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A Stalled RNA Polymerase Can Cause a Molecular Pile-up 

Trautinger et al., (2005) Molecular Cell 19, 247-254 
Adapted from: http://www.cawlocal584.com/humour.html 
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Figure 3. Effect of Stringent Mutations on Accumulation of Tran-
scription Arrays

(A) Comparison of arrays made by RNAP788, RNAP*35, and
RNAP*551. Lane 1, UV-irradiated lcro +24 substrate; lanes 2–5,
6–9, and 10–13, time courses of run-off transcriptions at 1, 2, 5,
and 10 min with the indicated enzyme.
(B) Quantification of complexes formed on UV-irradiated lcro +24.
Free DNA (squares) or DNA with one (circles) or multiple (triangles)
complexes was measured in at least three run-off transcription as-
says. Error bars indicate standard deviations.

ppGpp and RNAP* suppressors of ruv are likely to re-
duce the pile-up of stalled transcription complexes and
may destabilize a significant fraction of the RNAP mole-
cules trapped directly at lesions in the DNA. They also
support the idea that modulation of RNAP complexes
may not only alter gene expression but also have physi-

3 min without nucleotides to detect open complex formation (lanes
2 and 3) or for 20 min with the three nucleotides indicated to detect
elongation complexes stalled at +84 (lanes 5 and 6). Lanes 1 and 4
contained only the DNA substrate.
(C) Complexes formed by wild-type RNAP on UV-damaged DNA.
Lane 1, irradiated lcro +24; lanes 2–6 and 7–11, time courses of
run-off transcriptions at 5, 10, 15, 20, and 40 min in the absence or

AFM of transcription 
complexes on 

irradiated template 

presence of ppGpp, respectively.
(D) Quantification of complexes on UV-irradiated DNA. Transcrip-
tion assays were as in C, and the amount of free DNA (squares) or

Figure 2. ppGpp Reduces Arrays of RNAP DNA with one (circles) or multiple (triangles) stalled complexes was
measured in at least three independent assays. Error bars indicate(A) Effect of ppGpp on wild-type RNAP. Lane 1, lcro +84 substrate;
standard deviations.lanes 2–6 and 7–11, time courses showing complexes at 2, 5, 10,
(E) AFM image of complexes formed during run-off transcription on15, and 20 min in the absence or presence of ppGpp, respectively.
UV-irradiated l cro +24.(B) Effect of UV on promoter activity. Reactions were incubated for
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Double strand breaks 

•  3000 RNA Polymerase molecules/cell 
•  10-20 DNA Polymerase III molecules/cell 
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RNAP Stalling Leads to Genomic Instability 
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Mfd is the TRCF (transcription-repair coupling factor) 
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Escherichia coli mfd mutant deficient in "mutation frequency
decline" lacks strand-specific repair: In vitro complementation
with purified coupling factor

(trnsciption-repair coupllng/UV mutgenes/SOS rse/nonsense suppreors)

CHRISTOPHER P. SELBY*, EVELYN M. WITKINt, AND AZIZ SANCAR*
*Department of Biochemistry and Biophysics, University of North Carolina School of Medicine, Chapel Hill, NC 27599; and tWaksman Institute of
Microbiology, Rutgers, The State University of New Jersey, P.O. Box 759, Piscataway, NJ 08854

Contributed by Evelyn M. Witkin, September 26, 1991

ABSTRACT Mutation frequency decline (NWD) is the
rapid decrease in the frequency of certain induced nonsense
suppressor mutations occtnng when protein sythesis
translendy inhibited Immediately fter irrtin. MD is
abolihed by mutations inthe uvrA, -B. or -C genes, which
prevent excision repair, or by a mfd mutation, which reduces
the rate ofexcision but does not affect survival. Using an in vitro
repair synthesis assay we found that although wild-type ells
repair the ibed (template) strand frentially, mfd
cells are incapable of d-pcfic repar. The iciency in
strand-selective repair of ,*d- cell extract was cor d by
adding highiy purified "transcription-repair coupling fator"
to the reaction mixt. We conclude that mfd is, most likely,
the gene encoding the tnscription-repai coupling factor.

