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PREFACE 

Eukaryotic genomes are highly complex and can be very large. For example, the human 

genome contains approximately 20,000-25,000 protein coding genes. Expression of these 

genes needs to be tightly regulated at many levels, including chromatin organization, gene 

transcription, mRNA processing and export and translation, for proper functioning of cellular 

machinery. Many proteins and protein complexes are involved in these essential regulatory 

processes, examples include chromatin remodelers, transcriptional activators and 

coactivators, transcriptional repressors and notably the general transcription machinery. The 

general transcription machinery is required for and regulates the transcription of DNA into 

RNA. This forms the basis of the so-called central dogma of molecular biology which 

postulates that genetic information is realized by DNA transcription into RNA followed by 

translation into proteins. Transcription of protein coding genes in eukaryotes is called Class 

II gene transcription, and is catalyzed by RNA polymerase II (Pol II). Gene transcription by 

Pol II requires the cooperative interaction of multiple proteins and protein complexes to 

facilitate the assembly of a preinitiation complex (PIC) at the core promoter. The PIC 

comprises Pol II and the General Transcription Factors (GTFs)- TFIIA, TFIIB, TFIID, 

TFIIE, TFIIF, and TFIIH, together with the Mediator complex and a large variety of 

transcriptional coactivators.  

A fundamental step in PIC assembly is recognition of the core promoter by GTF 

TFIID, a megadalton sized multiprotein complex. In humans, TFIID comprises about twenty 

subunits made up of 14 different proteins – the TATA box binding protein (TBP) and its 

associated factors (TAFs, numbered 1 to 13). A range of studies on human TFIID and its 

subassemblies have been carried out since its discovery more than two decades ago, to 

understand the structure and mechanism of this essential GTF, but the architecture of TFIID, 

its activities, its functions, its inner workings and the mechanisms of its cellular assembly 

have eluded detailed understanding to date. 
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This thesis describes biochemical, biophysical, structural and functional studies 

carried out on three distinct human TFIID subassemblies. We used a number of structural 

biology techniques, including crystallization, nuclear magnetic resonance (NMR) 

spectroscopy and small angle X-ray scattering (SAXS) to analyses a complex formed by the 

human TBP associated factors TAF1 and TAF7. We determined crystal structures of one 

portion of the TAF1/TAF7 heterodimerization domain at 1.75 Å resolution, and 

complemented this study by determining the solution structure of a second portion of this 

interaction domain using NMR. We integrated these partial structures into a composite 

atomic model describing the entire human TAF1/TAF7 interaction by using an envelope we 

derived from SAXS data of the complete TAF1/TAF7 heterodimerization domain. These 

structural studies provide detailed insights into the intricate interaction interface formed by 

TAF1 and TAF7, and, together with other data available from the literature, highlight the 

dynamic nature of the TAF1/TAF7 interaction in the human TFIID complex. 

In a second study, we analyzed a novel complex formed by TAF11, TAF13 and TBP 

using a range of biophysical and biochemical methods including electrophoretic mobility 

shift assay (EMSA), analytical ultracentrifugation (AUC), size exclusion chromatography 

(SEC) analysis, pull-down assay, native mass-spectroscopy and chemical cross-linking mass 

spectroscopy (CLMS). We discovered this complex fortuitously. Initially, based on published 

genetic and biochemical data, we set out to study a putative pentameric complex formed by 

TAF11, TAF13, General Transcription Factor TFIIA, TBP and core promoter DNA. This 

complex was proposed to form by interaction of the heterodimeric TAF11/TAF13 complex 

with a preformed TFIIA/TBP/DNA complex. In marked contrast to published data, we found 

that TAF11/TAF13, instead of forming a supercomplex with TFIIA/TBP/DNA, actually 

displaced DNA from TFIIA/TBP/DNA, and dissociated this complex. Moreover, our data 

evidenced that a novel, stable heterotrimeric complex composed of TAF11, TAF13 and TBP 

was formed, with a 1:1:1 stoichiometry in its subunits. This is reminiscent of a so-called 

TATA-box mimicry discovered previously in a TAF1/TBP complex. We addressed the 
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structure of the TAF11/TAF13/TBP complex by SAXS and CLMS, and derived models for 

this heterotrimeric complex based on this resolution structural information in conjunction 

with existing atomic structures of the subunits. These are being used to determine a quasi-

atomic structural model of this interaction, as a prerequisite for in vivo studies to confirm the 

functional significance of the novel TAF11/TAF13/TBP complex we discovered, in vitro.  

As part of the ongoing efforts in the Berger laboratory to determine the structure of 

human holo-TFIID, we furthermore produced and purified a large (~900 kDa) TFIID 

subassembly called 9TAF, which is composed of nine different TBP associated factors. 

9TAF is an important subcomplex of the TFIID assembly pathway which we established in 

vitro to prepare fully recombinant 1.5 MDa human holo-TFIID complex with a full 

complement of TAFs and TBP. We carried out negative stain EM studies and random conical 

tilt (RCT) analysis on 9TAF to obtain low resolution structural information. These studies set 

the stage for future cryo-EM studies of this 9TAF complex in our laboratory to obtain a 

high(er) resolution model, for example by applying recent improvements in EM data 

acquisition and refinement techniques (the cryo-EM revolution), to decipher the inner 

workings of human TFIID. 

 

 

 

 

 

Keywords: Transcription, pre-initiation complex PIC, General Transcription Factor GTF, 

human TFIID complex, TATA-box binding protein TBP, TBP associated factor TAF, 

Structural Biology, X-ray crystallography, small-angle X-ray scattering SAXS, nuclear 

magnetic resonance NMR, electron microscopy EM, electrophoretic mobility shift assay 

EMSA, analytical ultracentrifugation AUC, mass spectroscopy MS, chemical cross-lining 

mass spectroscopy CLMS. 
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PREFACE (EN FRANҪAIS) 

Les génomes eucaryotes sont très complexes et peuvent être très grands. Par exemple, le 

génome humain contient environ de 20 000 à 25 000 gènes codant pour des protéines. 

