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Hard	
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Color	
  depends	
  on	
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  size	
  and	
  shape	
  

prior to the addition of the Ag salt. The dimensions of the 

Ag nanowires can be controlled by varying the experimental

conditions (temperature, seed concentration, ratio of Ag salt

and PVP, etc.). On the other hand, Liz-Marzán and coworkers

have reported the ability of N,N-dimethylformamide (DMF)

to reduce Ag+ ions, so that stable spherical Ag nanoparticles

can be synthesized using PVP as a stabilizer25. In addition,

SiO2- and TiO2-coated nanoparticles26,27 can be produced by

the same method, in the presence of aminopropyl-

trimethoxysilane and titanium tetrabutoxide, respectively.

Interestingly, the shape (and size) of the nanoparticles

obtained in this way depends on several parameters, such as

Ag salt and stabilizer concentrations, temperature, and

reaction time. Specifically, when PVP is used as a protecting

agent, spherical nanoparticles form at low AgNO3

concentrations (<1 mM)25, while increasing Ag concentration

(up to 0.02 M) largely favors the formation of anisotropic

particles28,29. Again, the concentration of PVP and the

reaction temperature strongly influence the shape of the 

final particles.

As mentioned above, deviations from spherical geometry

strongly affect the optical properties of metal nanoparticles.

For this reason, methods for the synthesis of anisometric

nanoparticles in solution (nanorods, nanowires, nanodisks,

nanoprisms, etc.) are continuously being reported, in

particular for Au30-33 and Ag34-36. Some of these are

described in the previous paragraph, but others deserve a

brief description as well.

The first method for synthesis of Au nanorods in solution

(electrochemical growth within inorganic templates37,38 had

been successful before) was based on the electrochemical

reduction of HAuCl4 in the presence of ‘shape-inducing’

cationic surfactants and other additives. These had been

found empirically to favor rod formation and act as both the

supporting electrolyte and stabilizer for the resulting

cylindrical Au nanoparticles39. In the electrochemical 

method, the micellar system consists of two cationic

surfactants: cetyltrimethylammonium bromide (CTAB) and

the much more hydrophobic tetradecylammonium bromide

(TDAB) or TOAB. The ratio between the surfactants controls

the average aspect ratio of the Au nanorods. The synthesis

works on a small scale and, although it is very difficult to

carry out on a large scale, represents a landmark in terms of

shape control.

Subsequently, Murphy and coworkers discovered reduction

conditions that enable the entire synthesis of Au and Ag

nanorods to be carried out directly in solution30,40, with

excellent aspect ratio control. The method uses preformed 

Ag or Au seeds on which additional metal is grown in solution

by means of a mild reducing agent (ascorbic acid), in the
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Fig. 1 Left: Transmission electron micrographs of Au nanospheres and nanorods (a,b) and Ag nanoprisms (c, mostly truncated triangles) formed using citrate reduction, seeded growth, and
DMF reduction, respectively. Right: Photographs of colloidal dispersions of AuAg alloy nanoparticles with increasing Au concentration (d), Au nanorods of increasing aspect ratio (e), and
Ag nanoprisms with increasing lateral size (f).
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γ by rcc ) 2γVm/kT. The width of the size distribution being
small during the whole time of reaction (Figure 4c), eq 4 is
integrated versus time by considering a single particle type
of size r0. A good fit is obtained for A ) 2.0 × 104 nm‚s-1

and rcc ) 1.2 nm. A typical particle radius of r ) 2 nm yields
a diffusion coefficient (D ) 4.0 × 104 nm2‚s-1) 4 orders of
magnitude less than a typical diffusion coefficient of any
gold complex species in solution. Thus the growth is limited
by the surface reaction with a rate constant of K ) 2((0.5)
× 104 nm‚s-1. For the acid case, the end of the nucleation
period for a yield of 10% can be explained following
Sugimoto’s arguments.22 For a constant feeding of the
solution in monomers, Sugimoto established that nucleation
stops when the added momomers are all transferred to the
growth of the existing particles, suppressing accordingly the
chance of nucleating new particles. In the present case, the
addition is not constant because it depends on the instanta-
neous flux of new monomers Q(t). A rate of consumption
by growth can also be defined as QG(t) ) (dr/dt)‚n*(4π/
Vm)r2. Q(t) goes from a maximum initial value to zero at
long time, whereas QG(t) increases from 0 at t ) 0 to a
maximum then back to zero at long times. If at any time

during the reaction QG(t) goes above Q(t), the nucleation
will stop. The occurrence of this stoppage intrinsically
depends on the instantaneous supersaturation S(t) behavior
controlling the size of the first nuclei through rc ) rcc/
log(S(t)). This happens for the acid ligand conditions but
not for the amine ligand because it does not weaken the
reducing agent activity. The final size of the particles is thus
controlled by the very first instant of the reaction that these
experiments are able to probe: the higher the nucleation rate,
the smaller the final particle size. Our results thus unambigu-
ously prove the pionneering hypothesis of Frens.24

