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Deuterated biomaterials are in demand!

• Used in neutron scattering, NMR, mass spectrometry 
• We can extract from whole cells (biomass): Proteins, 

peptides, DNA, lipids, carbohydrates (e.g. cellulose)

https://doi.org/10.3390/ma16103856

https://doi.org/10.3390/ma16103856


Enzyme mechanism, effect of 
mutations, drug binding

Surface structuresAtomic structures Solution Structures

Macromolecular structures: 
Localization of hydrogen atoms

Nanoscale structures: localization of 
components using H/D contrast

Nanoscale structure membranes, and 
surfaces using H/D contrast

Neutron reflectometrySingle crystal diffraction Small angle neutron scattering

Proteins, DNA/RNA, liposomes/ nanodiscs, 
membrane proteins, drug delivery systems

Membrane proteins/peptides, drug 
delivery systems, insertion, fusion

3D structure of protein molecules Size and shape of complexes in solution Structure & composition of surfaces

Biomolecules in neutron scattering are used for:

Borrowed & adapted from Hanna Wacklin-Knecht



What do we mean by deuterated biomaterials?
• Molecules from living organisms are abundant in hydrogen, spec. 1H 

isotope
• Deuteration: replacing endogenous 1H with 2H to greater or lesser 

extent through a variety of methods
• Nomenclature: deuterated, perdeuterated, H/D exchange

1 in 6420 H atoms are 2H

~ 350 amino acidsCarbon C 1647 
Hydrogen H 2565 
Nitrogen N 465 
Oxygen O 517 
Sulfur S 21 

Formula: C1647H2565N465O517S21

Total number of atoms: 5215



Different kinds of deuteration: chem vs. bio
• Chemical deuteration: organic synthesis of small molecules 

using either commercial deuterated precursors and deuterated 
solvents, or make the precursors/monomers in the lab using 
Parr reactor (pressure, temp, catalyzed H/D exchange).

• Biological deuteration: production of molecules under 
deuterated conditions in living cells (the rest of this talk)



1H has relatively small coherent scattering and very large background, while 2H (deuterium) has the opposite!
1H also has negative scattering – leads to signal cancellation of neighboring atom;
 2H (D) has positive scattering & low background – gives strong peaks in density maps

H atoms have special neutron scattering properties

https://www.ncnr.nist.gov/resources/n-lengths/



Purpose and extent of deuteration depends on 
technique 

Neutrons enable contrast variation through 
selective deuteration of materials (SANS, 
NR, Imaging):Determine position of hydrogen 

atoms in macromolecular structures



Different organisms are used for different molecules

Bacteria
Escherichia coli (E. coli)
Acetobacter xylinus (A. xylinus)

prokaryote

Recombinant proteins
Plasmid DNA
Cardiolipin
Cellulose

Yeast
Pichia pastoris (P. pastoris)

eukaryote

Lipids
Cholesterol, ergosterol
Membranes
Recombinant proteins

Algae
Botryococcus braunii (B. braunii)

eukaryote
Total cell extract
Endogenous proteins
Lipids? Oil?

*All of these can tolerate up to 99% D



Biomass production in different amounts of D

Cells

Inoculate small 
liquid starter 

culture
Inoculate large 

production 
cultures

Harvest by centrifugation

Downstream processing to 
extract various “things” 1) Partial deuteration (65-85% D)

2) Full(per)deuteration (~99% D) More D, more $$



Liquid growth media components – E. coli

• Replace H2O with D2O
• Replace “normal” carbon source 

with deuterated carbon source 
(e.g. glucose or glycerol or cell 
extracts)
• A combination of these things to 

get partial labeling

Component g/L
Bulk solution NH4Cl 2.58

KH2PO4 2.54
Na2HPO4 4.16
K2SO4 1.94

Carbon source – choose 1 Glycerol 5

Glucose 5
d-algal extract 10 mL

mg/L
Additives FeSO4·7H2O 20.0 (72 uM final)

Trisodium citrate 88.0 (0.3 mM final)

MnSO4·H2O 5.0 (30 uM final)
ZnSO4·7H2O 8.60 (30 uM final)
CuSO4·5H2O 0.76 (3 uM final)
Thiamine chloride 48.0 

MgSO4·7H2O 670 (2.7 mM final)