L'expression de ces gènes doit être strictement régulée à de nombreux niveaux (tels que  

l'organisation de la chromatine, la transcription des gènes, le traitement et l'exportation de 

l'ARN messager ainsi que la traduction) pour le bon fonctionnement de la machinerie 

cellulaire. De nombreuses protéines et complexes protéiques sont impliqués dans ces 

processus essentiels de régulation, tels que les remodeleurs de la chromatine, les activateurs, 

co-activateurs  et répresseurs de la transcription et particulièrement la machinerie générale de 

transcription. La machinerie générale de transcription est nécessaire et permet la régulation 

de la transcription de l’ADN en ARN. Cela est à la base du dogme central de la biologie 

moléculaire qui postule que l'information génétique est transmise par transcription de l’ADN 

en ARN et par traduction de l’ARN en protéines. Chez les eucaryotes, la transcription de 

gènes codant pour des protéines est appelée transcription génique de classe II, elle est 

catalysée par l’ARN polymérase II (Pol II). La transcription des gènes par la polymérase II 

nécessite l'interaction coopérative de plusieurs protéines et complexes protéiques afin de 

faciliter l'assemblage d'un complexe de pré-initiation (PIC) au promoteur de base. Le 

complexe de pré-initiation comprend l’ARN polymérase II et les facteurs de transcription 

généraux (GTFs) - TFIIA, TFIIB, TFIID, TFIIE, TFIIF et TFIIH ainsi que le complexe de 

Médiateur et une grande variété de co-activateurs transcriptionnels. 

Une étape fondamentale dans l'assemblage d'un complexe de pré-initiation est la 

reconnaissance du promoteur de base par le facteur de transcription général TFIID. TFIID est 

un complexe multi protéique d’environ 1,6 MDa. Chez l’homme, il comprend une vingtaine 

de sous-unités constituées de 14 protéines différentes - la protéine de liaison à la boite tata 

(TBP) et ses facteurs associés (TAFs 1 à 13). Une série d'études sur la TFIID humaine et ses 

sous-ensembles ont été réalisés depuis sa découverte il y a plus de 20 ans, cherchant à 

comprendre la structure et le mécanisme de ces facteurs de transcription général essentiel, 
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cependant l'architecture de TFIID, ses activités, ses fonctions, ses rouages et ses mécanismes 

d’assemblage cellulaire reste largement incompris à ce jour. 

Cette thèse décrit les études biochimiques que nous avons effectuées sur trois sous-

ensembles distincts de TFIID humain. Nous avons utilisé un certain nombre de techniques de 

biologie structurale : la cristallographie, la spectroscopie à résonance magnétique nucléaire 

(RMN) et la diffusion des rayons X  aux petits angles (SAXs), pour étudier le complexe 

formé par les facteurs humains, associés à la protéine de liaison à la boite tata, TAF1 et 

TAF7. Nous avons déterminé la structures cristallisé d'une partie du domaine 

d’hétérodimérisation TAF1/TAF7 avec une résolution de 1,75 Å, et complété cette étude par 

la détermination de la structure de la solution d'une seconde partie de cette région 

d'interaction en utilisant la RMN. Nous avons intégré ces structures partielles dans un model 

atomique composite décrivant l’intégralité des régions d'interaction TAF1/TAF7 en intégrant 

ces résultats avec des donnés SAXS nous avons pu déterminer la structure complète du 

domaine d'interaction TAF1/TAF7. Ces études structurelles fournissent un aperçu détaillé sur 

l'interface d'interaction complexe de TAF1/TAF7, misent de concert avec des données 

disponibles dans la littérature, elles mettent en évidence la nature dynamique de l'interaction 

TAF1/TAF7 dans le complexe de TFIID humain.  

Dans une deuxième étude, nous avons analysé un complexe formé par TAF11, 

TAF13 et TBP en utilisant un panel de méthodes biophysiques et biochimiques : l’analyse 

électrophorétique de retard sur gel (EMSA), l’ultracentrifugation analytique (AUC), la 

chromatographie d'exclusion stérique (SEC) analyse, le pull-down, la spectrométrie de masse 

native et la spectrométrie de masse chimique à réticulation (CLMS). Initialement, basé sur la 

publication de données génétiques et biochimiques, nous avons décidé d'étudier un complexe 

pentamérique putatif se composant de TAF11, TAF13, TBP, le facteur de transcription 

générale TFIIA et le cœur du complexe composé d’ADN promoteur. L’hypothèse était que 

ce complexe se former, par interaction de l’hétérodimère TAF11/TAF13 avec l’hétérotrimère 

TFIIA/TBP/ADN-promoteur. Nous avons constaté que TAF11/TAF13, au lieu de former un 
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supercomplexe avec TFIIA/TBP/ADN-promoteur, va en fait déplacer l’ADN de ce 

complexe. Nos données montrent qu’un nouveau complexe hétérotrimerique stable existe 

composé de TAF11, TAF13 et TBP, la stœchiométrie ses trois sous-unités étant de 1:1:1, ce 

trimère fait penser au complexe TAF1/TBP qui imite la boite tata. Nous avons abordé la 

structure du complexe TAF11/TAF13/TBP à partir de modèles dérivés de SAXS en 

conjonction avec des structures atomiques préexistantes des différentes sous-unités et de 

données de CLMS. La détermination de la structure de ce complexe est un prérequis à l’étude 

in vivo afin de confirmer le rôle fonctionnelle de ce nouveau complexe TAF11/TAF13/TBP. 