In recent years in vivo studies have shown that, in general,
actively transcribing genes are repaired at a faster rate than
the rest of the genome (1-3). In the majority of the cases
gene-specific 'repair appears to be due to strand-specific
repair-that is, in an. actively transcribing gene the template
(transcribed) strand is repaired at such a high efficiency as to
account for all ofthe gene-specific repair, whereas the coding
(nontranscribed) strand is repaired 'at essentially the same
rate as the rest of the genome (4, 5). Recently, we have
developed an in vitro system (6, 7) capable of gene- and
strand-specific repair and we have partially puified an Esch-
erichia coli protein that confers strand specificity onto the E.
coli nucleotide excision repair enzyme, (A)BC excinuclease.
In this communication we describe the purification of the
"transcription-repair coupling factor"' (TRCF) to near-
homogeneity and the preliminary identification of the cou-
pling factor as the mfd gene product.
MFD (mutation'frequency decline) is operationally defined

as the rapid and irreversible decrease in the frequency of
certain damage-induced suppressor mutations that occurs
when protein synthesis is transiently inhibited immediately
after irradiation (8-12). MED-promoting posttreatments do
not alter survival, nor do they reduce the yields of other
induced mutations, yet the absence of MFD in uvr- strains
indicates that it represents a specialized type of excision
repair (9). In addition to uvr genes, mutation in another gene,
called mfd, abolishes MED; the mfd mutation, in contrast to
uvr mutations, does not reduce survival (9). Taken together
these results would imply that the mfd gene product directs
(A)BC excinuclease to carry out the specialized repair re-
sulting in MFD.
MFD experiments have usually utilized amino acid-

requiring strains owing their auxotrophy to ochre or amber
mutations, and the induced mutation frequency is measured

as reversion to prototrophy. Nonsense suppressor mutations
account for nearly all ofthe UV-induced reversions, and only
the suppressors exhibit MFD (12-14). Bockrath and col-
leagues (15-18) conducted a series of elegant genetic exper-
iments on the MFD effect and based on the results of these
experiments concluded that "MFD is a unique process
involving excision repair of premutational lesions located
only in the transcribed strand of DNA" (16). The apparent
strand specificity ofMFD led us to consider whether the mnfd
gene might encode or control the synthesis of the TRCF we
detected in our in vitro assay. Therefore, cell-free extracts
from' E. coli B/r and its mfd derivative were tested for
strand-specific repair in vitro. We found that E. coli B/r, like
E. coli K-12, was capable of strand-specific repair. In con-
trast, E. coli B/r mfd- extract was totally deficient in
strand-specific repair. When we added the purified TRCF to
the mutant cell extract it restoredthe strand-specific repair to
the wild-type level. The most likely explanation of our data
is that nfd encodes the TRCF.

MATERIALS AND METHODS
Cdls and. . E. coli K-12 derivatives AB1157 (wild

type) and AB1886 (uvrA-) were used for making extractsfor
routine repair synthesis assay and for purification of the
TRCE, respectively. E. coli B/r derivative WU3610 (which is
Leu- and Tyr- because ofUAG and UAA mutations) and its
derivative' WU3610-45 (mfd-1) are the strains that have
frequently been used in studies on MFD (11). The plasmid
pDR3274 (19) contains the uvrC gene under the strong tac
promoter. Transcription from this promoter can be inhibited
by rifampicin (Rif) or specifically by the lac repressor (7). To
prepare repair substrate, the plasmid DNA (30 ,ug/ml in 10
mM TrisHCI, pH 7.4/10 mM NaCl/1 mM EDTA) was
irradiated with 225 Jrmn2 of 254-nm light from a Sylvania
germicidal lamp.

Materials. The chromatographic resins DEAE agarose
(Bio-Rad), AcA 34 (LKB), blue Sepharose (Sigma), and
heparmn agarose (Sigma) were from the indicated sources.
[a-32P]dCTP (6000 Ci/mmol; 1 Ci = 37 GBq) was from New
England Nuclear, Rif was from Sigma, and restriction en-
zymes, DNA polymerase I, and T4 DNA ligase were from
GIBCO/BRL. RNA polymerase (RNA Pol) was from
Promega. E. coli UvrA, -B, -C, and -D proteins were purified
as described (20, 21).