H2O/D2O up to 1 L



Limitations in biodeuteration

• Limited number of species tolerate D2O – highly toxic in higher organisms 
(insects, mammals, plants) >30%
• Cells are not happy in D2O: slow growth, low yields
• Requires a lot of very expensive D2O and carbon source (e.g. glycerol-d8)

2019 
1g of glycerol-d8 for 300 SEK  1 kg of D2O for 3200 SEK
2023
1g of glycerol-d8 for 2160 SEK  1 kg of D2O for > 16,600 SEK

(Lead times up to 26 weeks in some cases)



• D2O – we re-use it multiple times by 
rotary evaporation of spent cell 
media to recover the D2O 
• It is not 100% “clean” and some D is 

lost over time 

• Carbon source: let’s grow our own!

Botrycoccus braunii growing in D2O

• Biodeuteration is needed, in demand 
but expensive
• Not technically difficult if you can grow 

the right microbe in deuterated media



Single colony pick

Liquid chromatography 
to extract protein

Concentrate & buffer 
exchange ~ 10 mg/mL

Crystallization set-up

Liquid culture
starter

Test 
expression

Large scale growth 
6-9 L

Analyze purity, quality 
by SDS-PAGE and MS; 

Biophysical 
characterization

Transformation of 
plasmid into bacteria

Borrowed & adapted from Swati Aggarwal
doi: 10.1016/j.pep.2021.105954

Workflow: from gene to structure

Diffraction data 
collection

Solve crystal structure
& analyze, interpret

Purified 
protein

Harvest & 
Lysis



• Need mg amounts of ~95% pure, 1-50 mg/mL concentrated 
protein.
• Beneficial to characterize protein for solubility, purity, stability, 

and treat it gently (use fresh, don’t lyophilize, don’t repeat 
freeze/thaw etc). 

So we need crystals to get measurable 
diffraction data….but how do you 

make a protein crystal?



Precipitant solution

• This is the liquid that you mix your protein with & that 
promotes crystal nucleation
• They contain chemicals that promote taking water 

away from the protein, effectively increases [protein] 
e.g. PEG, NaCl
• Usually includes a buffer (e.g. Tris) and sometimes 

additives (e.g. divalent cations, reducing agents, 
detergents)
• Often includes ‘additives’ that help improve crystals 

e.g. divalent cations, organics such as glycerol, metal 
salts like ZnCl2, MgCl2 and often reducing agents (DTT)

Ammonium sulfate

Polyethylene glycol (PEG) 
n=200-20 000

Methyl pentanediol (MPD)



Crystal formation: the Phase Diagram

Commercial screens can explore a vast crystallization “space” in the 
phase diagram (or be rather narrow). 
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schematically. An orthogonal approach is to formulate a 
screen with mixes of additives and a limited number of 
precipitants and bu!ers, which is the basis of McPherson 
and Cudney’s (2006) ‘silver bullets’ screen.

As the amount of sample is o"en limiting, various 
initiatives aim at optimizing the use of the large number 
of commercially available screens. For example, the 
‘C6 webtool’ (CSIRO, Australia) allows assessment of 
the similarity between commercially available screens 
(https:// c6. csiro. au).

Crystal nucleation and growth

Crystal growth must be preceded by nucleation. #is 
process is most o"en rate limiting because it requires 
the $rst macromolecules to come together in the right 
orientation, and is therefore characterized by higher- 
order kinetics. Observations using time- resolved 
cryo- transmission electron microscopy suggest that 
nucleation can progress through speci$c interactions 
between only a few macromolecules at a very early stage 
of nucleation (Figure  4). Depending on the condition 

used, some interactions are more or less favoured and 
di!erent building blocks are formed initially. #is 
mechanism explains why sometimes di!erent crystals 
are observed during protein crystallization experiments 
with the same or very similar conditions, such as with 
the protein glucose isomerase.

Once nucleation has occurred, further addition 
of macromolecules is normally made easier by the 
fact that the crystal nucleus provides ready- made 
binding surfaces for the incoming molecules. #is 
explains why crystal growth typically requires a lower 
level of saturation than nucleation (‘metastable zone’,  
Figure 2).

One mechanism of crystal growth is sequential 
layer addition, where multiple nuclei on the surface 
of the crystal become two- dimensional patches. The 
two- dimensional patches grow tangentially and merge 
to form a layer. The constraints imposed by internal 
symmetry and the continuous creation of step edges 
on the growing surfaces can lead to spiral structures 
(‘spiral dislocation’, Figure  5) that in turn lead to 
crystal imperfections as the gaps fill.