De plus, dans le cadre des efforts en cours au sein du laboratoire du Pr Imre Berger 

afin de déterminer la structure de l’holo-TFIID humaine, nous avons reconstitué un grand 

sous-ensemble de TFIID (900 KDa) appelé 9TAF, qui est composé de neuf différents 

facteurs associés de TBP. 9TAF est un sous-complexe important de la voie d'assemblage 

TFIID que nous exécutons in vitro pour reconstituer l’intégralité du complexe holo-TFIID 

humain de 1,5 MDa mda. Nous avons effectué des études d'électro-microscopie par 

coloration négative sur le complexe 9TAF qui nous ont fourni des informations à faible 

résolution. Ces études ouvrent la voie à de futures études de cryo-EM sur le complexe 9TAF 

au sein de notre laboratoire pour obtenir un modèle de plus haute résolution, premièrement 

en appliquant les améliorations récentes dans l'acquisition de données EM et dans les 

techniques de traitement (« la révolution cryo-EM »). 

 

 

Mots-cles: transcription, complexe de pré-initiation PIC, facteur de transcription général 

GTF, complexe TFIID humain, protéine de liaison à la boite TATA TBP, TAF facteur 

associé à TBP, biologie structurale, cristallographie à rayons x, diffusion des rayons x à 

petite-angle SAXS, résonance magnétique nucléaire RMN, microscopie électronique EM, 

test de décalage de mobilité électrophorétique EMSA, analytique ultracentrifugation AUC, 

spectroscopie de masse MS, spectroscopie de masse avec cross-linking chimiques CLMS. 
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ABBREVIATIONS 

Å   Angstrom 
A   Alanine 
AA   Amino acid 
Ala  Alanine 
Amp   Ampicillin 
Arg   Arginine 
Asn   Asparagine 
Asp   Aspartic acid 
ATP   Adenosine-5’-triphosphate 
AUC Analytical 

ultracentrifugation 
 
 
Bdf1   Bromodomain factor 1 
bp   Base pairs 
β-ME  β-mercaptoethanol 
BREd Downstream TFIIB-

recognition element  
BREu Upstream TFIIB-

recognition element  
BSA   Bovine serum albumin 
BS3 Bis (sulfosuccinimidyl) 

suberate 
 
 
C   Cysteine 
Camp   Chloramphenicol 
CD  Circular Dichroism 
CLMS Cross-linking mass 

spectrometry 
Cryo-EM  Cryo electron microscopy 
CV  Column volume 
Cys   Cysteine 
 
 
D   Aspartic acid 
Da   Dalton 
DCE   Downstream core element 
dCTP Deoxy cytosine 

triphosphate 
Dmax Maximum diameter 
dNTP  Deoxynucleoside 

triphosphate 
DNA Deoxy ribonucleic acid 

DPA   Day of proliferation arrest 
DPE  Downstream promoter 

element 
DTT   Dithiothreitol 
E   Glutamic acid 
EDTA  Ethylene diamine 

tetraacetic acid 
EG  Ethylene Glycol 
EM   Electron microscopy 
EMDB  Electron microscopy data 

bank 
EMSA Electrophoratic mobility 

shift assay 
ETO   Eight-twenty-one protein 
 
 
F   Phenylalanine 
FPLC Fast protein liquid 

chromatography 
 
 
G   Glycine 
Gent   Gentamycin 
Gln   Glutamine 
Glu   Glutamic acid 
Gly   Glycine 
GTF   General Transcription Factor 
 
 
H   Histidine 
HAT   Histone acetyl transferase 
HFD   Histone fold domain 
His   Histidine 
hr  Hour 
HTX  High-throughput 

crystallization 
 
 
I   Isoleucine 
IEX  Ion exchange 

chromatography 
Ile   Isoleucine 
IMAC  Immobilized metal affinity 

chromatography 
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Inr   Initiator 
IP   Immunoprecipitation 
IPTG Isopropyl β-D-1-

thiogalactopyranoside 
ITC Initially transcribing 

complex 
 
K   Lysine 
Kan   Kanamycin 
kDa   Kilodalton 
 
 
L   Leucine 
LB   Luria broth 
LCR  Locus control region 
Leu   Leucine 
LisH   Lis homology domain 
Lys   Lysine 
 
 
M   Methionine 
mA   milliampere 
MALLS  Multi angle laser light 

scattering 
MCS   Multi cloning site 
MDa  Mega daltons 
Met   Methionine 
MgCl2   Magnesium chloride 
MHz  Mega Hertz 
min  Minute 
miRNA microRNA 
mM   millimolar 
Mot1  Modifier of transcription1 
MR   Molecular replacement 
mRNA  Messenger RNA 
MS   Mass spectrometry 
ms  milli seconds 
MTE   Motif ten element 
MW   Molecular weight 
 
 
N   Asparagine 
Na-Acetate  Sodium acetate 
Na-Citrate  Sodium citrate 
NaCl   Sodium chloride 
NaOH   Sodium hydroxide 
NC2  Negative cofactor 2 

NMR Nuclear magnetic 
resonance 

nt   nucleotide 
NTD   N-terminal domain 
OD   Optical density 
 
 
P   Proline 
PAGE Polyacrylamide gel 

electrophoresis 
PCR   Polymerase chain reaction 
PDB   Protein data bank 
PEG   Polyethylene glycol 
PHD   Plant homeo domain 
pI   Isoelectric point 
PIC   Pre-initiation complex 
PolII   RNA-Polymerase II 
P(r)  Pair-distance distribution 
Pro   Proline 
 
 
Q   Glutamine 
 
 
R   Arginine 
Rg  Radius of gyration 
RMSD  Root mean square deviation 
RNA  Ribonucleic acid 
rpm  Rotation per minute 
rRNA   Ribosomal RNA 
 