Purification of the'TRCF. Twelve liters. of E. coli AB1886
was grown in Luria broth to Awo =_ 0.95. The cells were
collected by centrifugation and washed, and cell-free extract
was prepared as described (7, 22). The yield was 19 ml of

Abbreviations: MFD, mutation frequency decline; TRCF, transcrip-
tion-repair coupling factor; RNA Pol, RNA polymerase; Rif, rifampi-
cin.
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Multiple Activities Are Integrated in a Multi-Domain Protein  
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TRCF Induces Transcription Bubble Collapse 
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The D2-D7 Clamp Is Inhibitory to Translocation on  
Naked DNA 



UvrA Recruitment Requires Opening of the D2/D7 Clamp 

E. coli TRCF (PDB ID 2EYQ) 

UvrA Binding 

B. caldotenax UvrB (PDB ID 1T5L)  B. caldotenax UvrB (PDB ID 1T5L)  UvrB (PDB ID 1T5L)  UvrB (PDB ID 1T5L)  

TRCF-D2: Truncated UvrA TRCF-D2: TRCF-D7 
	





SAXS Probes Structure in Solution 

•  Measure isotropic intensity distribution and radially average I(q) 

Adapted from Petoukhov,  M., EMBL lecture 

•  Extract shape parameters: 
  Rg (low q data)  
  Dmax (maximum intramolecular distance) 
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requires ATP hydrolysis (3, 5). Limited proteolysis confirmed that
the conformation of this mutant and the effects of nucleotides on
its structure are similar to those of wild-type protein (Fig. S3).
Ab initio shape reconstructions were obtained using GASBOR

(28) and then aligned and filtered on the basis of occupancy. The

convergence of the simulations was monitored using the normal-
ized spatial discrepancy (NSD) criterion (29). Models displayed an
excellent fit to the experimental data (Fig. S4) and low NSD values
(SI Materials and Methods). As shown in Fig. 2C, there is a good fit
between the TRCF crystal structure and the solution structure. This
rigid-body fit was obtained using an automated exhaustive search
starting from a random configuration. The central cavity and D7
“handle” are clearly reflected in the shape of the SAXS envelope.
Notably, the relative position of D7 appears unchanged, confirming
that TRCF is autoinhibited in solution due to theD2–D7 interaction
also observed in the crystal structure. Therefore, for UvrA re-
cruitment to occur, D7 must move to vacate the UvrA-binding site.

Nucleotide Binding and Hydrolysis Reorganize Interdomain Contacts
Within TRCF. Given the inhibitory D2–D7 interaction we observe,
an important question remains unanswered: What triggers the un-
masking of the binding interface and recruitment of UvrA? UvrA
recruitment could be triggered byATPbinding and/or hydrolysis. To
explore this question, we extended our SAXS analysis to nucleotide-
bound TRCF-E730Q. Protein variants remain monomeric irre-
spective of nucleotide status (Fig. S5), contrasting recent reports of
TRCF oligomerizing in other species (30). Comparison of the ab
initio models (Fig. 3) and the SAXS-derived parameters Rg and
Dmax (Table S2) revealed closely related conformations for the apo
and ADP-bound states, reflecting functional similarities between
apo and ADP-bound TRCF, neither of which bind DNA (9). We
cannot exclude small-scale differences, especially those affecting the
translocase domains that would not be discernible at the resolution
of SAXS. When bound to ATP, TRCF appears to adopt a more
extended conformation reflected in the longer tail of the model-
independent pair distribution function (Fig. 3A). An obvious change
involves D7 that appears to swing out into the solvent, thus resulting

(Å-1) 

Fig. 3. Structural flexibility in nucleotide-bound TRCF-E730Q. (A) Pair dis-
tribution functions normalized against the area under the curve. (B) Aver-
aged filtered SAXS bead models. Views are as in Fig. 1A.