Figure 4. The pathways to crystal formation for glucose isomerase (including two di!erent crystal forms and a gel- like 
structure) are determined by speci"c nucleation building blocks. Coloured semicircles represent sites of possible interactions 
between glucose isomerase, represented as a box- shaped protein. Adapted from Alberstein and Akif Tezcan (2018) Nature 
(doi: 10.1038/d41586-018-03801-5).
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the m

ost widely em
ployed because of its sim

plicity and 
am

enability to autom
ation. !

e m
acrom

olecular sam
ple 

solution and the condition are m
ixed together to form

 a 
drop that sits next to a ‘reservoir’, which contains a m

uch 
larger volum

e of the sam
e crystallization condition 

(Figure 2b). !
e experim

ent is swi#ly sealed airtight, 
allowing equilibration of the osm

olarity to take place 
between the sam

ple- containing crystallization drop 
and the reservoir. Since the concentration of solutes in 
the reservoir is larger than in the sam

ple drop (which 
was diluted by m

ixing), water will di$use through the 
vapour phase from

 the protein drop to the reservoir 
(in an attem

pt to equilibrate the solute concentrations/
osm

olarity). !
is m

eans the size of the sam
ple drop will 

reduce gradually, increasing the concentration of all 
com

ponents and allowing the sam
ple to be crystallized.

If done correctly, the vapour di$usion will m
ove the 

experim
ent through the phase diagram

 such that crystal 
growth is achieved. Since m

any param
eters are changed 

at once during this process, system
atic explorations 

of the in%uence of single param
eters is not feasible 

(and possibly, also not desirable). H
owever, it m

akes it 
possible to test em

pirically m
any di$erent precipitants, 

concentration variations, pH
s and other param

eters with 
a very sim

ple setup, which gives enough control to m
ake 

sim
ple deductions of what works and what does not.

Autom
ation of crystallization 

experim
ents

Liquid 
handling 

devices 
and 

robotic 
handling 

of 
specialized 

crystallization 
m

icrowell 
plates, 

which 
typically provide preform

ed wells for 96 experim
ents, 

have enabled a steady increase in the num
ber of 

experim
ents that can be set up rapidly, with little e$ort, 

and m
ost im

portantly with a lim
ited am

ount of sam
ple.

Crystallization 
droplets 

contain 
between 

100 
and 200 nl of sam

ple. Screens dispensed in m
odern, 

com
m

ercially 
available 

plates 
for 

vapour 
di$usion 

experim
ents consum

e 10–20 µl of sam
ple for 96 

experim
ents. M

any sam
ples can, therefore, be initially 

trialled for crystallization against a very broad range of 
conditions, at di$erent tem

peratures and concentrations. 
In fact, the chances of producing useful crystals increase 
alm

ost linearly with the num
ber of individual trials.

M
ore specialized crystallization setups exist; for 

exam
ple, autom

ated handling of liquids also facilitates 
crystallization of speci&c classes of m

acrom
olecules 

such as m
em

brane proteins, notably through lipidic 
cubic phase (LCP) setups. Autom

ation also facilitates 
subsequent optim

ization that is norm
ally needed to 

grow better- quality and larger crystals.

Crystallization screens

!
e crystallization screens are prepared by com

bining 
di$erent precipitants at various concentrations with bu$ers 
and additives. !

e aim
 is to alter m

any variables associated 
with the m

ain param
eters of crystallization, o#en at once, 

in order to increase the accessible param
eter space while 

keeping the num
ber of conditions relatively low.

Because of the very large num
ber of reagents that can 

prom
ote crystallization, their system

atic perm
utations 

to form
ulate an extensive screen would quickly run to 

m
illions of conditions. System

atic ‘grid’ screens are hence 
m

ostly em
ployed during later optim

ization, once a sm
all 

num
ber of crystallization reagents have been selected 

and their relative concentrations need optim
izing. O

ther, 
non- system

atic approaches to screen form
ulations are 

widely em
ployed during initial trials. Im

portant historic 
exam

ples are Carter and Carter’s (1979) ‘incom
plete 

factorial’, where reagents/com
binations were om

itted 
random

ly, and Jancarik and Kim
’s (1991) ‘sparse m

atrix’ 
form

ulation, where conditions were selected em
pirically 

based on previous results with other sam
ples. Figure 3 

shows these three m
ain types of screen form

ulations 

Figure 3. The three m
ain types of crystallization screen form

ulations, represented w
ithin an idealized conceptual three- 

dim
ensional space. From

 left to right: grid screen, incom
plete factorial screen and sparse m

atrix screen. The sm
all cubes 

represent 48 com
binations of three com

ponents (typically, a precipitant concentration, a pH
 value and a type of additive).
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Crystallization methods