 
S   Serine 
SAGA SPT-ADA-GCN5-acetylase 
SAXS Small angle X-ray 

scattering 
SCP   Super core promoter 
SDS   Sodium dodecyl sulfate 
SEC  Size exclusion 

chromatography 
sec  Seconds 
Ser   Serine 
siRNA  Small interfering RNA 
SLIC  Sequence and ligation 

independent cloning 
snRNA  Small nuclear RNA 
STAGA SPT3-TAF(II)31-GCN5L 

acetylase 
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T   Threonine 
TAF   TBP associated factor 
TAFH   TAF homology domain 
TAND  TAF1 N-terminal domain 
TATA   TATA box 
TBP   TATA box binding protein 
TEMED  N,N,N’,N’-Tetra methyl 

ethylene diamine 
Tet   Tetracycline 
TEV   Tobacco etch virus 
TFIIA  Transcription factor II A 
TFIIB  Transcription factor II B 
TFIID   Transcription factor II D 
TFIIE  Transcription factor II E 
TFIIF  Transcription factor II F 
TFIIH  Transcription factor II H 
TFTC TBP-free TAF-containing 

complex 
TLS   Translation/libration/screw 
Thr   Threonine 
TLF  TBP like factor 
TLP  TBP like protein 

TRF  TBP related factor 
tRNA   Transfer RNA 
Trp   Tryptophan 
TSS   Transcription start site 
 
U  Units 
UV   Ultraviolet 
 
 
V   Valine 
V   Volt 
[v/v]   Volume per volume 
Val   Valine 
 
 
W   Tryptophan 
[w/w]   Weight per weight 
[w/v]   Weight per volume 
WT   Wild type 
 
 
Y   Tyrosine 
YFP   Yellow fluorescent protein 
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More pieces to the puzzle: recent structural insights into class II
transcription initiation
Eaazhisai Kandiah1,2, Simon Trowitzsch1,2, Kapil Gupta1,2,
Matthias Haffke1,2 and Imre Berger1,2

Class II transcription initiation is a highly regulated process and

requires the assembly of a pre-initiation complex (PIC)

containing DNA template, RNA polymerase II (RNAPII), general

transcription factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF,

TFIIH and Mediator. RNAPII, TFIID, TFIIH and Mediator are

large multiprotein complexes, each containing 10 and more

subunits. Altogether, the PIC is made up of about 60

polypeptides with a combined molecular weight of close to

4 MDa. Recent structural studies of key PIC components have

significantly advanced our understanding of transcription

initiation. TFIID was shown to bind promoter DNA in a

reorganized state. The architecture of a core–TFIID complex

was elucidated. Crystal structures of the TATA-binding protein

(TBP) bound to TBP-associated factor 1 (TAF1), RNAPII–TFIIB

complexes and the Mediator head module were solved. The

overall architectures of large PIC assemblies from human and

yeast have been determined by electron microscopy (EM).

Here we review these latest structural insights into the

architecture and assembly of the PIC, which reveal exciting

new mechanistic details of transcription initiation.
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Introduction
Transcription of RNAPII dependent genes involves a

cascade of events including binding of activators to

enhancers, assembly of the PIC on promoters and

elongation by RNAPII [1]. PIC assembly is synergistic

and highly regulated, involving large multiprotein com-

plexes such as RNAPII, TFIID, Mediator and others [2].

TFIID is thought to nucleate the PIC on a core promoter

by binding to the TATA box via its TBP subunit [3].

Binding of TFIIA stabilizes TFIID–core promoter inter-

actions [4,5]. TFIIB interacts with TBP and promoter

DNA, and recruits the RNAPII–TFIIF complex [6,7].

With TFIIB and TFIIF, RNAPII orients the DNA

template and selects the transcription start site (TSS)

[8]. TFIIE and TFIIH are then accreted and together

with RNAPII catalyze promoter melting and transition

from transcription initiation to elongation [3].

Understanding the mechanism of transcription initiation

requires structural knowledge of the components and

their interplay. During the last three years, a number

of revealing structures of important transcription

initiation subassemblies have been obtained. Here we

review new studies on TFIID and its components

[9�,10�,11�], the RNAPII–TFIIB initially transcribing

complex (ITC) [12��] and large PIC assemblies contain-

ing RNAPII and GTFs [13��,14��]. These exciting results

considerably advance our understanding of TFIID

assembly and its regulatory role in promoter binding,

the function of TFIIB in RNAPII transcription initiation,

and the supramolecular organization of the entire PIC.

New insights into TFIID structure and assembly

TFIID is a megadalton-sized multi-subunit complex

containing TBP and 13–14 TAFs [3]. Recent structural

analyses by cryo-EM reveal holo-TFIID binding to pro-

moter DNA in a reorganized state, and provide a view of a

physiological core–TFIID complex with implications for

holo-TFIID assembly [9�,10�].

The structure of holo-TFIID is dynamic

TFIID adopts a horseshoe-shaped structure comprising

three lobes (A, B and C) (Figure 1) [5]. In its ‘canonical’

form, lobe A is anchored to lobe C (Figure 1a). Cryo-EM

analysis of human holo-TFIID, purified from HeLa cells,

revealed a hitherto unobserved ‘reorganized’ form [9�]. In

the reorganized form, lobe A dislocates from lobe C to

lobe B (Figure 1a). When bound to TFIIA and an artificial

core promoter DNA (super core promoter, SCP), the

reorganized form of TFIID is mainly present, in contrast

to unbound TFIID which exists in both forms. SCP

contains a TATA-box, initiator, downstream promoter

element and motif ten element [15], and interactions

of these elements with TFIID subunits could be tenta-

tively assigned to the lobes in the TFIID–SCP–TFIIA

structure [9�]. Based on molecular modeling and docking

analysis the authors propose that the N-terminus of TAF1
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is present in lobe A, whereas the C-terminal portion

of TAF1 reaches over onto the preassembled BC

lobes, suggesting a structural role for TAF1 in the

transition between the canonical and reorganized forms

of TFIID [9�,16].

Architecture of a physiological core–TFIID

A subset of TAFs (TAF4, 5, 6, 9, 10 and 12) within TFIID

are thought to be present in two copies, while the remain-

ing TAFs (1, 2, 3, 7, 8, 11 and 13) and TBP are present in

single copy [17]. This arrangement conveys a bipartite

architecture for TFIID and a transition from a symmetric

to an asymmetric structure during the assembly of

TFIID. A physiological core complex of TFIID was

identified in Drosophila nuclei, containing a subset of five

TAFs, TAF4, 5, 6, 9 and 12 [18]. This core–TFIID

complex was proposed to function as a central scaffold

for the binding of the remaining TAFs and TBP on the

periphery [18].

