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Zander et al. (2016). Automated harvesting and processing of protein
crystals through laser photoablation.
Acta Cryst. (2016). D72, 454-466
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Outline:

-Quality control
-Protein Folding 
-Biophysical characterization



-What does it mean “Protein quality control” 
And… why do we care?

Quality control



Quality control of purified proteins to improve research
data reproducibility:

Little pain, lots to gain?

Figure 1. Categorization of preclinical research spending in the US into levels of
reproducibility and common errors leading to data irreproducibility (2012 data, all
figures in US $billions, adapted with permission from reference (3)). The ‘Biological
Reagents and Reference Materials’ category includes approximately $0.5bn spent on
poor quality commercial antibodies (4).
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ed Figure 2. Summary of sample testing and results. ‘Comprehensively documented’ is
an evaluation of the documentation supplied with the protein samples and reflects our
opinion on whether this is sufficient to easily reproduce the sample. Samples
‘Analysed for Purity’ have been evaluated using SDS-PAGE, CE, RPLC or similar
analytical techniques. Samples ‘Analysed for Dispersity’ were evaluated using SEC,
DLS, SEC-MALS or Field-Flow Fractionation, Field-Flow Fractionation-MALS or
Analytical Ultra-Centrifugation. Identity and Integrity was evaluated using MS
(bottom up or top down as appropriate).

• 186 samples from 47 laboratories
• 30% samples failed at least in one QC test 

ARBRE-MOBIEU (Association of Resources for Biophysical research in Europe – MOlecular
BIophysic in EUrope) and P4EU (Protein Production and Purification Partnership in EUrope) 

Begley, C.G. & Ioannidis, J.P. Reproducibility in science: improving the standard for basic
and preclinical research. Circ. Res. 116, 116-26 (2015). 



Quality control of purified protein

Best practice recommendations

ii) Minimal quality control parameters that should be tested on protein sample

• Purity & integrity

• Homogeneity (aggregation state) 

• Identity 

iii) Extended quality control parameters

• General quality test by UV spectroscopy 

• Homogeneity Conformational stability/folding state 

• Optimization of storage conditions 

• Batch-to-batch consistency

Guideline



20n different possible polypeptide chains of n amino acids long 

Protein Folding

- It is estimated that the there are between 1078 to 1082 atoms in the known, 
observable universe.

Only a very small fraction of this vast set of conceivable polypeptide chains 
would adopt a single, stable three-dimensional conformation—by some 
estimates, less than one in a billion. 



Protein folding

Christopher M. Dobson. Nature 426, 884-890. 2003



Quiz:

• Who has ever done a refolding experiment?



Quiz:

• Who has ever done a refolding experiment?
• Who has ever done a mini-prep?



• Treatment with an 8 M urea solution 
containing mercaptoethanol completely 
denatures most proteins. 

• The urea breaks intramolecular hydrogen 
and hydrophobic bonds, and the 
mercaptoethanol reduces each disulfide 
bridge (–S–S–) to two sulfhydryl (–SH) 
groups. 

• When these chemicals are removed by 
dialysis, the –SH groups on the unfolded 
chain oxidize spontaneously to re-form 
disulfide bridges, and the polypeptide chain 
simultaneously refolds into its native 
conformation and activity is reestablished.

In vitro denaturation and renaturation of proteins

Chris&an Anfinsen’s experiment 

Ribonuclease
Nobel prize in Chemistry 1972



”3D structure of a native protein in its normal 
physiological milieu (solvent, pH, ionic strength, 
presence of other components such as metal ions or 
prosthetic groups, temperature, etc.) is the one in 
which the Gibbs free energy of the whole system is 
lowest”

• the native conformation is determined by the totality of 
interatomic interactions and hence by the amino acid 
sequence, in a given environment. 

• In terms of natural selection: a protein molecule only 
makes stable, structural sense when it exists under 
conditions similar to those for which it was selected  “the 
so-called physiological state”.

The thermodynamic hypothesis



64 Chemistry 1972

to similar conclusions. In our own work on ribonuclease, for example, it was
shown that fairly long chains of poly-D, L-alanine could be attached to eight
of the eleven amino groups of the enzyme without loss of enzyme activity (45).
Furthermore, the polyalanylated enzyme could be converted to an extended
chain by reduction of the four SS bridges in 8 M urea and this fully denatured
material could then be reoxidized to yield the active, correctly folded starting
substance. Thus, the chemistry of the protein could be greatly modified, and
its capacity to refold after denaturation seemed to be dependent only on internal
residues and not those on the outside, exposed to solvent. This is, of course,
precisely the conclusion reached by Perutz and his colleagues (46), and by
others (47) who have reviewed and correlated the data on various protein sys-
tems. Mutation and natural selection are permitted a high degree of freedom
during the evolution of species, or during accidental mutation, but a limited
number of residues, destined to become involved in the internal, hydrophobic
core of proteins, must be carefully conserved (or at most replaced with other
residues with a close similarity in bulk and hydrophobicity).

THE COOPERATIVITY REQUIRED FOR FOLDING AND STABILITY OF PROTEINS.

The examples of non-covalent interaction of complementing fragments of
proteins quoted above give strong support to the idea of the essentiality of
cooperative interactions in the stability of protein structure. As in the basic
rules of languages, an incomplete sentence frequently conveys only gibberish.
There appears to exist a very fine balance between stable, native protein
structure and random, biologically meaningless polypeptide chains.

A very good example of the inadequacy of an incomplete sequence comes
from our observations on the nuclease fragment, (1-126). This fragment
contains all of the residues that make up the active center of nuclease. Neverthe-
less, this fragment, representing about 85 % of the total sequence of nuclease,
exhibits only about 0.12 % the activity of the native enzyme (48). The further

Fig. 9.
Changes in reduced viscocity and
molar ellipticity at 220 nm during
the acid-induced transition from
native to denatured nuclease.
0 and n , Reduced viscosity; n
and A, molar ellipticity at 220 nm.
[7 and A, Measurements made
during the addition of acid; n and
A, measurements made during the
addition of base.
A. N. Schechter, H. F. Epstein and
C. B. Anfinsen, unpublished results.

66 Chemistry 1972

Fig. 10.

