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Recent Advances in Biomolecular NMR

An cell NMR

For studying biomolecules in a cellular context
AVlechanistic Systems Biology

To describe and understand biological
processes at molecular level

AStructural Vaccinlogy

Rational vaccine design based on the
structural knowldge of the antigene




Integrating a Cellular Approach with

Atomic-Resolution

Living systems are complex: mixture of proteins,
nucleic acids, other biomolecules, several cellula
compartments,...etc

A Systems Biologapproach isreeded.
All the players involved In a given process have
to be considered as well as th&@ip structural
and dynamical interactiondetermined.

Proteins must be framed within their
cellular context




Integrating Atomic Resolution with the Cellular Contex
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Maturation of Cu,ZrSOD1

binding

monomeric
apo hSOD3HsH SS bond ™. formation

SOD1: present in cytoplasm,
mitochondrial IMS, nucleus,
peroxisomes

dimeric (Cy,Zn,) hSONDSS
Active enzyme:
(20, +2H O+ HO)

These post translational modifications affect the fold properties and monomer/dimer equilibrium



In-cell NMR can monitor functional W
. ) (7 4
processes in live human cells QMJ

Understanding intracellular processes at the molecular level requires a high
resolution description. In-cell NMR provides atomic-level information on

protein in the cellular environment.
Transfected HEK293T cells are used as a model system for human cells
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In-cell NMR

processes in live human cells

can monitor functional

Understanding intracellular processes at the molecular level requires a high

resolution description. In-cell

NMR provides atomic-level information on

protein in the cellular environment.

Transfected HEK293T cells are

used as a model system for human cells

E,Zn-SOD1 5N

Maturation processes such as
protein folding, post translational
modifications (i.e. metal binding,
disulfide bond formation) are
followed at atomic resolution.
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In-cell NMR can monitor functional
processes in live human cells

Understanding intracellular processes at the molecular level requires a high
resolution description. In-cell NMR provides atomic-level information on
protein in the cellular environment.

Transfected HEK293T cells are used as a model system for human cells
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Cu,Zn-SOD1 N F1oo Isotopically labelled proteins
are overexpressed and directly
observed by hi-res NMR in
living human cells.
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followed at atomic resolution.
Banci L, Barbieri L, Bertini I, Luchinat E, Secci E, Zhao Y, Aricescu AR, Nat Chem Biol, 2013




Following SOD1
maturation steps in

human cells

Cu(l),Zn-SOD

E,E-SOD15H

E,Zn-SOD15H

15-S

Banci L, Barbieri L, Bertini I, Luchinat E, Secci E, Zhao Y, Aricescu AR, Nat Chem Biol, 2013



Combining in-cell NMR with X-ray

fluorescence microscopy

In-cell NMR

X-ray fluorescence Optical fluorescence
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Luchinat E, Gianoncelli A, Mello T, Galli A, Banci L, Chem Commun, 2015



Incomplete maturation of SOD1 fALS

mutants

- ALS: a motor neuron disease

- 20% of familial cases is related

to mutations of SODL1.

- 165 mutations identified so far,
scattered throughout the

sequence.

Disulfide Bond

- Mutations are thought to cause defects in SOD1 maturation,

promoting aggregation of the apo protein

Luchinat E, Barbieri L, Rubino JT, Kozyreva T, Cantini F, Banci L, Nat. Comm., 2014



Maturation defects of fALS SOD1

mutants

Many SOD1 mutants do not bind zinc in the cell, and accumulate as an

unstructured species, which does NOT evolve toward the native form

(A4V, I135T, G37R, G85R, G93A, [113T)
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120

Luchinat E, Barbieri L, Rubino JT, Kozyreva T, Cantini F, Banci L, Nat. Comm., 2014



A relatively small-scale, physiologically central B
system for systems biology:

The mitochondrion

Mitochondria derive from
parassitic Gramrmegative bacteriathey
contain 1000 proteins but only 15 are

producedin situ

The large majority of mitochondrial
proteins must be imported, including
those involved ircopper trafficking




Coxl 7 mitochondrial import
IMS

Reduced apoCax/

IS unstructured &
SH
SH
sy S

Cox 17 is transporting
Cu to CcO

apgCox1 ¢y,

1ISH

trix
cytosol

Mia40,c ¢ + Coxl 7.,

Miad0,5 g/ o5t COXLT g gash




Cox17s unfolded in the cytoplasm

detected In living cells

apoCox17gq, apoCox17 in cell apoCox17ae g
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The protein folding state depends on the cellular
compartment

Banci L, Bertini I, Cefaro C, Cenacchi L, Ciofi-Baffoni S, Felli | C, Gallo A, Gonnelli L,
Luchinat E, Tokatlidis K, PNAS, 2010




The first step in Cox17 folding

The hydrophobic clefdof Mia40 is 3 Intermolecular Misd0-

the interaction site for Cox17 CoxL7 disulphide bond
(detected by*3C NMR
on 13C Cys)

Structure of Cox1Y
Mia40 intermediate

Mia40

the first helix of Cox17 is form

Then the first intramolecular S-S bond
and the second helix are formed O, or glutathione can now rapidly fo

the second disulphide bond

Tokatlidis K, PNAS, 2010

Upon intermolecular S-S bond formation,
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Oxidative folding reaction-between Mia40.and-Cox17

o

e




Oxidative ffoldingprocesses) mIMS

Cytoplasm ~ cHew Mia40 acts as a chaperor
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Protein fold state depends on the cellular compartment
and is modulated by the protein redox state

Banci L, Bertini |, Cefaro C, Cenacchi L, Ciofi S, Felli | C, Gallo A, Gonnelli L, Luchinat E, Tokatlidis K, PNAS, 2010



Stepsiin-anmitochondrial pathway

\

Mia40 ALR
Mitochondrial intermembrane
space Import
and Assembly protein 40

Augmenter of Liver
Regeneration

ALR regenerates the active import redox state of
Mia40, i.e. with a disulfide bond in the CPC site




Structural model of the ALR/Mia40 complex
based on NMR interaction data

ALR: a FAD-dependent thiol oxidase
It contains 4 SS bonds per
subunit,2iacti ve&o
structural

Hydrophobic
interactions between
Mia40 and the N-ter
domain of ALR
mediate efficient
electron transfer
from Mia40 to FAD
in ALR

e

N-terminus ddomain o
ALR is unstructured
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Banci L, Bertini |, Calderone V, Cefaro C, Ciofi-Baffoni S, Gallo A, Tokatlidis K PNAS 2
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Electron shuttling mechanism

ALR oxidized Miad0,¢ o
. Through'3C NMR
PR on 13C Cys
, 2
ALR reduced Mia40;g
C
c C

N

ALR then transfers electrons to Cyt c

Banci L, Bertini I, Calderone V, Cefaro C, Ciofi-Baffoni S, Gallo A, Tokatlidis K PNAS 2011