The architecture of fully recombinant core–TFIID from

human, composed of TAF4, 5, 6, 9 and 12, was recently

92 Nucleic acids and their protein complexes

Figure 1
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TFIID architecture. (a) Cryo-EM studies of endogenous TFIID purified from HeLa cells reveal two distinct forms. In the canonical form (left), lobe A

(colored in red) is attached to a scaffold formed by lobes B and C (colored in blue) by contacting lobe C. In the reorganized form (middle), lobe A is

contacting lobe B. When promoter DNA (colored in yellow) and TFIIA are added, TFIID is stabilized in the reorganized form (right). SCP stands for super

core promoter DNA [15]. The position of TFIIA (marked) was deduced from nanogold labeling experiments [9�]. Scale bar, 1 nm. (b) Cryo-EM structure

of a human core–TFIID complex formed by two copies each of five TAFs (TAF4, 5, 6, 9 and 12) is shown in two colors (yellow and purple). The cryo-EM

structure (gray mesh) of a complex (7TAF) containing two further TAFs (TAF8 and TAF10) is superimposed. Core–TFIID is symmetric. Addition of TAF8

and TAF10 results in a rearrangement of the subunits, giving rise to an asymmetric structure. The structural rearrangements (indicated by arrows)

occur mainly in one half of the structure corresponding to the ‘core–TFIID rearranging half’ (colored in purple), while the ‘core–TFIID static half’ (colored

in yellow) remains largely unaltered (left panel). A bottom view (right panel) shows the density corresponding to the TAF8–10 heterodimer (colored in

orange). The location of the twofold axis relating the two halves in core–TFIID is marked by an asterisk [10�]. Scale bar, 1 nm. (c) Crystal structure of the

TAND1 (colored in purple) and TAND2 (colored in blue) domains of yeast TAF1 bound to TBP (colored in green). The TAND1 and TAND2 domains are

depicted in a surface representation; TBP is shown as a ribbon (middle panel). TAND1 and TAND2 are connected by a linker (colored in light blue).

Mainly hydrophobic interactions are found at the interface between TAND1 and TBP (left panel). Mainly ionic interactions are found at the interface

between TAND2 (residues shown as sticks) and TBP (in electrostatic surface representation) (right panel). A phenylalanine (F57) serves as an aromatic

anchor [11�].
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analyzed using a hybrid approach involving cryo-EM,

data from X-ray structures and homology modeling

[10�]. This study revealed that these TAFs, present in

two copies each, assemble into a twofold symmetric

structure (Figure 1b). Conserved domains within the

TAFs forming this core–TFIID, including the histone-

fold (HF) domains of TAF 4, 6, 9 and 12 were placed in

the EM density [10�]. The HF is a prevalent structural

feature within TFIID, with 9 of 14 TAFs containing aHF

domain [19]. The presence of HF domains led to the

proposal that TFIID may contain histone tetramer and

octamer-like structures, as they occur in nucleosomes.

The core–TFIID cryo-EM structure, comprising the

TAF6–9 and TAF4–12 HF pairs, however, did not pro-

vide evidence for this hypothesis [10�]. Whether sub-

sequent conformational changes induced by the addition

of further TAFs containing HF domains may result in

octamer-like structure remains to be elucidated.

Extensive conformational changes were observed, when a

complex of core–TFIID bound to two HF domain con-

taining TAFs, TAF8 and TAF10, was analyzed by cryo-

EM (Figure 1b). This 12 subunit complex contains two

copies each of TAF4, 5, 6, 9 and 12, but only one copy

each of TAF8 and TAF10, and, in contrast to core–

TFIID, is asymmetric [10�]. The binding of one

TAF8–10 heterodimer appears to rule out the binding

of a second, by means of steric hindrance (Figure 1b).

Proteomics studies confirmed that the stoichiometry

found in the recombinant TAF complexes is consistent

with those present in endogenous TFIID [10�]. Taken

together, these results provide a mechanistic model for

the structural transition of TFIID from a symmetric core

formed by TAF4, 5, 6, 9 and 12, to an asymmetric holo-

TFIID complex, triggered by binding of TAF8–10 in

single copy and involvingmajor structural rearrangements

in the core–TFIID scaffold [10�].

Crystal structure of a yeast TAF1–TBP
complex
TAF1 interacts strongly with TBP, and mutations mod-

ulating TAF1–TBP binding affect cell growth and

division [20]. TAF1–TBP interactions were mapped

to the TAF N-terminal domain (TAND) region of

TAF1 [20]. A structural model for the TAF1–TBP

interaction was deduced from earlier nuclear magnetic

resonance (NMR) data, suggesting that the N-terminal

region of TAF1 regulates TBP activity by mimicking

TATA-box DNA and occupying the DNA binding

surface of TBP [21].

The recent 1.97 Å crystal structure of a yeast TAF1

TAND–TBP complex, together with mutational data,

provides a complete atomic description of TAF1–TBP

interactions [11�]. A single-chain TAF1 TAND–TBP

construct was utilized to stabilize complex formation.

Yeast TAF1 contains two TAND domains, TAND1

and TAND2, which bind to the concave and convex

surfaces of TBP, respectively (Figure 1c). In transcrip-

tion, TAND1 itself was shown to function as an activation

domain, while TAND2 independently exerts an inhibi-

tory effect [22]. The interactions observed at the TA-

ND1–TBP binding interface are mainly hydrophobic and

structurally mimic those observed in the complex formed

by TBP and TATA DNA [23] (Figure 1c). On the other

hand, negatively charged residues of TAND2 interact

with positively charged residues on the convex surface of

TBP, and a phenylalanine residue in TAND2 (F57)

serves as a hydrophobic anchor of the TAND2–TBP

interaction (Figure 1c). This TAND2 aromatic and acidic

peptide region represents a conserved regulatory TBP

binding motif, which the authors could identify also in

other, structurally distinct transcription factors including

TFIIA, Brf1 and Mot1, conveying competition between

such binding domains as a means of regulation [11�]. The

present TAF1–TBP crystal structure shows the simul-

taneous integration of activating and repressing transcrip-

tional modalities in the complex, providing an atomic

framework for further analysis.