How protein chains might fold (see the text for a discussion of this fairly reasonable, but

subjective proposal).

amino acid sequences of polypeptide chains designed to be the fabric of protein
molecules only make functional sense when they are in the three dimensional
arrangement that characterizes them in the native protein structure. It seems rea-
sonable to suggest that portions of a protein chain that can serve as nucleation
sites for folding will be those that can “flicker” in and out of the conformation
that they occupy in the final protein, and that they will form a relatively rigid
structure, stabilized by a set of cooperative interactions. These nucleation cen-
ters, in what we have termed their “native format”, (Figure 10) might be
expected to involve such potentially self-dependent substructures as helices,
pleated sheets or beta-bends.

Unfortunately, the methods that depend upon hydrodynamic or spectral
measurements are not able to detect the presence of these infrequent and
transient nucleations. To detect the postulated “flickering equilibria” and to
determine their probable lifetimes in solution requires indirect methods that
will record the brief appearance of individual “native format” molecules in
the population under study. One such method, recently used in our laboratory
in a study of the folding of staphylococcal nuclease and its fragments, employs
specific antibodies against restricted portions of the amino acid sequence (51).

Figure 8 depicts the three dimensional pattern assumed by staphylococcal
nuclease in solution. Major features involving organized structure are the
three-stranded antiparallel pleated sheet approximately located between resi-
dues 12 and 35, and the three alpha-helical regions between residues 54-67,
99-106 and 121-134. Antibodies against specific regions of the nuclease
molecule were prepared by immunization of goats with either polypeptide

C. B. Anfinsen 57

Fig. 2.

Schematic representation of the reductive denaturation, in 8 molar urea solution containing

2-mercaptoethanol, of a disulfide-cross linked protein. The conversion of the extended, de-

natured form to a randomly cross linked, “scrambled” set of isomers is depicted in the

lower right portion of the figure.

ments, incidentally, also make unlikely a process of obligatory, progressive
folding during the elongation of the polypeptide chain, during biosynthesis,
from the NH2- to the COOH-terminus. The “scrambled” protein appears to be
essentially devoid of the various aspects of structural regularity that character-
ize the native molecule.

A disturbing factor in the kinetics of the process of renaturation of reduced
ribonuclease, or of the “unscrambling” experiments described above, was the
slowness of these processes, frequently hours in duration (11). It had been
established that the time required to synthesize the chain of a protein like
ribonuclease, containing 124 amino acid residues, in the tissues of a higher
organism would be approximately 2 minutes (14, 15). The discrepancy between
the in vitro and in vivo rates led to the discovery of an enzyme system in the
endoplasmic reticulum of cells (particularly in those concerned with the secre-
tion of extracellular, SS-bonded proteins) which catalyzes the disulfide inter-
change reaction and which, when added to solutions of reduced ribonuclease
or to protein containing randomized SS bonds, catalyzed the rapid formation
of the correct, native disulfide pairing in a period less than the requisite two
minutes (16, 17). The above discrepancy in rates would not have been observed
in the case of the folding of non-crosslinked structures and, as discussed below,
such motile proteins as staphylococcal nuclease or myoglobin can undergo
virtually complete renaturation in a few a seconds or less.

The disulfide interchange enzyme subsequently served as a useful tool for
the examination of the thermodynamic stability of disulfide-bonded protein

The Two-states model

Anfinsen, Nobel Lecture, December 11, 1972



Christopher M. Dobson. Nature 426, 884-890. 2003

The critical region: the transition state



Intrinsically disordered proteins

Roberts S1, Dzuricky M2, Chilkoti A1. FEBS Lett. 2015 

Sep 14;589(19 Pt A):2477-86. 

Mark Wells et al. PNAS 2008;105:5762-5767

• Bioinformatics
• SAXS

• CD

• NMR

How to study them?



Protein folding on membrane proteins

• Helical hairpin hypothesis
• Insertion of a hairpin structure 

composed of two helices into the 
nonpolar interior of the bilayer

• Insertion is driven by free energy 
arising from burying hydrophobic 
helical surfaces

• Alternative pathway of inserting 
unfolded peptide/random coil is 
energetically unfavored

Folding α-helical membrane proteins
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of both proteins at 25 and 80 °C are superimposable (Figure
2B shows HPV18 E6) and no change in the hydrodynamic
volume was observed after heating (not shown). Gradual
heating of HPV16 E6 produces no change in the secondary
structure up to 80 °C (Figure 2B, inset). An unfolding
experiment with the E6SOs was carried out to further test
its stability and the presence of cooperativity, indicative of
compact and discrete ordered structures. Figure 2C shows
the chemical unfolding of the transition of HPV16 E6SOs
that indeed displays a clear cooperative loss of secondary
structure, as the change in molar ellipticity indicates. The

fluorescence spectrum of HPV16 E6SOs shows a buried
tryptophan residue (Figure 2A of the Supporting Information)
that can be used to follow changes in tertiary structure
indicated by the gradual exposure of the Trp residue to the
solvent. The change in the fluorescence center of spectral
mass changes cooperatively but precedes slightly the ellip-
ticity change, indicating that the loss of tertiary and secondary
structure does not take place in parallel. Analysis of the near-
UV CD shows that the weak negative band of HPV16 E6
disappears at 6.0 M GdmCl (Figure 2B of the Supporting
Information). In any case, the cooperativity suggests a rather
compact nature of the oligomers. The fact that the oligomeric
species are highly stable, cooperative, and discrete prompted
us to use them for obtaining antibodies for further im-
munological analysis in cells.
Antibodies against E6SOs Readily Detect Endogenous E6

in HPV-Transformed Cell Lines. The oligomers allowed us
to obtain high-titer polyclonal sera against both proteins
(Figure 3 of the Supporting Information), and our first goal
was to investigate the presence of E6 in naturally transformed
cell lines. The CaSki cell line contains 600 copies of an
HPV16 genome integrated per cell, while HeLa cells contain
a low copy number of HPV18 genomes with weak expression
of p53 (24). Polyclonal antibodies against HPV16 E6SOs
detect E6 in CaSki cells and show a uniform distribution of
the oncoprotein in nuclei and cytoplasm in all fields that are
inspected (Figure 3B,C). Using the preimmune serum in the
same dilution shows no label (Figure 3D), and omission of
the first antibody yields identical results (not shown). As an
additional control, the anti-HPV16 E6 polyclonal serum was
pre-adsorbed with a large excess of pure HPV16 E6SOs,
and no label was observed (Figure 3E). An identical situation
was observed in HeLa cells with anti-HPV18 E6SOs
antibodies (Figure 3G-J). The cellular distribution was
confirmed by a z stack analysis of the different image layers
for both cells (see Figure 4 of the Supporting Information).
To rule out nonspecific labeling, human osteosarcoma cells
(U2OS) were tested for both sera [anti-HPV16 E6 (Figure
3A) and anti-HPV18 E6 (Figure 3F)] in the immunofluo-
rescence assay with no detectable signal.
Differential Nuclear Localization of the Monomeric Forms