Finally, the crystalline nature of the AuNP formed is given
by the in situ WAXS results. The appearance and growth of
two typical diffraction peaks which belong to FCC gold
crystal are clearly observed, one at 31.4 nm-1 for the (111)
plane and the other at 35.5 nm-1 for the (200) plane. The
full width at half-maximum of the (111) diffraction peak is
constant with time and cannot be linked to the size of the
particle. On the contrary, the maximum of the (111) peak
increases with time with a charateristic behavior. The
normalized value (relative to the maximum final value) is
superimposed to the normalized radius obtained from SAXS

Figure 4. Radius, concentration, and size distribution from SAXS fitting. (a) Results of the fits of the SAXS patterns as a function of time.
The concentration of particles (n/NA), the center of the Gaussian distribution, and the σ parameter are indicated for the two different
ligands. (b) SAXS patterns for the first instants of the reaction and the corresponding fits for the case of an acid ligand. (c) Size distribution
corresponding to the SAXS patterns in (b).
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traversed by an a-helix. Homologous domains from nuclear proteins
interact with histones, DNA and RNA20. The ABC1 domain has a
limited interface to otherdomains,whereas theABC2domain interacts
with the 4HB domain and the N-terminal part of the HEAT domain
(Fig. 1a, b). The chromodomain is located at the convex face of the
HEAT domain, but makes only a few contacts with it.
In both the ADP and the ADPNP complexes of eEF3, the

nucleotide was found 14 Å away from its expected location towards
the H-loop of ABC2 (Fig. 1c). Binding to the canonical site is
prevented by its overlap with Phe 35 from the HEAT domain
(Supplementary Fig. 2). In an attempt to disrupt the adenine-
binding pocket, we mutated the non-conserved (see Supplementary
Fig. 3) Glu 42 to alanine and Ser 82 to tryptophan. These mutations
had little effect on yeast growth (data not shown), questioning the
physiological relevance of the novel mode of nucleotide binding in

ABC2. No nucleotide is bound in the ABC1 domain, but a single
sulphate ion is bound to its P-loop mimicking the a- and
b-phosphates. A second sulphate mimics g-phosphate at the positive
helix dipole of the signaturemotif (Supplementary Figs 1 and 2c), the
hallmark of the ABC superfamily. This confirms the previous
suggestion that the signature motif binds the inorganic phosphate
released by ATP hydrolysis16.

SAXS analysis of eEF3
Compared with the ATP-bound homodimer structures of MJ0796
and Rad50, the ABC2 domain in eEF3 is rotated approximately 1208
away from ABC1. To investigate whether the functionally important
ABC tandem formation inferred from other ABC protein structures
also takes place in eEF3, we created a model of the ATP state in
solution. We maintained the overall location of ABC1 and placed

Figure 1 | Structures of Saccharomyces cerevisiae eEF3 and nucleotide
binding. a, Schematic representation of the eEF3 sequence. See the text for a
description of the different domains. Chromo, chromodomain; C-term,
carboxy-terminal domain. b, Stereo view of the crystal structure of eEF3–
ADP. The nucleotide is shown in ball-and-stick representation. c, Stereo
view of the nucleotide-binding site. The electron density of ADP is generated

from an omit map contoured at 1.5j (grey) or at 0.8j around the
b-phosphate (green). d, Three different conformations of eEF3. Left: crystal
structure of eEF3. Middle: ATP model of eEF3 constructed using homology
to the structure of MJ0796. Right: Cryo-electron microscopy (cryo-EM)
reconstruction of eEF3 on the 80S ribosome.
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Structure of eEF3 and the mechanism of
transfer RNA release from the E-site
Christian B. F. Andersen1*, Thomas Becker2*†, Michael Blau2, Monika Anand3, Mario Halic2†, Bharvi Balar3,
Thorsten Mielke4, Thomas Boesen1, Jan Skov Pedersen5, Christian M. T. Spahn6, Terri Goss Kinzy3,
Gregers R. Andersen1 & Roland Beckmann2†