•Vapour diffusion
Hanging vs sitting drop 

https://hamptonresearch.com/growth_101_lit.aspx

•Batch (under oil)

•Dialysis



Modifications to basic methods

Can modify or adjust these methods by doing things that promote
nucleation (formation of new crystals): 

• Crystal seeding (micro or macro)

or simply growth:

• Crystal feeding



• Manual inspection with microscope
• Or plate hotel with automatic imaging
• Visible light & sometimes UV option

• UV helps us to distinguish protein crystals
from salt crystals using protein intrinsic
fluorescence

Crystal evaluation & imaging

Clear drop Phase separation

Heavy precipitation

Microcrystals Single 3D crystal



Optimization of crystallization conditions

• Fine grid searches around initial conditions
• E.g. vary pH or precipitant concentration
• Try additives (e.g. ions, organics)
• Try substrates, inhibitors, ligands
• Metal chelators or reducing agents
• Detergents 
• Vary temperature
• Different crystallization method
• Seeding methods (see earlier slides!)

amprenavir



Preparing crystals for data collection
• Can do diffraction measurements at room temperature or at cryo conditions (100 K, N2 gas)
• Various different crystal supports for harvesting and data collection

Pros for RT Cons for RT

No damage from freezing Technically challenging (need 
to practice!) 

No cryoprotectants, SEE or 
LN2

Sensitive proteins degrade, 
radiation damage! 

Observe structure closer to 
physiological conditions

Can’t make complexes or trap 
reaction intermediates

Pros for cryo Cons for cryo

Easy to do, standardized mounts Need cryo conditions, freezing 
itself can damage xtal

Easy to store, preserve sensitive 
samples

Cryo-induced artefacts (glycerol, 
freeze-in conformations)

Protect from radiation damage Need for special SEE, LN2 
consumables



Always test them with X-rays 
since looks can be deceiving 

Nice crystals! No diffraction

Good diffraction!

…and it all starts with high quality protein production and 
crystallization!



DEMAX Platform

Protein Crystallization

• High- and low-throughput screening
• Fine screening & optimization in large 

volumes
• Support for room temperature crystal 

mounting & data collection
• X-ray testing (LU BAG at MAX lab)

Chemical Deuteration

• Small organic molecules, monomers
• Lipids (e.g. POPC, SOPC, POPE)
• Surfactants (e.g. sugar-based)
• Novel organic molecules for various 

applications
• Separation & analysis of yeast-

derived lipids

Biological Deuteration

• Cell culture to produce deuterated 
biomass from E. coli, B. braunii, P. 
pastoris

• Extraction of recombinant soluble 
proteins, lipids, plasmid DNA, 
“other” 

• Biophysical characterization of 
products

Zoë Anna Hanna 0.7 RE @ LUJia-Fei

+
Core team with 

technical support from 
LU & ILL 

+ postdocs

+
0.2 analysis @ ILL



User proposals

• Issued 3 pilot calls for user 
proposals (2019, 2020, 2022)

• Rolling access is currently open 
until end of 2024

• User should register and submit 
proposals online (URL above)

• Please reach out to us before 
submitting a proposal!

useroffice.ess.eu



https://deuteration.org



Support for deuterated materials

• DeuNet is an international network of ~15 labs/facilities 
• DeuNet aims to facilitate access to deuteration services and customised d-

labelling of molecules for use in a wide range of research areas.
• DeuNet promotes collaborations between labs, supports development of new 

methods for deuteration, and increases the visibility of labs to funders, users. 
• DeuNet facilitates communication between each members and collaborators 

through regular meetings and user workshops.
• For information on members, access modes, please visit
  https://deuteration.org



Thank you for 
your attention!

• Questions?  Comments? 

zoe.fisher@ess.eu
or
zoe.fisher@biol.lu.se

mailto:Zoe.fisher@ess.eu
mailto:zoe.fisher@biol.lu.se