of E6. By modifying the refolding conditions, we could
produce monomeric forms of E6 from both high-risk types
(see Experimental Procedures). The monomeric forms re-
semble the E6SOs in terms of secondary structure with
evidence of R-helical content (see Figure 2C of the Sup-
porting Information). When subjected to SEC, combined with
dynamic light scattering analysis (DLS), they both exhibited
a molecular mass that agrees with that expected from their
amino acid sequences. Figure 4A shows the elution profile
of the HPV16 E6 monomer, and its molecular mass,
according to DLS, was 23.1 kDa. The calculated stock radius
is 24.7 Å; however, using algorithms that relate molecular
mass with hydrodynamic volume (25), the expected radius
for a globular protein of the size of E6 from a SEC
experiment (21.3 kDa) is effectively 21.3 Å. This 16%
discrepancy suggests that the conformation of the monomeric
conformer resembles a molten globule-like structure, nor-
mally between 10 and 20% larger than the globular compact
shape (25).
Degradation assays in the presence or absence of the

proteasome inhibitor MG132 show that monomeric E6 from

FIGURE 2: Biophysical characterization of E6SOs. (A) Molar
ellipticity at 222 nm of E6 HPV16 (9) and HPV18 (b) as a function
of pH. HPV18 E6 was also followed by light scattering at 360 nm
(O). (B) Stability of E6SOs to heat denaturation analyzed by far-
UV CD. Spectra of HPV18 E6 at 20 (s) and 80 °C (‚‚‚). The inset
shows the molar ellipticity of HPV16 E6 at 222 nm as a function
of temperature. (C) Cooperative unfolding of HPV16 E6 by
GdmHCl, followed by molar ellipticity at 222 nm (b) or by its
center of spectral mass (O).

Accelerated Publications Biochemistry, Vol. 46, No. 2, 2007 345

duplicates

HPV 16

HPV 18

light scattering at 360 nm (Fluorimeter)

Sampling Protein Folding

• Solubility
• Aggregation
• Secondary structure contain
• Stability



Sampling Protein Folding

• Solubility
• Aggregation
• Secondary structure contain
• Stability

• Screen for protein Stability



Differential Scanning Fluorimetry

48- 96 samples

SYPRO Orange, Mol. Probes,
Steinberg et al Anal. Biochem. 1996
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Seal the PCR-plate 
with an optical clear lid

96-well PCR-plate with 21 µl solution per well

+4 C

MyIQ RT-PCR
Gradient 5°C to 95°C (1°C/ min)
Ex 485/20X; Em 530/30X
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capacity to bind ANS, suggesting the formation of solvent
accessible hydrophobic sites. Thus, a substantial conforma-
tional change takes place within a physiological range of
pH that causes the protein to expose new regions to the
solvent. Considering the broad range of proposed cellular
partners for E7, one can speculate that subtle changes in cell
pH, or in any of its compartments, can have a dramatic effect
on the type of target proteins with which E7 interacts within
the cell. The cell nucleus is populated with histones and other

basic proteins, some of which are potential targets of E7,
including cellular transcription regulators. In this context,
the conformation or oligomerization state of the oncoprotein
will be largely dependent on the microenvironment where
the transcription related processes take place allowing for at
least some recognition selectivity. For example, the nuclear
and cytoplasmic environment is likely to change along the
differentiation process of the HPV infected epithelia, going
from basal cells to highly differentiated queratinocytes.
The well-known anomalous electrophoretic mobility of E7

in SDS-PAGE (24) was shown to be normalized by
mutation of asp4 to arginine. This rather drastic mutation is
otherwise based on sequence homology with low-risk HPV
strains (23). Sequence comparison of the most relevant strains
show that aspartic or glutamic residues are present in strain-
16 and a few other strains. The rest of the strains alternate
among either arginine, lysine, and asparagine, and several
display a proline residue, including the high-risk HPV-18.
This position could be key in the determination of stability,
and this could not only influence its structure but its
hydrodynamic properties.
The anomalous electrophoretic behavior can be explained

by persistent structure, since it was shown to be resistant to

FIGURE 5: Dependence of E7 GdmCl denaturation on protein concentration and thermal stability of the different species. (A) Molar ellipticity
at 220 nm of E7 at 10 µM, solid circles and at 1.5 µM, open circles, as function of GdmCl concentration (see experimental procedures).
(B) Thermal denaturation of 10 µM E72 monitored by changes in molar ellipticity at 220 nm. Open circles, 0 M GdmCl; closed triangles,
0.3 M GdmCl; closed circles, 2.5 M GdmCl.

FIGURE 6: Amide and aromatic region of 1D proton spectra of E72
at different guanidine chloride concentrations. The spectra were
obtained in a Bruker DRX 600 at 398 K. GdmCl was added, and
the 1D proton spectra were obtained after 2 h. Top, 0 M, middle,
0.3 M, and bottom, 0.7M GdmCl. Arrows indicate some isolated
peaks that resolve better as the denaturant increases.

FIGURE 7: ANS binding of E7 after the GdmCl-induced confor-
mational transition at the diferent denaturant concentrations indi-
cated.

10516 Biochemistry, Vol. 41, No. 33, 2002 Alonso et al.

8-anilino, 1-naphthalene sulfonate

Sypro Orange/ ANS fluorescent properties will change as it binds to 
hydrophobic regions on the protein surface

Not compatible with detergents!!!

Thermofluor



Principle behind the nanoDSF. Increasing temperature causes 
protein unfolding that can be assessed by monitoring changes of 

tryptophan fluorenscence at 330nm and 350nm wavelength.

nanoDSF
 

 

 

NanoTemper Technologies explores Protein Stability:  
Introducing the Prometheus NT.48 

 

November 25th, 2014 

In December 2014, NanoTemper Technologies launches a 
novel product line, the Prometheus Series instruments. 
With the Prometheus instruments, NanoTemper 
Technologies offers the nanoDSF technology for the easy, 
rapid and accurate analysis of protein folding and stability 
with applications in protein engineering, formulation 
development and quality control. 

 
nanoDSF is a groundbreaking technology with unmatched precision, speed and resolution. 
Since the Prometheus instrument does not require any fluorescent dyes, the measurement 
can also be performed in any buffer system, even in the presence of detergents. “This 
technology enables us to analyze the stability of membrane proteins and other difficult 
targets without any modification”, explains Dr. Stefan Duhr, CEO of NanoTemper 
Technologies.  