RNAPII–TFIIB initially transcribing complex
(ITC)
TFIIB contributes to core promoter binding and melting,

transcription start site (TSS) selection and transcript

separation by its N-terminal region interacting with

DNA and RNAPII [24,25]. The structural basis of these

activities remained elusive. Crystal structures of an RNA-

PII–TFIIB complex, and RNAPII–TFIIB with DNA

template and RNA, reveal previously unobserved inter-

actions of TFIIB with RNAPII and nucleic acids, shed-

ding new light on important roles of TFIIB in

transcription initiation [12��].

TFIIB consists of two globular cyclin folds and an

extended N-terminal domain comprising the so-called

B-ribbon, B-reader and B-linker elements (Figure 2a).

During transcription initiation, TFIIB extends with its B-

reader element into the RNAPII active center cleft. In

earlier studies of RNAPII–TFIIB complexes, the B-

reader could not be localized completely [7,26]. In the

recent crystal structure of a RNAPII–TFIIB complex

refined at 3.4 Å resolution, the complete B-reader could

now be traced unambiguously (Figure 2a) [12��]. A trun-

cated version of TFIIB lacking the C-terminal cyclin fold

and a mobile N-teminal tail was used. TFIIB interacts

intricately with RNAPII: with the dock (B-ribbon), the

wall (B-core N-terminal cyclin fold), the RNA exit tunnel

(B-reader helix) and the clamp (B-linker helix). Upon

TFIIB binding, domains of RNAPII are rearranged,

leading to a partial closure of the cleft. A mobile region

at the tip of the Rpb2 protrusion domain in RNAPII

adopts a defined structure, which is required for the

stability of the initiation complex. The interactions be-

tween TFIIB and RNAPII explain functional studies,

Transcription initiation — recent structural insights Kandiah et al. 93
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which showed that a mutation in the B-reader domain of

TFIIB that causes a shift in TSS, could be compensated

for by mutations on RNAPII in the Rbp2 subunit [27].

In the absence of nucleotides, only one catalytic metal ion

is present in the active site of RNAPII [28]. The RNA-

PII–TFIIB crystal structure reveals the presence of two

metal ions (A and B), which are both required for the

catalytic activity of RNAPII. Without directly contacting

the active site, TFIIB induces rearrangements in RNA-

PII that increase the affinity for the second metal ion.

Consistent with this, the authors show biochemically that

addition of TFIIB stimulates the RNA chain initiation

activity of RNAPII [12��].

ADNA template comprising a downstreamDNAduplex,

and a 6 nucleotideRNA strandwere incorporated into the

RNAPII–TFIIB complex, giving rise to the initially

transcribing complex (ITC) (Figure 2b). The ITC struc-

ture suggests that, in addition to allosteric active-site

rearrangements, TFIIB further stimulates RNA syn-

thesis by its B-reader interacting directly with DNA

(Figure 2b,c). The B-reader prevents the tilting of short

DNA–RNA hybrids which would otherwise lead to pre-

mature abortion, assists in defining the TSS and may

stabilize the melted DNA conformation in the open

promoter complex [12��].

In addition, the structure of the ITC suggests a mech-

anism for RNA separation from DNA by the B-reader

element. Acidic residues in the B-reader loop may repel

the 50-triphosphate of the emerging RNA strand, which,

in conjunction with attraction of the 50-triphosphate to a

cluster of positively charged residues in the exit tunnel,

would lead to separation of the RNA strand from the

DNA in the RNAPII active site cleft. When the growing

94 Nucleic acids and their protein complexes

Figure 2

TFIIB

(a)

(b) (c)

1 57 84 123 221 345

B-ribbon B-reader B-linker B-core Nterm B-core Cterm

B-ribbon

B-reader

B-linker B-core Nterm

B-core Cterm

RNAPII

TFIIB

Protrusion
domain

B-reader

B-linker

Exit
tunnel

5

DNA/RNA
hybrid

A

B DNA duplex

Current Opinion in Structural Biology

The RNAPII–TFIIB initially transcribing complex (ITC). (a) The domain organization of TFIIB is drawn in a schematic fashion (top) with the structure of

TFIIB derived from the RNAPII–TFIIB crystal structure [12��]. The C-terminal cyclin fold (B-core Cterm) is not present in the crystal and was modeled

based on the TFIIB–TBP–TATA DNA complex structure (PDB code 1C9B). (b) The crystal structure of the ITC is shown, comprising RNAPII (colored in

gray), TFIIB (domains color-coded as above), DNA template (strands colored in cyan and yellow), and a 6-nucleotide RNA strand (colored in orange).

Binding of TFIIB to RNAPII stabilizes the protrusion domain (marked). (c) Zoom-in on the ITC active site. The B-reader (colored in green) contacts the

DNA–RNA hybrid. Electrostatic repulsion by an acidic patch of the B-reader loop may assist in guiding the 50 end of an emerging RNA transcript toward

the exit tunnel of RNAPII. Two active site metal ions, denoted A and B, are shown as green spheres [12��].
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RNA reaches a length of 12–13 nucleotides, steric clashes

with B-reader and B-ribbon cause displacement of TFIIB

from RNAPII, and the elongation complex is formed.

An educative movie compiles these and other key aspects

of initiation, transition from initiation to elongation and

elongation by RNAPII, providing a comprehensive view

of our current understanding of RNAPII transcription

[29��].

Architecture of human and yeast PICs
revealed
Structural information on PIC architecture, containing

RNAPII, GTFs and promoter DNA, has been elusive.

Two recent landmark studies now provide first structural

snapshots of the human and yeast PIC [13��,14��].