Fig. 4. Characterization of disulfide-locked TRCF variants. (A) Steady-state ATPase activity of TRCF variants under oxidizing (“ox” superscript) and reducing
(“red” superscript) conditions. Shown are averages of turnover numbers, kcat (normalized to wild type), obtained from three independent experiments ± SD.
(B) Quantification of total RNA released in RNAP displacement assays. TEC half-lives were estimated from three independent experiments and are shown as
the average ± SD. (C and D) SDS/PAGE of CuPh-catalyzed disulfide cross-linking with/without ADP/ATPγS (C) and UvrA-Trunc (D). (E) ATP turnover in the
presence of DNA template (Upper) and TECs visualized using thin layer chromatography (Lower).
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•  Reconstruct 3D-envelope using ab initio  algorithms starting with gas phase of 
“dummy atoms/residues” in a spherical search volume followed by minimization 
and fit against the scattering curve 

 
•  SYSTEM IS UNDERDETERMINED, MULTIPLE SOLUTIONS ARE POSSIBLE 
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The D2/D7 Clamp is Maintained in Solution in the 
Nucleotide-Free State 



The Catalytic Cycle Reorganizes Interdomain Contacts 

Deaconescu et al., PNAS (2012) 109 (9): 3353-3358 



The Catalytic Cycle Reorganizes Interdomain Contacts 

No DNA binding 
Dmax = 124 ± 5Å 
Rg =37.6 ± 0.2 Å 

No DNA binding 
Dmax = 126 ± 5Å 
Rg =36.8 ± 0.1 Å 

 
 

DNA binding 
Dmax = 140 ± 5Å 
Rg =38.2 ± 0.1 Å 
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ATPTRCF Simulations are Robust and Reproducible 

•  Use the PDB of apo-TRCF as starting model (input) to seed 
the simulation process 

PDB-seeded simulation 

Fig. S6. SAXS bead models. (A) Models for the hyperactive variant TRCFΔ(D1-D3)E730Q. (B) Ab initio (red) and coordinate-seeded model (pink) for ATP-bound
TRCF. Views are as in Fig. 3, and mean NSD values are indicated with SD. (C) Rigid-body fitting of the crystallographic model of nucleotide-free TRCF into the
SAXS envelopes obtained for the TRCF-E730Q mutant in the presence of ATP. Fitting of the atomic model into the SAXS-derived volumetric map resulted in
two possible placements with a similar correlation coefficient. The X-ray TRCF model is color-coded by domain as in Fig. 1, and the SAXS volumetric map is
represented as a gray mesh.

Deaconescu et al. www.pnas.org/cgi/content/short/1115105109 9 of 12

Ab initio simulation 
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Probing Clamp Opening Using Interdomain Disulfide 
Engineering 



The D2/D7 Clamp Is Ideally Positioned to Restrain the 
TRCF Motor and Provide Spatiotemporal Control 

E. coli TRCF 
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Prevents UvrA Binding 
Compromises DNA binding 
Impairs ATP turnover (in the 
absence of RNAP) 
Still releases RNAP off templates 
due to stimulation by the RNAP 
elongation complex    
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UvrA may be recruited after release of RNAP/transcript from 
the elongation complex 
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Post-translational modification of tubulin by a tubulin 
tyrosine ligase (TTL) 

 
 
 
 

(a collaboration with the Roll-Mecak Lab, NIH) 



http://schulmanlab.jhu.edu/research.html http://micro.magnet.fsu.edu/cells/microtubules/
microtubules.html 



