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Function and scales in biological systems.

Structure-function relationships.

Tools for bridging different “structure” and “time” scales in bio-molecular functions.
Results on 2 challenging examples: metallothioneins and ferric binding proteins.

Conclusions.



Functional Elements & Scales in Biological Systems
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Need for tools
(experimental and
theoretical) providing
data at different length
and time scales.




Goal: Understanding and Predicting Function
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Modify/refine: Develop models:
Predict function.

Applicable in varying

Introduce mutations. length
Change &
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.. time scales
conditions

Aim:
detecting the structural change
in appropriate “length” and “time” scales.

Test:
Experiments static
and dynamic

measurements.

Different length and
time scales
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Tools for Different Length Scales
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Closing the length scale gap between molecular structure and cell and tissue architecture.
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Tools for Different Time Scales

Time-resolved structural experiments:
Macromolecular Crystallography (MX)*,
Small angle X-ray scattering (SAXS)*,
Cryo-electron microscopy (Cryo-EM),
Nuclear Magnetic Resonance (NMR).
Stopped-flow/pump probe*, XFEL...

Time scales: femtosec-hrs Key word: Structural change
Molecular Dynamics simulations - Integr?ted stu.dle.s aim at cIosmg the gap b(.etw'een
- static description and functional dynamics in
biological systems.

\. /

02’04050801001201!0‘601302002202402602&300
residue index

Local conformational flexibility

Simulations for structural dynamics
Gilven et al.,, 2014
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Structure-Function Relationships in Metal Binding Proteins

Small angle synchrotron X-ray scattering complemented with different biophysical/biochemical
techniques and model calculations.

Metallothioneins from wheat - Cd-binding small molecular weight intrinsically disordered proteins
lacking secondary structure elements. Difficult to handle. Not suitable for structure analyses by
crystallography.

Ferric binding protein (FbpA) from H. influenzae - Fe-transport proteins. Crystal structures available
but lacking data on conformational flexibility the presence of multiple conformations in solution.
Collaboration with C. Atilgan @Sabanci University.



Triticum durum (pasta wheat) Metallothionein (dMT)

Metallothioneins (MTs) are small (6-8 kD) ubiquitous proteins for metal binding (bacteria, yeast and higher

organisms, plants).
Metal-sulfur clusters are formed through Cys-X-Cys motifs.

Question: Do MTs participate in Cd resistance in wheat? What does the structure of dMT reveal about its
Cd binding and release mechanisms?

ﬁdurum type | metallothionein (dMT) has two metal binding regions (Cys-motifs) connected with a 42 aa long hinge region with oa
Phe and no Cys.

* % ok k  x % + * ok * *
MSCNCGSGCSCGSDCKCGKMYPDLTEQGSAAAQVAAVVWLGVAPENKAGQFEVAAGQSGEGCSCGDNCKCNPCNC

N-terminal Hinge region C-terminal
p-domain a-domain
QMT has no secondary structure elements in apo or holo forms. /
Yesilirmak, F. (2008) .
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ldentification and expression of dMT

mentification of the mt gene in 1\

durum genome
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Bacteria synthesizing recombinant
dMT survive in medium containing

@Ievels of Cd. /

Bilecen et al., 2006
Yesilirmak, F. et al . (2018)
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Biophysical characterization of dMT
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pH dependence of Cd binding and dMT folding

10°xe (M xem™)

1,8 )
1,6
l -
14 4
B 0 -
1,2 14 _E
(]
1,0 4 53_ -1
§
08 3 S -2 -
S
0,6 =
S -3
o —— pH 8.1
04 < —— pH 7.55
2 4 ~——— pH 5.84
21 pH 4.15
PUPNIPSL o B WP o o o S s = 5 — pH 3.56
= - .. —— pH2.39
-0,2 T T T T T T T -6 T T T T T T T
220 230 240 250 260 270 280 290 300 220 230 240 250 260 270 280 290
Wavelength (nm) Wavelength (nm)

300

In UV-vis spectra g,., values (inset)
show two transitions at ~pH 7 and
~pH 5.

and 266 nm.

nm and 247 nm peak is shifted.

[Different stabilities for the metal centers.
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CD spectra show two maxima: 247 nm

Loss of Cd diminishes the peak at 266
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Solution Structure of dMT & Cd-binding

EOM: Rg Distributions &Models
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SAXS measurements on p12 beamline EMBL, Hamburg @Petra lll,
DESY.
ATSAS software for data analysis.

SAXS results show co-existence of multiple
conformations in solution for both holo- and apo-
dMT.

Flexibility of the apo dMT structure allows rapid

binding of 5+1 Cd?** leading to a more rigid
structure.

