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Metode za določanje 3D strukture
makromolekul

• Rentgenska kristalografija
• Jedrska magnetna resonanca (NMR – nuclear 

magnetic resonance spectroscopy)
• (Krio)-elektronska mikroskopija (cryoEM)
• Komplementarne biofizikalne metode
• Predikcija strukture

“Protein Data Bank” trenutno vsebuje >160,000 
struktur makromolekul



Zakaj je pomembno določiti 3D 
strukturo proteinov?

• Funkcija proteinov in drugih makromolekul temelji
na njihovi 3D strukturi
• Oblika, lastnosti in zato funkcija proteinov je odvisna od

tega, kako se zaporedje amino-kislin zvije v prostoru
• 3D-struktura nam omogoci razložiti, z atomsko

ločljivostjo, kako molekula funkcionira



Primeri struktur, ki nam razložijo funkcijo

Transkripcijski faktor
(p53) veže DNA

Encim veže substrat



Kakšna je vrednost poznanja 3D strukture
makromolekul za medicino in 

biotehnologijo? 

• Razumevanje funkcije
• Razvoj zdravil: “structure-based drug design” 
• Razvoj vakcin
• Racionalne modifikacije proteinov: diagnostika, 

“humanizacija”, encimi za industrijo
• Razumevanje zvijanja (folding)
• Razumevanje stabilnosti in drugih fizikalnih

lastnosti makromolecul



Rentgenska kristalografija



Brencic et al. 
(1991). Acta Cryst
C47: 311-313
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figure 3: Internal homology of the RNase inhibitor. (A) The amino acid sequence of the inhibitor has been optimally aligned to show its
repetitive nature between residues 15 and 442. One gap, at position 13 in the type B repeat, has been introduced. The numbers at the top
(italics) indicate the position in the repeat, whereas the position within the entire protein is indicated at the end of each line. Residues that
are common to both types of repeats have been indicated with ( ), type A specific residues with (O), and type B-specific residues with (O).
(B) The consensus sequences for the two repeats of the RNase inhibitor (A and B) were compared with consensus sequences of leucine-rich
repeats found in the literature. A five amino acid residue insert was introduced, but no other changes were made to the published sequences.
(1) RNase inhibitor (type A repeat) (this paper); (2) RNase inhibitor (type B repeat) (this paper); (3) leucine-rich glycoprotein (Takahashi
et al., 1985); (4) glycoprotein 1 bet (Lopez et al., 1987; Titani et al., 1987); (5) Toll (Hashimoto et al., 1988); (6) Chaoptin (Reinke et al.,
1988); (7) adenylate cyclase (Kataoka et al., 1985). e.c., extracellular; i.c., intracellular; a, aliphatic residue.

tribution of apolar (nearly always leucine) and polar residues.

Interestingly, two different types of repeats can be recognized
that occur alternately. The type A repeat is 29 amino acids
long, and the degree of identity between the eight repeats
ranges from 24 to 52% (average ± SD: 35 ± 8%), whereas
the degree of identity for the 28 residue long type B repeat
ranged from 29 to 64% (average ± SD: 44 ± 7%). In con-

trast, the average degree of identity between the type A and
B repeats was found to be oftly 21 ± 4.5%. Only one deletion
in the type B repeat was necessary to align the leucyl residues
between the two repeats, as shown in Figure 3A.

The two types of repeats are rich in leucyl residues and have
a number of features in common (Figure 3A): the occurrence

of a hydrophobic amino acid (Leu in 84% of the cases) at

positions 4, 14, 16, 21, and 29 and a charged residue (most
commonly Glu) at position 12. The two types of repeats can

be distinguished by the amino acids that occupy positions 11,
19, 22, and 26. Whereas in the type A repeat a hydrophobic
residue (often Leu), Cys, Thr, and Cys occur at these positions
(identified by diamonds in Figure 3A), in the type B repeat
a basic residue, Asn, Gly, and a hydrophobic residue are found
(identified by circles in Figure 3A). Furthermore, the type
A repeat most frequently contains a Pro at position 7.

Characteristically, positions 3 and 10 in the type B repeat are

occupied by hydrophobic residues and positions 23 and 25 by
Gly and an acidic residue, most frequently Asp, respectively.