Enjoy the benefits of nanoDSF: 

► Native DSF:  
no dye, buffer & detergent independency 

► See more transitions:  
ultra-high resolution  

► Broad concentration range  
measure protein concentrations from 5 µg/ml to 150 mg/ml 

The Prometheus series of instruments provides the same benefits, customers appreciate in 
other products developed and offered by NanoTemper Technologies: 

► Low material consumption 
► Robust and maintenance-free device 
► Easy handling  

Dr. Neil Ferguson, group leader at the University College Dublin, has studied the folding and 
stability of thousands of proteins: “The Prometheus is an ideal workhorse for academic 
research involving large-scale protein engineering or stability measurements.” 

 
Enjoy the benefits of the Prometheus instrument yourself! For any details on our early-bird 
program, please contact Dr. Stefan Duhr. 

Download our Application Note to explore the performance of the Prometheus instrument! 
 

NanoTemper Technologies Prometheus NT.48

molecular interactions

Calculating the thermal unfolding transition midpoint (Tm)

Tryptophan is a common hydrophobic amino 

acid, mostly located in the hydrophobic core of 

proteins shielded from the aqueous 

solvent.  Upon unfolding, tryptophan is 

H[SRVHG�DQG�FKDQJHV��ĆUVWO\��LWVv�ćXRUHVFHQFH�

intensity, and secondly, its´ emission peak 

(blue or red shift).  

nanoDSF precisely detects the change of 

LQWULQVLF�WU\SWRSKDQ�ćXRUHVFHQFH�ZLWK�LWVv�GXDO�

UV-detection system at 330nm and 350nm 

wavelength as demonstrated in the image on 

the left.

5HFRUGLQJ�ćXRUHVFHQFH�DW����QP�DQG����QP�

allows the measurement of even minor diffe-

UHQFHV�LQ�ćXRUHVFHQFH�LQWHQVLW\�DQG�ćXRUH-

scence emission peaks, which are

 undetectable in a single wavelength measure-

ment as indicated in the image on the right.

Dual UV-detection system of the nanoDSF.�7KH�IROGHG�VWDWH�RI�D�SURWHLQ�SUHVHQWV�D�KLJKHU�WU\SWRSKDQ�ćXRUHVFHQFH�LQWHQVLW\�WKDQ�WKH�XQIROGHG�VWDWH��OHIW���
,QWULQVLF�WU\SWRSKDQ�ćXRUHVFHQFH�LV�PHDVXUHG�DW����QP�DQG����QP�ZDYHOHQJWK�DQG�SORWWHG�DJDLQVW�WKH�WHPSHUDWXUH�IURP�������r&��ULJKW���

F
lu

or
es

ce
nc

e 

4000

3000

2000

1000

        0
10          20          30         40         50         60        70        80         90

330nm 350nm

Temperature, °C
300     320     340      360     380       400     420

          
       4   

       2 

       0 

F
lu

or
es

ce
nc

e 

Wavelength, nm

unfolded

folded

transition



The thermal unfolding transition midpoint (Tm)

How does the Prometheus work?

<<<<<<

<
15 - 95�C

³��«��:H�DUH�LPSUHVVHG�E\�WKH�ease of use of 1DQR7HPSHU¶V Prometheus NT.48 
instrument particularly the low sample consumption and the wide concentration range 
LW�FDQ�PHDVXUH�XQGHU��ZKLFK�PDNHV�WKH�3URPHWKHXV�DQ�LGHDO�WRRO�IRU�RXU�UHVHDUFK�´�
Dr. Werner W. Streicher, Senior Scientist, Novozymes A/S, Denmark

Ź Heat and read

from 15°C to 95°C and back

Heating rate: 0.1 to 7°C/min

Ź 0HDVXUH�FDSLOODULHV�ÄRQ�WKH�IO\³

within 3 seconds

Ź Little sample consumption

from 5 µg/ml to 250 mg/ml (IgG)

10 µl per capillary 

molecular interactions

%\�SORWWLQJ�WKH�ćXRUHVFHQFH�UDWLR�RI�)��������DJDLQVW�

the temperature, even tiny differences become 

detectable (upper pannel). Furthermore, by 

DQDO\]LQJ�WKH�UDWLR��WKH�LQćXHQFH�RI�ćXRUHVFHQFH�

background (e.g. by compounds or co-factors) is 

negligible. 

$IWHU�SORWWLQJ�WKH�ćXRUHVFHQFH�UDWLR�DJDLQVW�WKH�

temperature, the melting temperature Tm is determined 

E\�ĆUVW�GHULYDWH�DQDO\VLV��ZKLFK�DFFXUDWHO\�GHVFULEHV�WKH�

thermal unfolding transition midpoint (lower pannel).

The protein given in the example possesses one 

unfolding transition point and the Tm is determined to 

be 79.1°C.

Calculating the thermal unfolding transition midpoint (Tm)

Example Tm measurement.�8SSHU�SDQHO��)��������ćXRUHVFHQFH�UDWLR�LQWHQVLW\�RI�LQWULQVLF�WU\S�
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Static light scattering
Backreflection Optics

Onset of
aggregation

³��«��7KH�PHWKRG�LV�very versatile due 
to fluorescence and aggregation 
optics, low sample consumption, 
concentration range and insensitivity 
WRZDUGV�PDQ\�EXIIHUV�DQG�H[FLSLHQWV�´�
Dr. Nikolai Lorenzen, Senior Scientist, Novo Nordisk 
A/S, Denmark

Backreflection Optics

Onset of
aggregation

³��«��7KH�PHWKRG�LV�very versatile due 
to fluorescence and aggregation 
optics, low sample consumption, 
concentration range and insensitivity 
WRZDUGV�PDQ\�EXIIHUV�DQG�H[FLSLHQWV�´�
Dr. Nikolai Lorenzen, Senior Scientist, Novo Nordisk 
A/S, Denmark



• IMP stability in detergent or membrane-like environments is 
the bottleneck for structural studies

• Detergent solubilization from  membranes is usually the first 
step in the workflow

• Looking for a simple high-throughput screening method to 
identify optimal conditions for membrane protein stabilization

Introduction

High-throughput screening for IMPs stability
40% samples processed in the SPC are membrane proteins



High-throughput screening for IMPs stability

• following nDSF and scattering upon 
thermal denaturation 

• (de-)stabilization effects of detergents 
• find suitable conditions for downstream 

handling during purification
• thermodynamic parameters (Tm, Tagg, 

Tonset)
• We selected 9 IMPs to benchmark our

protocol

Kotov et al. Scientific Reports 2019

Objective



BR MdfA P2X4 LacY DtpA DgoT Kv1             Ij1          Im1

MFS 
transporter

7TM 
pathogen

ABC
transporter

kinase

?     ?      ?     ?

