive the curing reaction to
completion at 345 K for another hour.

We used either COC (TOPAS 5013 from Advanced Poly-
mers) or Kapton (American Durafilm), depending on
experimental requirements. COC is more brittle then Kapton
but has a lower water vapor permeability. The thinnest
commercial COC we used was 25 mm-thin TOPAS, while
Kapton as thin as 8 mm can be
purchased as bulk foil. We chemically
bonded either substrate to the featured
PDMS using a silane coupling chemistry
(Tang & Lee, 2010). In brief, the foil and
PDMS were both activated in an oxygen
plasma and then each incubated sepa-
rately for 25 min in an aqueous solution
of a different silane: one in 1 vol.% of 3-
aminopropyltrimethoxysilane (APS;
97% from Aldrich) and the other in
1 vol.% of 3-glycidoxypropyltri-
methoxysilane (GPS; 98%, from
Aldrich). The two silanes are such that
they can form an epoxy bond when
brought into contact. The method works
equally well with the foil treated with
APS and the PMDS with GPS, or vice
versa. Upon removing the foil and
PDMS from the batch, we dried both
with a stream of nitrogen gas and then
carefully brought them into contact
using tweezers to prevent trapping air
bubbles between the two layers. The
chip was then incubated in the oven at
345 K for 1 h to maximize chemical
cross-linking. The process was repeated
to lid the other side of the chip, now
with a foil that had through holes at the
appropriate locations for fluid inter-
facing. Through holes were punched
using a 0.75 mm Harrison Uni-Core
biopsy punch (Ted Pella). Upon
assembly the chip was surface-treated
with a fluorophilic coating to prevent
protein interaction with the channel
surface. For this, 1:20 Cytop CTX-
109AE in CTsolv.100E (both Bellex
International) was dead-end filled into
the chip by plugging all outlets and
slowly injecting the Cytop solution
through the inlet into the chip. This
causes gas bubbles trapped inside the
chip to become pressurized, which
prompts the gas to dissolve into the
solution and also to permeate across the
chip walls to result in a completely filled

bubble-free device. The chip was then incubated at 363 K for
at least 12 h to evaporate the solvent away and also to accel-
erate chemical cross-linking between the fluoropolymer and
the chip surface.

5. In situ diffraction

We mounted the X-ray-transparent chip into a custom acrylic
frame to collect diffraction data (Fig. 4). The acrylic frame was
cut to shape from 3 mm-thick acrylic sheet using a 40 W CO2

research papers

354 Michael Heymann et al. ! Room-temperature serial crystallography IUCrJ (2014). 1, 349–360

Figure 4
(a) Monodisperse emulsions were prepared using a dedicated dropmaking chip as illustrated in
Fig. 2(d) and directly routed into the chip for serial crystallography for storage. (b) We used a laser-
cut frame to hold and to port into the X-ray semi-transparent chip. (c) The X-ray semi-transparent
chip mounted on the goniometer inside the Cornell CHESS F1 beamline. (d) Glucose isomerase
crystals inside of the microfluidic device. Using a motorized stage, each crystal can be centered in
the collimated X-ray beam. The beam is 100 mm in diameter. (e) A representative diffraction
pattern of a glucose isomerase crystal taken at room temperature from inside the chip. Crystals
diffracted to 1.4 Å resolution with a mosaicity as low as 0.04". The bottom-right quadrant shows the
diffraction pattern after background subtraction, using the Adxv diffraction pattern visualization
tool (http://www.scripps.edu/~arvai/adxv.html) with subtract background option.

Heymann et al., (2014) IUCRJ 1:349



Data Collection and processing 
issues

!  !!

! !!!!!!