Hofsteenge et al. (1988) Biochemistry 27, 8537-8544

Inhibitor ribonukleaze (ribonuclease inhibitor) - zaporedje amino-kislin



Dallas 1989 Dallas 1992



Kobe & Deisenhofer (1993) Nature 366: 751-756
Kobe & Deisenhofer (1995) Nature 374: 183-186

Kristalna struktura inhibitorja ribonukleaze (ribonuclease inhibitor)
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Ve et al… & Kobe (2012) Curr Drug Targets 13: 1360-1374

Toll-like receptors (TLRs)



Ve et al… & Kobe (2012) Curr Drug Targets 13: 1360-1374

Toll-like receptor 4 (TLR4)



Lin et al (2010) 
Nature 465, 885-890

Kim et al (2007) Cell 
130, 906–917

LRR = Leucine rich repeat    
TIR = Toll/interleukin-1

receptor domain    
DD = Death domain

Toll-like receptor 4



Reverzibilno obarjanje MALTIR

Peter Lavrencic et al



Adaptor MAL tvori filamente

1000 nm

1000 nm

Ve et al… & Kobe (2017) Nat Struct Mol Biol 24 (9): 743-751



MALTIR and TLR4TIR skupaj tvorita filamente

Ve et al… & Kobe (2017) Nat Struct Mol Biol 24 (9): 743-751



MALTIR spodbudi sestavo kompleksov MyD88TIR

Ve et al… & Kobe (2017) Nat Struct Mol Biol 24 (9): 743-751



Ve et al… & Kobe (2017) Nat Struct Mol Biol 24 (9): 743-751

MAL spodbudi sestavo kompleksov MyD88 v celicah



Krio-elektronska microscopija

University of Virginia

Article

Breaking Cryo-EM Resolution Barriers to Facilitate
Drug Discovery

Graphical Abstract

Highlights
d Near-atomic-resolution structure of isocitrate

dehydrogenase, a < 100 kDa enzyme

d 1.8 Å resolution cryo-EM map of 334 kDa glutamate

dehydrogenase

d 2.8 Å resolution cryo-EM map of lactate dehydrogenase,

a 145 kDa protein

d Localization of small-molecule inhibitors bound to metabolic

protein complexes
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In Brief
By using cryo-EM methods, the structure

of small metabolic enzymes as well as the

localization of small-molecule inhibitors
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Krio-elektronska microscopija



CryoEM structure of MALTIR filament
CryoEM struktura filamenta MALTIR



CryoEM structure of MALTIR filament



Model kooperativne formacije signalosoma TLR4
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C2

C3

CryoEM struktura TLR4TIR-MALTIR ko-filamenta

Jeff Nanson et al.



C2

C2 symmetry
Twist = 11.6°
Rise = 31.5 Å
~ 45,000 segments
Resolution = 4.4 Å

TLR4

MAL

Jeff Nanson et al.

CryoEM struktura TLR4TIR-MALTIR ko-filamenta



C3 symmetry
Twist=9.2°
Rise=31.4Å
~70,000 segments
Resolution = 3.8 Å

C3

Jeff Nanson et al.
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CryoEM struktura TLR4TIR-MALTIR ko-filamenta



C3 TLR4-MAL

• 3 MAL protofilaments
• 3 TLR4 strands

TLR4
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C2 TLR4-MAL

• 2 MAL protofilaments
• 2 TLR4 strands
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Jeff Nanson et al.

CryoEM struktura TLR4TIR-MALTIR ko-filamenta
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CryoEM struktura TLR4TIR-MALTIR ko-filamenta
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CryoEM struktura TLR4TIR-MALTIR ko-filamenta
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Micro-electronska difrakcija (microED) 
MyD88TIR nano-kristalov

Hongyi Xu, Max Clabbers  et al

Nannenga and 
Gonen (2014) 
Curr Opin
Struct Biol.



MAL$– filament MyD88

Electrostatic potential map MyD88TIR

MAL$– filament MyD88

Packing of MyD88TIR MALTIR filament

MicroED MyD88TIR nano-kristalov

Hongyi Xu, Max Clabbers  et al



Ve et al… & Kobe (2012) Curr Drug Targets 13: 1360-1374

TRAM



Andrew Hedger et al

Cryo-EMNegative-stain EM

Negative-stain EM CryoEM 3D rekonstrukcija

Filamenti TRAMTIR
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Imunski sistem v raslinah
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Zhang et al & 
Kobe (2017) 
PNAS 14, E2046-
E2052.  

Neomejeni kompleksi TIR domen v rastlinskih NLR



Neomejeni kompleksi TIR domen v rastlinskih NLR

Hayden Burdett et al
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Signaling via cooperative assembly formation (SCAF)

Nimma et al… & Kobe (2017) Curr Opin Struct Biol 43: 122-130.
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Povzetek
• Funkcija makromolekul temelji na njihovi 3D strukturi
• Strukturna biologija koristi terapiji in biotehnologiji

• Poznavanje detajlov funkcije
• Razumevanje učinka mutacij ki vodijo do bolezni
• Razvoj zdravil
• Inžinerstvo proteinov za biotehnološke aplikacije

• TIR domene v TLR tvorijo filamente; naravni imunski
odziv na splosno temelji na SCAF
• TIR domene v SARM1 in rastlinksih NLR so encimi, ki

cepijo NAD+ (Horsefield et al, Science (2019) 365: 793) 
– nova varianta SCAF
• Strukture bodo pomagale razviti zdravila proti

kroničnim boleznim vnetja
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