We selected 9 Integral membrane proteins (targets)
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Our pipeline

Kotov et al. Scientific Reports 2019
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Correlation between IMP stability and micelle size

Coefficients approaching zero show no correla3on between variables while those 
approaching 1 indicate a posi3ve correla3on (Y values increase as the X values increase). 



Correlation between IMP stability and micelle size

Coefficients approaching zero show no correlation between variables while those 
approaching 1 indicate a positive correlation (Y values increase as the X values increase). 

Regarding crystallization, shorter chain detergents are preferred as they 
allow for better crystal packing and better diffracting crystals. The goal is 
to find the shortest possible detergent that does not cause the protein 
to unfold!



Implications for sample optimization

• Analyse stability and solubility of IMPs by diluting them from their initial 
solubilization condition into different detergents 

• Identify groups of detergents with characteristic stabilization and destabilization 
effects for selected targets

• Fos-choline and PEG family detergents may lead to membrane protein 
destabilization and unfolding 

• Finding conditions that are suitable for downstream handling of membrane 
proteins during purification 

Discussion



Absorption Spectroscopy

• Shine light through a sample and measure the proportion absorbed
as a function of wavelength.

• Absorbance A = log(I0/I)
• Beer-Lambert law:

A(O) = H(O)lc
İ: extinction coefficient

• The longer the path or the more concentrated the sample, the higher 
the absorbance

Sample
conc.
C

I

l
wavelength

O

I0

Absorption Spectroscopy



• CD measures the difference between the absorption of left and right
handed circularly-polarized light. polarized light:

• This is measured as a function of wavelength, & the difference is always very 
small (<<1/10000 of total). After passing through the sample, the L & R beams 
have different amplitudes & the combination of the two unequal beams gives 
elliptically polarized light.Hence, CD measures the ellipicity of the transmitted 
light (the light that remains that is not absorbed): 

Circular Dichroism
Circular Dichroism



Plane Polarized Light
E

M

Direction of propagation

Direction of propagationPolarizer

E  vectors

Quarter-Wave Plate at 45° to the optic axis, 
then the light is divided into two equal 
electric field components. One of these is 
retarded by a quarter wavelength by the 
plate (a net phase shift of  p/2). This 
produces circularly polarized light.

Circular Dichroism



•The peptide bond is inherently asymmetric & is always optically active.

• Any optical activity from side-chain chromophores is induced & results 
from interactions with asymmetrical neighbouring groups.

Circular Dichroism



Units 

•  Molar Ellipticity 

•  Differential absorbance 

•  [θ] and ∆ε can also be expressed per residue and this is useful for 
comparing systems of differing size 

•   θ; signal millidegree, c; [sample] dmol L-1, C; [sample] mg mL-1,     l; 
pathlength cm; M; molecular weight 

€ 

θ[ ] = θ
c.l

 deg cm2
dmol

−1

θ[ ] = θ .M
10.C .l

 deg cm2
dmol

−1

€ 

Δε = ε
L
−ε

R
=

θ[ ]
3300

M
−1
cm

−1

[θ] MRW = θ/(10 x cr x l) Cr (mean residue molar concentration)= n x c, 
where n is the number of peptide bonds in the 
protein

Units



Total Signal for a Protein Depends on its 
2ndary Structure

• Notice the progressive change in T222 as the 
amount of helix increases from chymotrypsin to 
myoglobin 

—— chymotrypsin (~all E)
—— lysozyme (mixed D�& E)
—— triosephosphate isomerase

(mostly D�some E)
—— myoglobin (all D)

Far UV CD Spectra



A real example

Assembling a puzzle…



Forty Years of Clathrin-coated Vesicles

A B

Figure 8: Models of a clathrin-coated pit
and coated vesicle. A) A coated pit show-
ing machinery, cargo and excluded resident pro-
teins. B) A CCV, with copy number based on
proteomic analyses of the AP-1 dependent pop-
ulation (106).

derived from the γ subunit of AP-1, while the stonins have
a C-terminal domain derived from one of the medium
subunits (either μ1 or μ2). In mammals, GGAs bind
to cargo proteins with a DXXLL motif, including the
mannose 6-phosphate receptors and sortilin, all of which
function as hydrolase receptors (116). Stonin-2 (the better
characterized of the two stonin isoforms in mammals) has
so far been found to have only one cargo, synaptotagmin-1
(115,117). All of these cargo proteins can also bind to AP
complexes, raising the question of why GGAs and stonins
are needed as well. In Drosophila, null mutations in
stonin (Stoned-B) are embryonic lethal (118), indicating a
non-redundant function. However, the single GGA gene in
flies is dispensable (119). In yeast, there is some functional
redundancy between GGAs and AP-1: knocking out either
one on its own causes at most a mild defect in endosomal
sorting, but knocking out both severely compromises cell
viability (120,121).

PTB domain-containing adaptors, GGAs, and stonins
are relatively recent innovations, found only in meta-
zoans or, in the case of GGAs, metazoans and fungi (i.e.
opisthokonts) (122,123). Two other families of alter-
native adaptors are found in nearly all eukaryotes: the
epsinR/epsin family and the CALM/AP180 family (124),
which have ENTH (epsin N-terminal homology) and
ANTH (AP180 N-terminal homology) domains, respec-
tively. In animal cells, both epsinR and CALM recognise
SNAREs as cargo proteins (125–127). There is a huge body
of work, stemming from a classic paper published by Jim
Rothman’s lab in 1993 (128), showing that SNAREs are
required for vesicles to fuse with the appropriate target

membrane. This means that SNAREs are essential CCV
cargo proteins, because without them the vesicles would
be ‘all dressed up with nowhere to go’, i.e. non-fusogenic.
Structures of the ENTH and ANTH domains with SNAREs
bound to them, solved by David Owen’s lab in 2007 (129)
and 2011 (130), have revealed a completely different type
of cargo recognition from the short linear motifs that
can exist on multiple proteins (e.g. humans have 2154
predicted transmembrane proteins with YXXΦ motifs in
their cytoplasmic tails 131). When the cargo protein is
a SNARE, the interaction surface is extensive, involving
a folded domain with multiple residues in contact with
the adaptor. Because the SNAREs don’t have to compete
with ‘ordinary’ cargo proteins for binding sites on epsinR
and CALM, they can be guaranteed ‘reserved seating’ in
the vesicle. In fact, this is exactly the type of situation
envisioned by Pearse in 1975, when she suggested that the
coat might interact with other molecules ‘to ensure …
transport [of vesicles] to specific cellular locations’ (1).