Crystals are not always homogenous (different sizes)
Crystals intersect the beam in random orientation 
Crystals stand still during exposure (no rotation)
Only partial reflections are recorded
Fringes rather than neat spots
Per shot variation in photon energy and intensity of the pulse
Enormous amount of data per experiment  

Most issues can be resolved with Monte Carlo algorithms  (CrystFel, 
cctbx.xfel) or by other software (nXDS)



The main issue - Facility and 
Beam time availability

LCLS
SLAC, Menlo Park | US

LCLS - ll

FLASH 
DESY, Hamburg | DE

FLASH  ll
PAL-XFEL
PAL, Pohang | KR

European XFEL
Schenefeld + Hamburg | DE

SwissFEL
PSI, Villigen | CH

FERMI
Elettra Sincrotrone Trieste, 
Trieste | IT

SXFEL
SINAP, Shanghai | CN

SACLA
SCSS
RIKEN, Harima | JP

Hard XFEL

Soft XFEL

Under construction / in development

from www.xfel.eu

But SFX can be also performed at the most 
of modern synchrotrons!



abbreviations competition

SFX
IMISX

MX
in meso in situ

sandwich plates (see below) to the SLS. Special attention was
paid to maintaining the temperature of the plates at 20!C
during shipping by surrounding them with large (400 ml)
thermal packs pre-equilibrated at 20!C and by crating in thick-
walled Styrofoam boxes. Alternatively, similarly packaged
plates were taken in checked luggage on direct flights to
suitable destinations. Following these procedures, the plates
were delivered within 2–3 d intact at 20!C, at which point they
were transferred to and stored in a temperature-regulated
chamber at 20!C at the SLS until use.

2.2.2. Setting up and using IMISX plates. The COC film
used to create the windows of the in situ wells is not
completely watertight (Supplementary Fig. S1). Accordingly,
isolated COC sandwich plates do not provide the same crystal-
growing environment as exists in the sealed, standard glass
sandwich plates that are used for in meso crystallogenesis. In
an attempt to replicate, as much as possible, standard crys-
tallization conditions in the new in situ plates, it was decided to
house the COC plates inside a sealed glass sandwich plate,
in what will be referred to as a double-sandwich plate, for

the purposes of incubation and
crystal growth. The glass plate
must subsequently be opened to
remove the in situ plate, or
sections thereof, for SX.

The materials required to
prepare a double-sandwich plate
include a 124 " 84 mm No. 1.5
glass 0.15 mm thick plate, a 127.8
" 85.5 mm standard 1 mm thick
glass plate, two 112 " 77 mm
pieces of 25 mm thick COC film
with front and back protective
covers, a 112 " 77 mm sheet of
perforated, 64 or 140 mm thick
double-stick spacer tape (6 mm
diameter perforations spaced
7 mm apart centre to centre), a
double-stick gasket 2 mm wide
and 140 mm thick with outer
dimensions of 118 " 83 mm and
inner dimensions of 114 "
79 mm, Milli-Q water, silanizing
agent (RainX), tissue paper, tape,
a glass-cutting tool, tweezers,
scissors, a scalpel or blade and a
brayer or hand-held roller.

The following steps are taken
to assemble, fill and seal a double-
sandwich plate, to retrieve from it
the COC plate containing crystals
dispersed in the lipid mesophase
and to mount it at the beamline
for SX (Fig. 1).

Step 1. Remove the bottom
protective cover from the double-
stick gasket, place it sticky side
down around the edge of the
standard 1 mm thick glass plate
and brayer it in place to provide a
tight seal. This creates the base
plate in which the COC plate will
be housed and sealed.