Human PIC assembly

In order to assemble human PIC in vitro, reconstitution

experiments were performed in which PIC components

were added sequentially to a core promoter DNA tem-

plate derived from the SCP [15]. EM structures of these

complexes were determined, revealing the location of

subsequently added PIC components [13��]. A TBP–

TFIIA–TFIIB–promoter DNA complex bound to RNA-

PII was first reconstituted and analyzed. Addition of

TFIIF positions the downstream DNA along the RNA-

PII cleft, involving direct interactions of TFIIF with core

promoter DNA. The RNAPII clamp domain opens as it

accommodates the downstream DNA, and a rotation of

the TBP–TFIIA–TFIIB subcomplex was observed. This

rotation repositions TFIIB in close proximity to RNAPII.

TFIIE addition stabilizes a closed promoter complex, in

which TFIIE, TFIIB and TFIIF are localized in the

vicinity of promoter DNA, suggesting structural cross-talk

between these three GTFs for promoter opening [13��].

An open promoter complex (OC) was created by adding

TFIIH to the closed promoter complex. Transition to the

OC is catalyzed by a helicase subunit of TFIIH, XBP, and

is assisted by TFIIE [30]. In the corresponding negative-

stain EM reconstruction, TFIIH forms only few contacts

with other components of the PIC. Particularly, it inter-

acts with the stalk domain of RNAPII at the TFIIE

interaction site (Figure 3a). TFIIH is thought to unwind

the template DNA by an unconventional ‘screw-in’

mechanism, with a torque being generated by rotation

of the downstreamDNA [31]. The position of XPB at +10

to +20 base pairs from the TSS, deduced from the EM

structure, supports this ‘screw-in’ DNA translocase

activity of TFIIH [13��]. The human PIC structures

and related biochemical studies recently have been

reviewed in more detail elsewhere [32].

Architecture of a yeast PIC

In a parallel study, a yeast PIC was characterized by using

cryo-EM (Figure 3b) [14��]. As in the human PIC

analysis, TBP was used instead of holo-TFIID. PICs

were assembled by incubating RNAPII, TBP and the

GTFs TFIIA, TFIIB, TFIIE, TFIIF, TFIIH and TFIIS

from Saccharomyces cerevisiae with a fragment of HIS4

promoter DNA (ÿ81/+1), followed by glycerol gradient

centrifugation. The locations of all subunits were

assigned in EM reconstructions with the help of

protein–protein interaction data derived from cross-link-

ing and mass spectrometry experiments.

The yeast PIC adopts a compact shape containing two

distinct lobes, a P-lobe comprising RNAPII and a G-lobe

harboring the GTFs (Figure 3b). The promoter DNA is

associated only with TFIIB, TBP and TFIIE in the G-

lobe at its upstream end, and with TFIIH at its down-

stream end. The DNA is not in contact with RNAPII, but

rather hovering above the active site cleft (Figure 3b). In
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EM structures of human and yeast PIC assemblies containing RNAPII

and GTFs. (a) Two views of a human PIC structure are shown, related by

a 1358 rotation. RNAPII (colored in violet) directly interacts with the

GTFs. Locations of GTFs are marked. TFIIH (colored in cyan) only

associates loosely with the PIC, primarily involving interactions with the

RNAPII stalk domain (marked by an arrow). The GTFs are oriented

toward RNAPII in a way that the promoter DNA (not localized in this

structure) is inserted into RNAPII, descending into the cleft by means of

a ‘screw-in’ mechanism catalyzed by the helicase activity of TFIIH [13��].

(b) The structure of a yeast PIC assembly is depicted in the same

orientations as human PIC shown in (a). The RNAPII subunits Rpb4/7

(marked) were used to orient the structures. Yeast PIC exhibits two

distinct lobes. The P-lobe contains RNAPII (colored in violet). The G-lobe

contains GTFs and DNA. The entire density corresponding to GTFs,

TBP, TFIIA and TFIIB and DNA are colored in yellow. The promoter DNA

is associated with the GTFs in the G-lobe and positioned above the

RNAPII cleft [14��]. Scale bars, 1 nm.
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this orientation, the promoter DNA interacts with the

Ssl2 subunit of TFIIH, which is the yeast homolog of

XPB helicase [14��]. Yeast PIC appears to be captured in a

state ready for promoter opening, and the descent of the

DNA into the RNAPII cleft for transcription initiation.

The yeast PIC EM structure, refined at 16 Å resolution

accounts for most of the protein mass present in this PIC

assembly, and provides a wealth of molecular level infor-

mation on PIC architecture in unparalleled detail [14��].

Crystal structures of Mediator head module
Mediator is a megadalton-sized central regulator of eukar-

yotic transcription and plays a key role in connecting

gene-specific regulatory factors with RNAPII [33].

Mediator is made up of �25 subunits in S. cerevisiae,

and comprises three distinct structural modules, called

head,middle and tail. The headmodule directly contacts

RNAPII. Three crystal structures of the Mediator head

from baker’s and fission yeast were elucidated

[34,35,36�], showing an overall shape resembling a mol-

ecular wrench [34] and illustrating how the head module

interacts with the C-terminal domain (CTD) of RNAPII

[35]. Mediator head from S. pombe yielded particularly

well-ordered crystals, diffracting X-rays to higher resol-

ution (3.4 Å) as compared to the complexes from S.

cerevisiae, providing the most complete Mediator head

module structure to date and revealing its intricate

architecture (Figure 4) [36�].

Conclusions
Here we have reviewed recent advances in our under-

standing of RNAPII transcription initiation, derived from

recently determined crystal structures and EM analyses.