Other Machinery

With recent advances in mass spectrometry, many addi-
tional components of the coat have been identified
(132–141) (Figure 8B). Some of these were found in
preparations of purified CCVs, others were found as
binding partners for the appendage or ‘ear’ domains of the
large subunits of AP-1 and AP-2, and many (including
all of the known alternative adaptors) were found using
both approaches. We now know that intracellular CCVs
contain at least 100 different proteins, with cargo and coat
components split approximately 50:50 (106,138,142), and

Traffic 2015; 16: 1210–1238 1221

Clathrin mediated endocytosis

-Model of a Clathrin coated vesicle 
based on EM and proteomics 
analysis

(adaptor proteins)

Robinson MS, Review, Traffic 2015

Fotin, et al. Nature. 2004  Icosahedron by Leonardo da Vinci (1452-1519)



adapted from Pollard et al., Cell Biology, 2nd ed., 2007

model of clathrin-coated vesicle by Prof. Margaret Robinson,
University of Cambridge

Clathrin-mediated endocytosis poster on Amazon
(by Stocktrek Images)

20-80 clathrin adaptors
and scaffolds

?

?
?

Functional organization of the central endocytic coat is not 
known



Mapping of the endocytic coat requires a high spatiotemporal resolution

Methods, we currently use: 

immunoelectron microscopy
Idrissi et al, 2008, 2012

correlative light-electron microscopy
Kukulski et al, 2012
Avinoam et al, 2015
Sochacki et al, 2017

live-cell imaging of centroid positions
Picco et al, 2015, 2018

single molecule localization 
microscopy
Mund et al, 2018

80 nm

13
0 

nm

Deep yeast endocytic profile 
Buser & Drubin, Microsc. 
Microanal., 2013



Mapping of the endocytic coat requires a high spatiotemporal resolution

80 nm

13
0 

nm

Deep yeast endocytic profile 
Buser & Drubin, Microsc. 
Microanal., 2013

FRET efficiency 
E [%]

>10 nm

A B
from Bhat et al, 2006

A B

FRET

Method, we can use:

FRET-based protein-protein
proximity mapping

Förster resonance energy transfer (FRET) 
occurs between fluorophores separated 
by less then ~ 10 nm

approx. 20 coat-associated proteins
(each in dozens of copies in semi-
equimolar ratio) localize
in a “FRET accessible” area with
a very good signal/noise ratio!



Superresolution microscopy on the endocytic site

Mund M. et al. Cell. 2018 Aug 9;174(4):884-896.e17

Jonas Ries &

1

2
3 4 5

Marko Kaksonen



ENTH and ANTH are membrane targe0ng domains
(Lipid Clamps) PIP2 amphitropic domains

covalently 
bound lipid

Inducible helix-0 hydrophobic loopselectrostatic 
interactions

soluble membrane bound

folding
phase separation

lipid

aggregation

DLS



Protein-Protein interaction

Do these proteins form a complex?



Screening

Accuracy/quality

th
ro

ug
hp

ut

“Typical” methods

Ideal screening methodY2H Small molecules
Binding
X-tal conditions
Stability
Grow conditions
Inhibitors
Expression
Etc etc etc

X-tal conditions



Screening for binding
Analytical centrifugation

Fluorescence anisotropy – competition

Stability measurements/Mass-action law

DSC

Differential Scanning Fluorimetry 
(DSF, ThermoFluor, SYPRO Orange,  qPCR)

Temperature



Summary
• Balance between quality and throughput
• Established system
• Soluble
• Stable 
• Characterised

• Reliable protein production (>1g)
• Model ligand
• Source of potential ligands to test
• Ways of designing next diversity set



NMS

An Hexameric and an Octameric AENTH

SAXS
Observed Mr (Da) [from I(0)] 
342 KDa � 30 KDa

Expected Mr Hexamer: 313 KDa
Expected Mr Octamer: 417 KDa
Expected Average: 365 KDa

ITC

Kd ≅ 13.4 nM



Question

-Are there any structural differences could explain the divergence for the 
biological functions of HIP1R/Sla2 vs CALM proteins? 

The ANTH domains: Hip1R vs CALM

De Craene et al. BMC Genomics 2012, 13:297. http://www.biomedcentral.com/1471-2164/13/297

evolution. Broadly, Plantae proteins of the ANTH family
(PICALM, ANTH subfamilies) and the VHS family
(GGA, VHS, STAM, TOM subfamilies) clustered on a
separate branch from Opisthokonta proteins. The ENTH
subfamilies did not display such separation even though
our phylogenetic tree confirmed that ENTHA-containing
proteins were localized on a separate branch from the
ENTHB-containing protein (Figure 1) as previously
described [17]. Indeed, most Plantae ENTHA subfamilies
(ENTHA1,2,3) clustered among the Opisthokonta group
and the last one (ENTHA4) clustered on a separate

branch displaying a closer relationship with protist and
some fungal proteins (ENTHC). Interestingly, the yeast
Ent5 protein and its fungal homologues are members
of the ENTH family. Due to its sequence divergence,
the yeast Ent5 protein was described either as belonging
to the ENTH or ANTH family [19,20]. Based on our
extended MACS and the phylogenetic tree, it clearly
stands out that this small group is clearly distinct from all
other Fungal ANTH members which cluster together
on one branch separated from ENTH members. This is
in keeping with the in vivo function of the yeast Ent5 in

Figure 1 Phylogeny of the proteins with an ENTH, ANTH or VHS domain. Unrooted tree displaying the grouping of most ANTH, ENTH and
VHS proteins from 42 fully sequenced organisms. The tree was generated using the highly conserved /-helices 2 to 7 of the N-terminal domain.
(●) indicates branches with at least 70% confidence after 500 bootstrap calculations. Protein subfamilies are indicated by different colors.