Microtubules are Dynamic 

Conde & Caceres (2009) Nat Rev Neuroscience 



MiMicrotubules are Heterogeneous 

Carsten Janke & Jeannette Chloë Bulinski 

Tyrosination 

 
Nature Reviews Molecular Cell Biology (2010) 12, 773-786 



Tubulin Tyrosine Ligase (TTL) Modifies the 
α-Tubulin Tail 

Garnham & Roll-Mecak. Cytoskeleton 
 (2012) Volume 69, Issue 7, pages 442-463 

modi� cations, including the removal and subsequent addi­
tion of the C­ terminal tyrosine in a­ tubulin [Barra et al.,
1973], the non­ reversible removal of the conserved penul­
timate glutamate residue of a­ tubulin [Paturle­ Lafanechere
et al., 1991], acetylation of a­ tubulin [Lí Hernault and
Rosenbaum, 1983; Lí Hernault and Rosenbaum, 1985],
poly­ glutamylation of a­ and b­ tubulin [Edde et al.,
1990; Alexander et al., 1991; Redeker et al., 1992;
Rudiger et al., 1992], poly­ glycylation of a­ and b­ tubulin
[Redeker et al., 1994], phosphorylation of b­ tubulin [Eip­
per, 1972] and palmitoylation of a­ tubulin [Caron, 1997;
Ozols and Caron, 1997; Caron et al., 2001]. Acetylation
of b­ tubulin has also been reported recently [Chu et al.,
2011] and this addition most likely signals that we do not
yet have a complete compendium of tubulin post­ transla­
tional modi� cations. Expansion of tubuliní s post­ transla­
tional repertoire coincides with increased metazoan
complexity and the highest density and variety of post­
translational modi� cations is found in especially complex
microtubule arrays like those of neurons or cilia.
The diversity of the tubulin repertoire is evident both

at the cellular and subcellular levels. At the subcellular
level, post­ translational modi� cations mark distinct subpo­
pulations of microtubules in the cell. These marks may
serve to locally adapt microtubules for speci� c functions:
thus, microtubules oriented towards a wound in a con� u­
ent monolayer of cells are enriched in detyrosination [Bre
et al., 1991; Nagasaki and Gundersen, 1996], microtu­
bules in a newly extended neurite that is destined to
become the axon are enriched in acetylation and poly­ glu­
tamylation [Hammond et al., 2010], astral microtubules
are tyrosinated, spindle microtubules are enriched in
detyrosination [Gundersen et al., 1984; Gundersen and
Bulinski, 1986], while microtubules in cilia, � agella or ba­
sal bodies are acetylated [Piperno and Fuller, 1985] as
well as heavily poly­ glutamylated [Edde et al., 1990] and
poly­ glycylated [Levilliers et al., 1995; Verhey and Gaertig,
2007; Fukushima et al., 2009; Wloga and Gaertig, 2010].

The Tubulin C­ Terminal Tails: Hotspots for
Chemical Diversity

The well de� ned globular domain of tubulins (the ë ë tubu­
lin bodyí í ) contributes a large molecular surface to the
protomer­ protomer interface in the microtubule lattice,
while the outside of the microtubule shaft (Fig. 1) is deco­
rated by a predominantly unstructured, highly negatively­
charged C­ terminal region (the ë ë tubulin tailí í ; [Nogales
et al., 1998]). Interestingly, the C­ terminal tails of a­ and
b­ tubulin are the sites of most sequence variation among
isotypes [Sullivan, 1988; Tisch� eld and Engle, 2010] as
well as the site of the majority of known post­ translational
modi� cations: detyrosination/tyrosination [Arce et al.,
1975], glutamylation [Edde et al., 1990; Alexander et al.,
1991; Redeker et al., 1992; Rudiger et al., 1992], glycyla­

tion [Redeker et al., 1994] and phosphorylation [Eipper,
1972] (Figs. 1 and 2). Thus the outside of the microtu­
bule shaft, the surface ë ë seení í by most MAPs and motors,
is decorated by highly diverse tubulin tails that can in� u­
ence their behaviour. One notable exception seems to be
acetylation at position Lys40 on a­ tubulin [Lí Hernault
and Rosenbaum, 1983], a residue that is predicted to re­
side inside the microtubule lumen (Fig. 1) and thus likely
ë ë invisibleí í to the regulators that bind to the microtubule
surface. From an evolutionary standpoint, it makes perfect
sense that for an essential polymer additional regulatory
controls were mainly added to regions of tubulin that do
not participate in lattice interactions and where modi� ca­
tions would be less likely to result in loss of viability. This
situation is analogous to the introduction of diverse modi­
� cations to the N­ terminal tails of histones [Jenuwein and
Allis, 2001; Verhey and Gaertig, 2007].
In addition to being chemically diverse, tubulin post­

translational modi� cations have the potential to be infor­
mationally highly complex, in effect functioning as a
ë ë tubulin codeí í . Poly­ glutamylation and poly­ glycylation
are not simple ON/OFF signals like tyrosination/detyrosi­
nation, phosphorylation or acetylation. The speci� c length
of the added chain shows large variation: glutamic acid
chains can be as long as 20 residues, although most are
between one and six [Edde et al., 1992; Geimer et al.,