Step 2. With the aid of a piece
of adhesive tape, remove one of
the protective covers from the
COC film, treat the exposed
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Figure 2
Experimental setup for IMISX data collection and images of crystals grown in IMISX plates. (a) A view of a
section of an IMISX plate in the goniometer positioned for SX data collection on beamline PXII (X10SA)
at the SLS. (b–e) Crystals of lysozyme (b), lysozyme–bromide (c), PepTSt (d) and AlgE (e) in COC wells
removed from IMISX plates as viewed through the high-resolution on-axis microscope. ( f ) Screenshot of
PepTSt crystals in a well from an IMISX plate as viewed through the on-axis microscope during SX data
collection. Crystals measuring $10 " 10 mm (yellow arrow) are clearly visible in these in situ samples using
the high-resolution microscope, which greatly facilitates crystal picking. ‘Hand-picking’ of crystals is
performed at the click of a mouse with the SLS software DA+ and involves simply positioning a rectangular
box (white; white arrow) on the crystal of interest. In this instance, the beam dimensions are 18 " 10 mm.
Open boxes correspond to crystals due for data collection. Filled boxes identify crystals that have already
been exposed and are colour-coded by the number of reflections detected at that particular site of exposure.
(g, h) Images of a lysozyme crystal before (g) and after (h) SX data collection. The position of the beam on
the crystal and the size of the beam are shown in (g). Beam damage to the crystal caused by a 0.5 s exposure
at 2.2 " 1012 (12 keV) photons s%1 at RT is clearly visible in (h). The crystal used in this demonstration of
radiation damage is large by comparison with those used for IMISX.

Huang et al., (2015) Acta Cryst D71

• +:No harvesting!
• RT
• No injectors
• Reduced amounts of samples
• Easy setup
• less data needed than with XFEL
• –: only RT, sensitive to t variations
• (data collection, delivery),
• short shelf lifetime



benefits of using XFEL for time-
resolved studies

Small micro crystals allow  homogenous excitation

Data is free from radiation damage caused by X-Rays and Laser

Any sort of chemical reactions (including irreversible) can be 

studied

No problem of “cryo-trapping”

 



Time-resolved studies
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Figure 1: Catalytic cycle of the ccNIR. Initially, nitrite binds to a specific c-heme in the ccNIR. Methylviologen serves as electron donor for
the 6-electron transfer reaction to produce ammonia from nitrite.The NO, hydroxylamine, and ammonia complexes are shown.The catalytic
rate is 824 1/s at room temperature.
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Figure 2: (a) Schematic setup for a mix and inject time-resolved femtosecond serial crystallographic experiment at the XFEL. Nano- and
microcrystals are in syringe A and substrate in syringe B. After mixing, the crystal/substrate droplet is injected into the XFEL beam. The
crystal might disintegrate after the fs X-ray pulse, but diffraction occurs earlier. The diffraction pattern is damage free. (b) Time-resolved
pump-probe experiment with serial femtosecond crystallography. Setup can be used to stimulate photoreceptors for photoflash experiments
or to activate caged substrates. Conceptual similarities between (a) and (b) are obvious.

6. Diffusion Times

Diffusion of (a soluble) substrate in solution follows Fick’s
2nd law (1), !∇2# = $#$% , (1)

where ! is the diffusion coefficient, and ∇2 is the Laplace
operator, # is the time-dependent concentration of the diffus-
ing species. Equation (1) is a second order partial differential
equation that can be solved by separation of variables. In spe-
cial cases an analytic solution can be found subject to certain
boundary conditions. In most other cases solutions are only

Schmidt M (2013), Adv in Con Mat Phys, doi: 10.1155/2013/167276

the innermost tube emerges to meet and mix with liquid 2 before
both liquids are gas focused and emerge from the GDVN nozzle as a
free jet. Both liquid lines have a cone-shaped end for smooth fluid
flow. The gas focusing aperture has an ID of 750 mm and an OD of
1000 mm, and its end is flame melted and formed to a specific shape
for generating the gas focusing effect needed to form a free jet
(Weierstall et al., 2012).

As shown in Fig. 1, the solution of protein molecules or protein
nano-crystals is fed through the inner liquid line, meeting with a
solution of small molecules (reagents) which trigger the reaction
when liquid 1 and 2 mix. The outer liquid 2 flows much faster than the
inner liquid 1, causing a hydrodynamic focusing of the inner liquid
flow at the exit of the inner capillary. The
diameter of the inner flow decreases rapidly
from 20 mm to approximately 1 mm,
providing a short diffusion distance for
reagents from the outer flow into the inner
flow and therefore a short mixing time.