De Craene et al. BMC Genomics 2012, 13:297 Page 3 of 12
http://www.biomedcentral.com/1471-2164/13/297



Structural Differences between Calm and ANTH subfamilies

DALI: AP180 (1HX8)  
PiCALM (3ZYM)
ANTH from Chaetomium
Thermophilum (1.8 Å)

Garcia-Alai et al., Nature Commun, 2018 vol (1) pp. 328

RNA Chaetomium 
thermophilum:
Peer Bork
Thomas Bock



Structural Differences between Calm and ANTH subfamilies

-Growth defects of Sla2 DYL and DNHL mutant strains. Ten-fold serial dilutions of sla2D strains expressing 
indicated proteins were incubated on SC-Ura plates for 1.5–2 days at 30C, 35C, and 37C.



Crystal structure of the ENTH2/PIP2 complex reveals an 
allosteric-binding mechanism



Epsin forms assemblies through phospholipid interfaces 

Crystal structure of Epsin ENTH bound to PIP2

Surface presentation of the ENTH/PIP2 complex 
showing a tetrameric assembly
• Two building blocks in cyan/blue and 

magenta/violet
• Tyr 16, Arg 24, Arg 62 and His 72 form the empty 

PIP2 binding pocket

E                                                  F



Cooperative binding of PIP2 to the ENTH domain of epsin

• Relative peak intensities were used to determine the ratio 
of lipid-bound to non-bound 

• Cooperativity of the two binding sites was assessed by 
reviewing the mathematical relation:

⍨ 100 uM



Complexes with ENTH1 and ENTH2



PIP2 availability as the regulatory mechanism for AENTH assembly

DLS

ITC

Kd ≅ 13.42 nM

� 3.11 nM

[PIP2]= 0 µM, blue; 80 

µM, light-blue; 200 µM, 

orange and 400 µM, red 



Ordered assembly formation of fungal ENTH and Sla2 ANTH 



PIP2 binding site!

Top view!

Membrane view!

PIP2 in the memebrane!

Ct!
Ct!

Ct!

Ct!

Ct!

A!

B!

C!

Figure 7!

The human ENTH core

- this could explain the epsin dependent Hip1R 
recruitment observed in vivo…

- Is this ENTH core a precursor for further AENTH oligomerization? 

SAXS ab-initio model



m/z6000 8000 10000 12000

6:6

8:8

6:0

7:7

6:7

6:2

6:4

4600 5000 5400

6 PIP2

7 PIP2

8 PIP2

m/z

B

A

6:0

+23

Figure 5

The mechanism of assembly
Biophysics, Crystallography, SAXS and NMS



PIP2 driven cross-species interaction of ENTH and ANTHSla2 domains

ITC

-Thermal denaturation
-Dynamic light scattering

Human vs. Yeast



Question

- Is this complex evolutionary conserved as a common 
feature crucial for the clathrin-dependent endocytic path, 
or was it selected as a mechanism occurring only in 
yeast?



30/09/2019 70
Messa et al. Elife. 2014 Aug 13;3:e03311. 

Pull-down experiments from rat 
brain homogenate, using ENTH 
domain of epsin 1 as bait 
revealed an enrichment of 
Hip1R in the affinity-purified 
material in the sample also 
containing PIP2

The typical clathrin-coated pit-like punctate 
localization

H) siRNA-mediated 
knockdown of Hip1R does 
not affect epsin localization 
in HeLa cells as shown by 
epsin immunofluorescence.



The AENTH human complex

NMS



PIP2 binding site!

Top view!

Membrane view!

PIP2 in the memebrane!

Ct!
Ct!

Ct!

Ct!

Ct!

A!

B!

C!

Figure 7!

The human ENTH core

- this could explain the epsin dependent Hip1R 
recruitment observed in vivo…

- Is this ENTH core a precursor for further AENTH oligomerization? 

SAXS ab-initio model



The AENTH complex is  more stable 
than the ENTH-PIP2

Increase in Rh as a function of temperature monitored by DLS

R
ad

iu
s 

(n
m

)

Temperature (ºC)

Tm��37.4 ºC ± 0.03 

human ENTH core is stable on its own

32.6 ºC

37.4 ºC 44.7 ºC



Skruzny et al. Dev. Cell, 2015

F432 symmetry 

3F!

4F!

A!

D!

B!

E!

Our ENTH2 +PIP2
F432 symmetry

The puzzle?
assembly in GUVs

probably not…

13 Å

3.8 ÅCLC by Leonardo da Vinci?

around hinge 1 upon oligomerization. Additionally, the G domain
separates from the BSE by a rotation around the invariant Pro 32
and Pro 294 (Supplementary Fig. 6). The corresponding residues
Gly 68 and Gly 309 in BDLP33,35 and Pro 342 in atlastin36,37 have also
been suggested to act as a hinge (hinge 2). Integrity of the G domain–
BSE interface is crucial for the function of dynamin, as indicated by the

aggregation of the I10D interface mutant in vivo (Supplementary Figs 6
and 8). Furthermore, I10D behaved as a dominant-negative mutant in
transferrin uptake assays (Fig. 3b). Moreover, the QD17–18AA muta-
tion rendered dynamin 2 largely inactive in endocytosis assays, despite
localizing correctly to clathrin-coated pits at the plasma membrane
(Fig. 3b and Supplementary Fig. 8).

The PH domains also undergo a pronounced rearrangement, to a
position below the stalk, with the lipid-binding loops23–25 oriented
towards the membrane (Supplementary Fig. 11a). We suggest that the
stalk PH domain interface is disrupted by binding of the PH domain to
high-affinity, phosphatidylinositol-4,5-bisphosphate-containing mem-
branes such as the plasma membrane23–25, thereby promoting dynamin
oligomerization.

Finally, we suggest that rotation of stalk dimers via the flexible
interface-1 and/or interface-3, leaving interface-2 unchanged, leads
to bending of the linear oligomer and allows helix formation (Sup-
plementary Figs 11b and 12). Interestingly, the IHGIR395–
399AAAAA mutation in interface-3 prevented liposome binding
and, consequently, the liposome-stimulated GTPase activity (Sup-
plementary Fig. 7). This mutant further behaved in a dominant-
negative fashion in transferrin uptake assays (Fig. 3b) and displayed
a diffuse localization and reduced recruitment to clathrin-coated pits
(Supplementary Fig. 8). These results point to the central role of
interface-3 for the function of dynamin.