Fig. 1. Tubulin post­ translational modifications. Ribbons
representation of the tubulin dimer (PDB 1TUB) [Nogales
et al., 1998] with a ­ and b ­ tubulin colored green and blue,
respectively. The unstructured C­ terminal tails were modeled to
illustrate their span and are colored red. The location and type
of known post­ translational modifications is indicated on the
structure. Residues colored grey are conserved only in a subset
of tubulin isoforms. Phosphorylation occurs at Tyr437 and
Ser444 of bIII­ tubulin and Ser441 of bVI­ tubulin; glycylation
occurs on Glu445 of aIIIA/B­ tubulin and Glu437 of bIV­ tubu­
lin; glutamylation occurs on Glu443 and Glu445 of aIVA­ tubu­
lin, and Glu445 of aIA/B­ tubulin, Glu435 of bII­ tubulin,
Glu438 of bIII­ tubulin, and Glu433 of bIVa­ tubulin. For a
more complete list of modifications, see Redeker [2010].

CYTOSKELETON Tubulin Post­ Translational Modi� cations 443 n



A Putative Mechanism for Tyrosination 
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1. Phosphorylation of the α-carboxylate 

2. Nucleophilic attack on the 
phosphorylated carboxylate 



TTL-How Does It Work, and Why Is It Important? 

•  Important for organization of neural networks 
•  Microtubules in dendrites are enriched in Tyr tubulin 
•  TTL suppression leads to cancer 
•  TTL prefers to tyrosinate free tubulin heterodimer over tubulin that 

has been incorporated into a lattice (e.g. microtubules) 
•  TTL inhibits tubulin polymerization 

Szyk et al., (2012) NSMB 



TTL Binds Tubulin Not only Through Its Tail 

Szyk et al., (2012) NSMB 

X. tropicalis TTL (Monomer) 

Kd (tubulin) ~ 1 µM 
Kd (peptide) ~ 144 µM 
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of TTL showed a single peak representing the TTL monomer with 
an s value of 3.36 (Fig. 4f) and a corresponding molecular mass of 
42,696 Da, in agreement with the mass predicted for monomeric 
TTL (43,686 Da). Thus, the homo-oligomerization interface of ATP-
grasp enzymes has evolved in TTL to recognize the tubulin dimer, a 
substrate substantially larger than those of typical ATP-grasp ligases. 
TTL, which has uniquely evolved to be a monomer, is unstable with-
out tubulin22,41, which completes its oligomerization interface.

The TTL–tubulin complex in solution
Our ultracentrifugation experiments demonstrate that purified TTL 
forms a 1:1 complex with tubulin (the calculated molecular mass of 
141,974 Da is in agreement with the predicted mass of 143,584 Da; 
Fig. 4g and Methods), consistent with sucrose gradient analysis of 
endogenous TTL–tubulin complexes24. The c(s) distributions obtained 
with protein mixtures with 1:1 tubulin/TTL ratios at increasing con-
centrations showed two peaks, a small s value peak representing free 
TTL, with the area of the peak decreasing with increasing protein 
concentration, and a high s value peak representing the position of 
the tubulin–TTL complex reaction boundary. By analyzing the shift 
in position of the complex peak with increasing protein concentra-
tion, the affinity constant of TTL for tubulin was determined to be 
~1 M (Fig. 4g and Methods). Isolated -tubulin tail peptide bound 
to TTL with low affinity (Kd  144 M; Methods) when compared 
with tubulin, and the specific activity of TTL with this peptide is 98% 
lower than with tubulin42, indicating that the enzyme makes impor-
tant contacts with the tubulin dimer in addition to the -tail. The low 
binding affinity for the -tail peptide explains the earlier observa-
tion that TTL is inefficient at modifying -tubulin in microtubules43 
despite the fact that the flexible tail is exposed on the microtubule 
surface. To further characterize the TTL–tubulin complex, we carried 
out SAXS experiments. The SAXS data show that the TTL–tubulin 
complex has a considerably larger maximal dimension (Dmax) than 
either TTL or tubulin alone, at 165  3 Å versus 72  5 Å or 95 Å, 
respectively (Fig. 5a and Supplementary Fig. 5; in the case of tubulin, 
the Dmax was determined from the known electron crystal structure; 