After the combined liquid flow leaves the
end of the outer liquid line into vacuum, it
passes through a gas focusing aperture and is
accelerated by the focusing gas to form a
free liquid jet with a diameter of 3–7 mm.
The focusing is consistent with conservation
of the product of area A and velocity V for
incompressible flow. The device is therefore
double-focusing. The free jet travels at a
speed of about 10 m s!1 and remains

continuous for several hundreds of micrometers, before breaking up
by a necking instability into small droplets, similar to a Rayleigh jet
(see DePonte et al., 2008). The XFEL beam probes the jet in the
continuous region, rather than the droplet region.

For different biomolecular processes, different mix-to-probe delay
times are required to access the varied kinetic time scales of interest.
For a specific process, measurements at different time points are
needed to sample different transient states. An adjustable delay time
is achieved by changing the distance between the end of the inner
liquid line and the end of the outer liquid line. Since the liquid flow
speed is extremely fast after the liquid leaves the end of the outer
liquid line and forms a jet, and the mixing starts and finishes right
after the end of the inner liquid line, it is reasonable to consider the
mix-to-probe delay time as the time the liquid flow takes to travel
from the end of the inner liquid line to the end of the outer liquid line.
(Reverse diffusion of the much larger species in the inner line into the
outer is negligible.) By changing the position of the inner liquid line
relative to the outer liquid line, the time for the liquid to travel this
distance can be varied to insert the desired time delay. For a typical
flow rate for this device (F = 0.05 ml min!1 for inner flow, and F =
100 ml min!1 for outer flow), the velocity V = 2F /A = 30 mm s!1 at the
center of Newtonian flow, and the delay time is adjustable in the
range 10–1000 ms.

3. Experiments and simulations

Fluorescence experiments were carried out to demonstrate the fluid
dynamics of the mixing process as shown in Fig. 2. The fluorescent
dye sulforhodamine 101 solution was fed through the inner liquid line
with a syringe pump at a flow rate 0.05 ml min!1, stimulated by a
528 nm laser, while water is fed through the outer liquid line at a flow
rate of 100 ml min!1 (Fig. 2a). At this condition the inner flow is
focused down to about 3 mm in diameter within 20 mm of axial travel.
This focusing distance can be decreased further to 1 mm by using a
higher flow rate for the outer flow and a lower flow rate for the inner
flow. In Fig. 2(b), instead of water, a solution of sodium iodide was fed
through the outer liquid line to quench the fluorescence upon mixing.
This fast interaction occurs much more rapidly than diffusion, and so
can be used to measure the time taken for the two fluids to diffuse
and mix (reaction times between biomolecules are much longer). The
picture shows that the fluorescence is completely quenched within
20 mm of axial travel. Based on the flow speed, the elapsed time is less
than 1 ms. Hence the upper limit of the mixing time is 1 ms for this
flow rate. Under these flow conditions, simulations (below) reveal
that the actual mixing time is much shorter than this upper limit. An
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Figure 2
This fluorescence experiment illustrates the mixing process. The field of view shows only the innermost capillary
tube at the ‘Mixing Region’ indicated in Fig. 1. (a) Fluorescent dye in the inner line, water in the outer line. (b)
Fluorescent dye in the inner line, quencher in the outer line. Quenching represents the mixing process. A blue
background is seen along the lower edge of each image.

Figure 1
(a) Geometry and principle of the liquid mixing jet device. Two liquids, fed through
the inner liquid line and the outer liquid line, mix at the end of the inner liquid line.
After an adjustable delay, flowing between the end of the inner line and the end of
the outer line, the flow goes through a gas focusing process and forms a thin jet. The
delay time can be changed by changing the position of the inner liquid line relative
to the outer liquid line. (b) Photograph of the actual device, showing the innermost
capillary on-axis and the emerging jet.

Wang et al., (2014) J of Synchr Rad. 21:1364
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