Discussion
The present work, combined with prior studies18–20,38, suggests a struc-
tural model for the mechanochemical coupling in dynamin that is
consistent with previous models9–11. Our structural analysis indicates
that the diameter of helical dynamin assemblies is controlled by the
angle between two stalk dimers (Supplementary Figs 11b and 12f–h).
We suggest that this angle is adjusted in response to GTP-dependent
dimerization of the G domains: a relaxed conformation of interface-1
is adopted in the absence of G domain constraints, whereas GTP-
triggered dimerization of the G domains constrains rotation in inter-
face-1 and induces a bent, constricted conformation (Supplementary
Fig. 11b), possibly via the BSE–stalk interface (Fig. 3a). Interestingly,
in molecular dynamics simulations of two stalk dimers, the bent
conformation of interface-1 rapidly converts towards a relaxed state,
concomitant with an opening of the helical oligomer (Fig. 4b and
Supplementary Fig. 12). This supports our assumption that con-
straints from G domains dimerization are required for the stabiliza-
tion of the constricted state.

Accordingly, dynamin initially assembles via the stalks with
interface-1 in a relaxed conformation, allowing the filament to adopt
a range of different diameters12 (state I in Fig. 4b and Supplementary
Fig. 12). When the filament has embraced its template, GTP-loaded G
domains of adjacent turns dimerize, the inhibitory stalk–BSE inter-
face (Fig. 3a) is disrupted and the bent conformation of interface-1 is
induced. This will result in constriction of the filament if the lipid
template is flexible (state IV in Fig. 4b, constrictase model10) or com-
paction of the dynamin helix if the lipid template is rigid (state II in
Fig. 4b, poppase model11). Constriction of a long dynamin helix will
induce a sliding of neighbouring filaments until a new constricted
equilibrium position of the oligomer is reached. This sliding is
observed as a rotary movement of the dynamin helix upon addition
of GTP in real-time imaging assays (twistase model9). To reach the
constricted state along the whole assembly, several cycles of local
release and rebinding of neighbouring dynamin turns might be trig-
gered by GTP-dependent dimerization of G domains and dissociation
after GTP hydrolysis (state III in Fig. 4b). Accordingly, GTP binding
and hydrolysis are both required for the mechanochemical function of
dynamin8,39 and might induce local opening or twisting of the con-
stricted dynamin helix. The resulting shear forces could tear the
underlying membrane.
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Figure 4 | Model for dynamin oligomerization and function. a, Model of the
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contrast, the distantly related bacterial dynamin-like protein (BDLP)
is compactly folded in its nucleotide-free and GDP-bound states (Sup-
plementary Fig. 2a), with its ‘paddle’, in an analogous region to the PH
domain of dynamin, in close proximity to the GTPase domain19,20. Thus,
unlike BDLP, GTP binding in dynamin is not harnessed to form an
extended structure, consistent with nucleotide-independent assembly of
dynamin on liposomes4,8,31,32. Linkers connecting the MD to the PH and
the PH to the GED are disordered, indicating a flexibly tethered PH.
Thus, any of three crystallographic symmetry-related PH domains
could connect to the remainder of the structure (Fig. 2d). The probable
PH partner, based on the fit with the envelope of an assembly-deficient
dynamin dimer determined by small-angle X-ray scattering33 (SAXS), is
shown in Fig. 2b. The structure of the PH is similar to those previously
determined11,13, with expected differences concentrated in the variable
loops.

The structure of the GTPase domain is similar to that of the previ-
ously determined nucleotide-free dynamin GTPase domain struc-
ture30. There are minor expected changes in the poorly resolved
switch 2 region, the dynamin-specific loop and in the loop connecting
the NGTPase to the GTPase domain. The CGTPase helix is kinked at the
conserved proline 294 and, together with the NGTPase helix and a helix
at the C terminus of the GED (CGED), forms the three-helix BSE9.
CGED covers a groove of 937 Å2 between the NGTPase and CGTPase

helices. In the nucleotide-free dynamin 1 GTPase and the GDP-
bound Dictyostelium discoideum dynamin A GTPase structures, a
myosin peptide substitutes for CGED, indicating the importance of
this interface for GTPase domain stability30,34.

A linker with elevated crystallographic temperature factors con-
nects the CGTPase to the dynamin stalk (Fig. 2a, b) and contains two
prolines (319 and 322), whose equivalents in the distantly related DRP
atlastin 1 connect the GTPase and MD (Supplementary Fig. 2b).

Although the dynamin stalk sequence shares limited identity to
MxA, its overall structure is similar and the MxA nomenclature is
retained18 (Supplementary Fig. 4a). As for MxA, helix a1 is split by a
disordered loop, L1. The remainder of a1 diverges from MxA and is
split into two helices, termed a1C1 and a1C2. Helix a1C2 connects to
helix a2 via a short disordered loop, L2. Helices a2 and a3 run the
length of the stalk and are joined by a short loop, L3. The stalk is
completed by GED-derived helix a4 that spans the stalk and connects
to CGED via a linker. Following helix a3 is a coil that folds across a4
that is strongly conserved in dynamins, Drp1s and Dnm1, but absent
in MxA.

The dynamin–dimer interface
The crystal lattice contains linear filaments of dynamin assembled via
three stalk interfaces, similar to MxA18, resulting in layers of interact-
ing stalks separated by GTPase and PH domains (Fig. 3a, b). Interface
2, the largest with a buried surface of 1,339 Å2, has two-fold symmetry
and is formed by residues from stalk helices a4 and a3 (Fig. 3c), with
an additional residue from a1C1 (H367). Each protomer in the inter-
face contributes seven direct hydrogen bonds and eight hydrophobic
residues line the site of contact between a3 and a4 (Fig. 3c).

Interface 2 sequence conservation indicates a mechanism for dimer
specificity within the DRP superfamily. Phylogenetic analysis of the
hydrogen bonding partners within this region in dynamins, Drp1s
and Dnm1, and Mx proteins allowed us to categorize three classes of
residues: conserved in dynamins, Drp1/Dnm1, and Mx proteins (in
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cryo-EM on GUVs with PIP2 
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Supplementary Figure 3
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The ENTH core is conserved from yeast to humans
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• ENTH could adopt different oligomeric states when binding PIP2 
Crystal structures & DLS

• We showed the structural differences between the CALM and Hip1R 
subfamilies of ANTH domains CD

• We show the EANTH complex occurs in yeast, thermophiles and 
humans ITC & NMS

Summary
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