PDB 1JFF44). The elongated nature of the complex is consistent with 
our sedimentation velocity data, which indicates that the shape of 
the TTL–tubulin complex is approximated by a prolate ellipsoid with 
an aspect ratio of 3.8. We benchmarked our analysis by determining 
through analytical ultracentrifugation the aspect ratio for the tubulin 
heterodimer alone. This led to an aspect ratio of 2.2, in agreement 
with the known tubulin structure44. Comparison of the calculated 
pair-distribution (P(r)) function for tubulin and the experimental 
P(r) for the TTL–tubulin complex also showed that in addition to 
being more elongated, the complex is asymmetric as the function is 
relatively skewed (Fig. 5a).

We used SAXS data to generate low-resolution ab initio models of 
three-dimensional arrangements of scattering centers that provide 
the shape of the molecular envelope for the TTL–tubulin complex 
(Fig. 5b and Methods). We carried out 15 ab initio simulations and 
the resulting models were aligned, averaged and filtered on the basis 
of occupancy (Fig. 5c,d and Methods). The  filtered structure of the 
TTL–tubulin complex is a deformed prolate ellipsoid with a narrower 
side. The wider section has dimensions consistent with those of the 

-tubulin heterodimer (95 × 50 Å2). The remaining volume is con-
sistent with the TTL molecular envelope, with the N-terminal domain 
lying at the edge of the complex and the central and C-terminal 
domains contacting the tubulin body. This proposed model is con-
sistent with our mutagenesis data showing that mutations at the tip 
of the N-terminal domain did not affect tyrosination, but mutations 
in the central and C-terminal domains and in the N-terminal and 
central domains junction did (Figs. 3 and 4).

Given the symmetric nature of the tubulin dimer and the limited  
resolution of the SAXS reconstruction, it is not possible to 
 unequivocally position the tubulin heterodimer in the reconstruction 
and establish which tubulin protomer is recognized by TTL. However, 
the length of the -tubulin tail and the substrate requirements of 
TTL support a model in which the major recognition interface is on 

-tubulin. The last 11 residues in the -tubulin tail are disordered  
in the tubulin structure44. Assuming that these residues are in a  
completely extended conformation (leading to a maximum length of 
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Figure 3 Molecular determinants of tubulin tyrosination. (a) TTL molecular surface with conserved residues important for tubulin tyrosination in  
stick atomic representation. (b) Normalized relative tyrosination activity with -tubulin peptide (blue) or tubulin (red) substrates of structure-guided  
TTL mutants (n  3). Error bars indicate s.e.m.



 What is the basis for this substrate specificity? 

Heterodimer          versus         Polymer 
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Hypothesis 
 TTL binds to a surface that is buried in the polymeric tubulin form 



The TTL-Tubulin Complex is Elongated 

Szyk et al., (2012) NSMB 
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The TTL Contacts Primarily α-Tubulin 

Is the tubulin heterodimer flipped? 

-  AUC confirmed complex formation and 1:1 stoichiometry 
-  From frictional ratio aspect ratio is 3.8 (versus 2.2 for tubulin) denoting 

an elongated structure 
  

Szyk et al., (2012) NSMB 



Antibodies against α-Tubulin Inhibit Tyrosination 

Szyk et al., (2012) NSMB 



TTL May Modulate the Partitioning of 
Heterdimeric versus Polymeric Tubulin and 

Tune Motors and End-Binding Proteins  

Szyk et al., (2012) NSMB 
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