Elongation factor eEF3 is an ATPase that, in addition to the two canonical factors eEF1A and eEF2, serves an essential
function in the translation cycle of fungi. eEF3 is required for the binding of the aminoacyl-tRNA–eEF1A–GTP ternary
complex to the ribosomal A-site and has been suggested to facilitate the clearance of deacyl-tRNA from the E-site.
Here we present the crystal structure of Saccharomyces cerevisiae eEF3, showing that it consists of an amino-terminal
HEAT repeat domain, followed by a four-helix bundle and two ABC-type ATPase domains, with a chromodomain
inserted in ABC2. Moreover, we present the cryo-electron microscopy structure of the ATP-bound form of eEF3 in
complex with the post-translocational-state 80S ribosome from yeast. eEF3 uses an entirely new factor binding site
near the ribosomal E-site, with the chromodomain likely to stabilize the ribosomal L1 stalk in an open conformation,
thus allowing tRNA release.

Protein synthesis requires, in general, only two canonical GTPase
elongation factors. eEF1A (known as EF-Tu in prokaryotes) recruits
cognate aminoacyl-tRNAs to the A-site of the ribosome, and, after
peptidyl transfer, eEF2 (EF-G in prokaryotes) catalyses translocation
of the messenger RNA and the transfer RNAs from the A- and P-sites
to the P- and E-sites. In contrast to the canonical factors, eEF3 has an
ATPase activity that is stimulated by ribosomes. It interacts with both
ribosomal subunits1–3, competes with eEF2 for binding to ribosomes,
and stimulates eEF1A-dependent binding of cognate aminoacyl-
tRNA to the ribosomal A-site1,4. Because, according to the allosteric
three-site model of the ribosomal elongation cycle, E-site release is
required for efficient A-site binding, it has been suggested that eEF3
functions as a so-called ‘E-site factor’4,5. Moreover, ATP hydrolysis by
eEF3 is required in every elongation cycle to allow chasing of deacyl-
tRNA from the E-site4.
eEF3 belongs to the family of ABC (ATP-binding cassette) proteins

that includes proteins involved in transport across membranes, DNA
repair, and translation. The membrane proteins of this class
especially represent important targets for development of novel
therapeutic strategies. The proteins contain ATP/ADP-binding
ABC domains, which convert chemical energy derived from binding
of ATP or its hydrolysis into a ‘powerstroke’ of mechanical energy6.
ABC proteins function as either homodimers or as twin-cassette
proteins with two ABC domains within the same polypeptide.
The ribosome exhibits very dynamic behaviour, such as the ratchet

movement7 or the movement of the L1 and the L7/L12 stalks8–11.
Hence, an intriguing question is how the interaction of eEF3 with the
ribosome is correlated with its dynamic properties as an ABC
protein, and how the energy derived from binding/hydrolysis of
ATP is used for its function.

Crystal structure of eEF3
Three crystal structures of residues 1–980 of eEF3 in the apo state
(2.7 Å), in complex with ADP (2.4 Å), or in complex with the non-
hydrolysable ATP analogue ADPNP (3.0 Å) were solved (Supplemen-
tary Table 1) and they have virtually the same overall conformation.
The deletion of residues 981–1,044 does not alter the ability of the
protein to function as the only form of eEF312. The protein has five
structural domains (Fig. 1a, b and Supplementary Fig. 1). Residues
1–321 are organized in classical HEAT repeats13 with a total of 16
helices. Instead of forming a single long, curved structure as found in
PP2A14, the HEAT domain of eEF3 makes a sharp bend after the first
10 helices. The HEAT domain is connected through a flexible linker
to a four-helix bundle (4HB domain; residues 336–413), which packs
against the bottom of the concave face of the HEAT domain.
The remaining residues of eEF3 are organized into ABC1 and