Protein conformation and stability of metal centers
are pH dependent.

In human body acidic conditions could result in the
klease of the bound Cd . /

ALBA, 06.07. 2023, Barcelona, Spain 12

Sayers et al. (2017)



Ferric binding protein (FbpA) from Haemophilus influenzae

H. Influenza is a gram-negative bacterium, causing upper respiratory tract infections. It is dependent on Fe for
survival. When bacteria infect people, the necessary Fe is obtained from the host.

Fe hijacking mechanism

7.:’:‘.5‘ Human Transferrin (hTf)

%

Host
{; . oM
. FbpA . ,
WY s Periplasmic
g~ space

CM

Bacterium

Siburt et al., etal. (2011))

RMSD 0.26 nm

Question: What can the solution structures of holo-
and apo-FbpA reveal about its Fe binding and

release mechanisms? What is the effect of ionic
&nditions on Fe-binding? /
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Conformational Differences Revealed by SAXS

Apo- and holo-FbpA both WT and D52A mutant were measured in low ionic strength (LIS) and high ionic strength (PBS)
buffers.
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MD Simulations, SAXS Analyses & Crystal structures

1 ns apart snapshots from the MD simulations were collated together to form a pool of 1600 structures from the total of
1.6 us trajectories.

System Label

Tonic Strength (mM) RMSD(A)

Apo WT 0 1.6 0.3

Apo WT 150 1.8+02

Apo D52A 0 1.0+£0.2

Apo D52A 150 1401
Holo WT 1] 1.9£02:2.1+02;20+0.2
Holo WT 150 14+0.2; 1.8+0.1; LE£0.2
Holo D52A 0 1.2+0.1;14+01;14+02
Holo D5ZA 150 1.720.1; 1.2x0.1; 1.3x0.2

Average RMSD results from the 100 ns long MD

simulations for WT and D52A mutant in apo (single

run) and holo (three replicates) forms

[T T T T T Violin plots of the Rg value

2051 1 distributions calculated from
2 ‘ 1 the simulations.
& 200} __ Dashed and dotted lines

‘ 1 represent median and
sl 1 1 1 4 o 4 4 ] Quartiles, respectively.
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Crystal
structure fits

MD ensemble fits

% single structures in | RMSD of best model
Protein lonic strength %2 XPmin Best Model pool with from the respective
¥2 <2 +0.05 X-ray structure (A)
Apo WT 15 mM 1.03 1.03 Initial (X-ray) structure 22.4 0.
Apo WT 150 mM 125 115 Single snapshot from apo D52A 5.6 118
150 mM simulations
Apo D52A 15 mM 1.05 1.05 Initial (X-ray) structure 40.7 0.
Apo D52A 150 mM 1.09 1.02 Single snapshot from apo D52A 5.0 0.98
150 mM simulations
Holo WT 15 mM 1.00 1.00 Initial (X-ray) structure 0 0.
Mixture of snapshots 78% Holo
Holo WT 150 mM 1.36 1.00 WT 150 mM (78%) / Apo WT 0* 1.28/2.92
150 mM (22%) simulations
Holo D52A 15 mM 0.98 0.98 Initial (X-ray) structure 6.6 0.
150 mM 118 0.99 Single snapshot from Holo WT 12 1.03
150 mM simulations

\Holo D52A

A o A

Goodness of fit of X-tal structures (1D9V/30D7) to the
SAXS data and best model fits to the ensemble
generated by MD simulations. Results show that
although crystal structures fit the LIS SAXS data
agreement under native (PBS) conditions is poor.
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Multiple Conformers of FbpA in PBS

Liu et al., 2023
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SAXS data allows detection of subtle
conformational changes between apo- and holo-

changes in local conditions (ionic strength and pH)
regulate metal binding.

FbpA.

Structural flexibility of FbpA in solution in HIS
(physiological) buffers can be detected by SAXS .

The multiple conformers co-existing in solution in
HIS can be quantified by combining SAXS data
with models generated by MD simulations

Results indicate that conformational selection
model for ligand bind applies to FbpA and that
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Conclusions

Integration of information from biochemistry, molecular and structural biology and computational
approaches are required to understand complex functional mechanisms in biological systems.

Synchrotron SAXS measurements are powerful structural characterization tools that can be pushed to their
limits to provide data that can used in combination with MD simulations.

This combination allows to investigate dynamics of solution structures and complement the static crystal
structure information.

We showed that for two structurally very different metal binding proteins structural flexibility results in co-
existing multiple conformations in solution.

Structural flexibility responding to variations in local environments regulate mechanisms of metal binding
and release in these proteins.
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