ABC2 domains homologous to the nucleotide-binding domains of
ABC transporters and DNA repair enzymes15–18. These domains each
consist of two subdomains (or lobes). Lobe I (residues 418–492 and
563–636 in ABC1, and 637–734 and 915–976 in ABC2; also known as
the ATP-binding core) is formed by two b-sheets that wrap around a
central a-helix and three exposed helices. Lobe II (493–562 in ABC1,
and 734–760 and 870–914 in ABC2; also known as the a-helical
subdomain) is composed of four helices in ABC1 and five in ABC2.
The arrangement of the two subdomains in both ABC1 and ABC2 is
similar to that found in structures of other ABC domains in their apo
or ADP-bound states with DALI19 Z-scores of 13–19, and the Z-score
of eEF3 ABC1 versus ABC2 is 15. Hence, the two cassettes in eEF3 are
not more similar to each other than to other ABC proteins.
The chromodomain (residues 761–869) is an insert within the

a-helical subdomain of ABC2 and contains a five-stranded b-sheet
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traversed by an a-helix. Homologous domains from nuclear proteins
interact with histones, DNA and RNA20. The ABC1 domain has a
limited interface to otherdomains,whereas theABC2domain interacts
with the 4HB domain and the N-terminal part of the HEAT domain
(Fig. 1a, b). The chromodomain is located at the convex face of the
HEAT domain, but makes only a few contacts with it.
In both the ADP and the ADPNP complexes of eEF3, the

nucleotide was found 14 Å away from its expected location towards
the H-loop of ABC2 (Fig. 1c). Binding to the canonical site is
prevented by its overlap with Phe 35 from the HEAT domain
(Supplementary Fig. 2). In an attempt to disrupt the adenine-
binding pocket, we mutated the non-conserved (see Supplementary
Fig. 3) Glu 42 to alanine and Ser 82 to tryptophan. These mutations
had little effect on yeast growth (data not shown), questioning the
physiological relevance of the novel mode of nucleotide binding in

ABC2. No nucleotide is bound in the ABC1 domain, but a single
sulphate ion is bound to its P-loop mimicking the a- and
b-phosphates. A second sulphate mimics g-phosphate at the positive
helix dipole of the signaturemotif (Supplementary Figs 1 and 2c), the
hallmark of the ABC superfamily. This confirms the previous
suggestion that the signature motif binds the inorganic phosphate
released by ATP hydrolysis16.

SAXS analysis of eEF3
Compared with the ATP-bound homodimer structures of MJ0796
and Rad50, the ABC2 domain in eEF3 is rotated approximately 1208
away from ABC1. To investigate whether the functionally important
ABC tandem formation inferred from other ABC protein structures
also takes place in eEF3, we created a model of the ATP state in
solution. We maintained the overall location of ABC1 and placed

Figure 1 | Structures of Saccharomyces cerevisiae eEF3 and nucleotide
binding. a, Schematic representation of the eEF3 sequence. See the text for a
description of the different domains. Chromo, chromodomain; C-term,
carboxy-terminal domain. b, Stereo view of the crystal structure of eEF3–
ADP. The nucleotide is shown in ball-and-stick representation. c, Stereo
view of the nucleotide-binding site. The electron density of ADP is generated

from an omit map contoured at 1.5j (grey) or at 0.8j around the
b-phosphate (green). d, Three different conformations of eEF3. Left: crystal
structure of eEF3. Middle: ATP model of eEF3 constructed using homology
to the structure of MJ0796. Right: Cryo-electron microscopy (cryo-EM)
reconstruction of eEF3 on the 80S ribosome.
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Proteins	
  in	
  solu:on:	
  complexes	
  and	
  func:on

traversed by an a-helix. Homologous domains from nuclear proteins
interact with histones, DNA and RNA20. The ABC1 domain has a
limited interface to otherdomains,whereas theABC2domain interacts
with the 4HB domain and the N-terminal part of the HEAT domain
(Fig. 1a, b). The chromodomain is located at the convex face of the
HEAT domain, but makes only a few contacts with it.
In both the ADP and the ADPNP complexes of eEF3, the

nucleotide was found 14 Å away from its expected location towards
the H-loop of ABC2 (Fig. 1c). Binding to the canonical site is
prevented by its overlap with Phe 35 from the HEAT domain
(Supplementary Fig. 2). In an attempt to disrupt the adenine-
binding pocket, we mutated the non-conserved (see Supplementary
Fig. 3) Glu 42 to alanine and Ser 82 to tryptophan. These mutations
had little effect on yeast growth (data not shown), questioning the
physiological relevance of the novel mode of nucleotide binding in

ABC2. No nucleotide is bound in the ABC1 domain, but a single
sulphate ion is bound to its P-loop mimicking the a- and
b-phosphates. A second sulphate mimics g-phosphate at the positive
helix dipole of the signaturemotif (Supplementary Figs 1 and 2c), the
hallmark of the ABC superfamily. This confirms the previous
suggestion that the signature motif binds the inorganic phosphate
released by ATP hydrolysis16.

SAXS analysis of eEF3
Compared with the ATP-bound homodimer structures of MJ0796
and Rad50, the ABC2 domain in eEF3 is rotated approximately 1208
away from ABC1. To investigate whether the functionally important
ABC tandem formation inferred from other ABC protein structures
also takes place in eEF3, we created a model of the ATP state in
solution. We maintained the overall location of ABC1 and placed

Figure 1 | Structures of Saccharomyces cerevisiae eEF3 and nucleotide
binding. a, Schematic representation of the eEF3 sequence. See the text for a
description of the different domains. Chromo, chromodomain; C-term,
carboxy-terminal domain. b, Stereo view of the crystal structure of eEF3–
ADP. The nucleotide is shown in ball-and-stick representation. c, Stereo
view of the nucleotide-binding site. The electron density of ADP is generated

from an omit map contoured at 1.5j (grey) or at 0.8j around the
b-phosphate (green). d, Three different conformations of eEF3. Left: crystal
structure of eEF3. Middle: ATP model of eEF3 constructed using homology
to the structure of MJ0796. Right: Cryo-electron microscopy (cryo-EM)
reconstruction of eEF3 on the 80S ribosome.
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SAXS	
  confirms	
  the	
  acDve	
  structure	
  of	
  the	
  protein



Reidar Lund, UiO, 14 Feb. 2013 

SAXS	
  gives	
  direct	
  quanDtaDve	
  informaDon	
  on	
  molecular	
  
weight,	
  shape,	
  size	
  and	
  interacDons	
  at	
  the	
  nanoscale.	
  
!
High-­‐flux	
  /	
  low	
  background	
  at	
  SAXS/RECX	
  give	
  good	
  
data	
  even	
  for	
  weakly	
  sca.ering	
  samples	
  
!
The	
  instrument	
  can	
  be	
  used	
  for	
  virtually	
  any	
  type	
  of	
  
samples.	
  
!
In	
  situ	
  studies	
  may	
  give	
  unique	
  insight	
  into	
  kineDc	
  
process	
  

Summary



Reidar Lund, UiO, 14 Feb. 2013 

Welcome	
  to	
  the	
  SAXS	
  instrument	
  in	
  the	
  
new	
  REXC-­‐lab!	
  
!
You	
  are	
  most	
  welcome	
  to	
  discuss	
  possible	
  
experiments	
  and	
  ideas	
  with	
  us!	
  
!
THANK	
  YOU

Welcome



InstrumentaDon:	
  examples

MulD-­‐angle	
  Dynamic	
  and	
  
StaDc	
  Light	
  Sca.ering

SANS	
  at	
  IFE,	
  Kjeller Rheo-­‐SALS

Rheometer D11	
  at	
  ILL,	
  Grenoble

Polymer Colloid Group @ Dept. Chem. UiO International Facilities

ID02	
  at	
  ESRF,	
  Grenoble



Fast	
  mixing	
  of	
  SDS	
  solu:on	
  with	
  NaCl	
  	
  	
  

ID02,	
  ESRF	
  (Grenoble,	
  France)
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Fit	
  model:	
  coexistence	
  worm-­‐like	
  and	
  spherical	
  micelles	
  

Stroboscopic	
  measurements:	
  
mixing	
  pulse	
  synchronized	
  with	
  X-­‐rays	
  (few	
  ms	
  varia:ons)

--

salt

Surfactant	
  SoluDons:	
  kine:cs	
  of	
  transforma:on

Reidar Lund, Soft Matter, SynkNøyt 21 Oct. 2013 

Tekst
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Two-­‐steps?	
  
First	
  short	
  cylinders	
  are	
  created	
  which	
  later	
  
fuse	
  to	
  form	
  worm-­‐like	
  micelles	
  
!
Analogue	
  to	
  condensa:on	
  polymeriza:on	
  
reac:ons?

Schema:c	
  mechanism

Surfactant	
  SoluDons:	
  kine:c	
  pathways

KineDc	
  pathways	
  revealed	
  by	
  TR-­‐SAXS

Length

Reidar Lund, Soft Matter, SynkNøyt 21 Oct. 2013 



Conclusion

- Time-resolved SANS/SAXS offers both structural and temporal 
resolution - unique insight into kinetic processes. 

- SAS and LS provide unique possibilities to investigate 
nanostructures in situ without perturbations. 

- Together with light scattering, SAXS/SANS provides a  
broad length scale: from Å´s to micrometers.

- SANS and contrast variation allow structural details to be highlighted 
and renders molecular transport processes visible (not shown). 