Improvements in recombinant expression techniques, in

vitro reconstitution approaches and powerful integrated

structure determination methods have been instrumental

to bring about these major steps forward. We now have

first structural impressions of very large assemblies of the

entire PIC, containing more than 30 proteins and pro-

moter DNA. We anticipate that further studies of PICs

containing complete TFIID and Mediator complexes,

will be forthcoming, complemented by atomic studies

revealing the inner workings of RNAPII and the GTFs,

and their interaction with the DNA template in ever

increasing detail, toward resolving the molecular puzzle

of the eukaryotic transcription initiation process.
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2.1. Materials 

2.1.1. Chemicals, Enzymes, Consumables and Equipments 

All chemicals, enzymes, consumables and equipments used in this work are listed in Table 4, 

Table 5, Table 6 Table 7. All chemicals were of analytical grade, if not otherwise stated. 

Other than the equipments listed in Table 6, instrumentation used at different data collections 

facilities for X-ray diffraction, SAXS, NMR and EM data collection are mentioned in 

methods or results. 

 

 
Chemical Source 

Euromedex 

Euromedex 

Euromedex 

Sigma-Aldrich 

Sigma-Aldrich 

Euromedex 

Euromedex 

Roth 

Euromedex 

Euromedex 

Merck 

Fluka 

ICN biomedicals 

Eurisotop 

Sigma-Aldrich 

Sigma-Aldrich 

Roche 

Sigma-Aldrich 

Invitrogen 

Euromedex 

Euromedex 

Thermo 

New England Biolabs 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Roche 
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Euromedex 

New England Biolabs 

Euromedex 

Sigma-Aldrich 

Sigma-Aldrich 

New England Biolabs 

Bio-rad 

Euromedex 

Euromedex 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Euromedex 

Eurisotop 

Electron Microscopy Sciences 

Euromedex 

Euromedex 

Euromedex 

Sigma-Aldrich 

Euromedex 

Sigma-Aldrich 

Euromedex 

Sigma-Aldrich 

Sigma-Aldrich 

Euromedex 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Gibco (Life technologies) 

VWR 

Euromedex 

Novex 

Sigma-Aldrich 

Hampton Research Inc. 

Euromedex 

Euromedex 

Bio-rad 

Gibco (Life technologies) 

Roth 

Sigma-Aldrich 

Euromedex 

Euromedex 

Euromedex 

Sigma-Aldrich 
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Sigma-Aldrich 

Sigma-Aldrich 

Euromedex 

Sigma-Aldrich 

Sigma-Aldrich 

Euromedex 

Sigma-Aldrich 

Electron Microscopy Sciences 

Roche 

Sigma-Aldrich 

 
Enzyme Source 

Invitrogen 

EMBL 

â New England Biolabs 

New England Biolabs 

New England Biolabs 

EMBL 

New England Biolabs 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

 

 
Material Source 

GE Healthcare 

Millipore 

Beckman Coulter 

Eppendorf 

Eppendorf 

Eppendorf 

Bio-rad 

Hampton Research 

Hampton Research 

Sigma Aldrich 

Sigma Aldrich 

Eppendorf 

BD Biosciences 
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Bio-rad/Thermo Scientific 

Infors HT 

Millipore 

InoLab 

Gilson/Eppendorf 

Beckman Coulter 

Thermo Scientific 

Biometra 

Biorad 

Bia-rad 

GE healthcare 

 

 
Name Purpose Source 
QIAprep Spin Miniprep Kit Plasmid extraction and purification Qiagen 

QIAquick PCR Purification Kit PCR product purification Qiagen 

QIAquick Gel Extraction Kit DNA extraction from agarose gels Qiagen 

ECl western blot kit Detection of HRP in western blot Pierce (Thermo Scientific) 

 

2.1.2. Primers 

 

 
Name Description Sequence 5’à 3’ 
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2.1.3. Plasmids 
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pFB_6xHis_TEV_TAF11_51-201_TAF13_28-97 Amp This Study 

pFB_6xHis_TEV_TAF11_51-201_TAF13_28-124 Amp This Study 

pU_CBP_Strep_MBP_TAF1_26-87_6xHis Cm This Study 

pU_CBP_Strep_MBP_TAF1_26-168_6xHis Cm This Study 

pK_Dummy Kan, Gent Berger group 
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2.1.4. Bacterial strains 

E.coli

2.1.5. Insect Cell lines 

Spodoptera frugiperda Sf

2.1.6. Chromatography Resins and Columns for protein purification 

2.1.7. Crystallization screens, materials and reagents 
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2.1.8. Bioinformatics and computational tools and webservers 

2.1.8.1. In silico DNA manipulation 

APE: To visualize, translate and modify DNA sequences in silico. 

(http://biologylabs.utah.edu/jorgensen/wayned/ape/) 

Cre-ACEMBLER: To generate Cre-LoxP fusion plasmids from individual Acceptor and 

Donor plasmids. (http://www.embl.fr/multibac/multiexpression_technologies/cre-acembler/) 

2.1.8.2. Multiple sequence alignments 

ClustalOmega (http://www.ebi.ac.uk/Tools/msa/clustalo/): To align protein sequences 

(McWilliam et al., 2013; Sievers and Higgins, 2014). 

ESPRIPT (http://espript.ibcp.fr/ESPript/ESPript/): To visualize ClustalOmega results (Gouet 

et al., 1999). 

2.1.8.3. Protein parameters, secondary structure and disorder prediction 

ProtParam (http://web.expasy.org/protparam/): To calculate various physical and chemical 

parameters from protein sequence.  

PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred): To predict secondary structure of proteins 

(Jones, 1999). 

IUPRED (http://iupred.enzim.hu): For protein disorder prediction (Dosztanyi et al., 2005). 

2.1.8.4. Crystal structure determination 

XDS software package: To process crystallographic data (Kabsch, 2010). 

CCP4 software package: For molecular replacement (Winn et al., 2011). 

PHENIX software package: For structure refinement and modelling of molecular 

replacement template (Adams et al., 2010). 

COOT: For density modification and visualization during structure refinement (Emsley and 

Cowtan, 2004).  
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Diffraction Anisotropy Server (http://services.mbi.ucla.edu/anisoscale/):  To check for the 

presence of anisotropy in crystallization data. 

2.1.8.5. Modelling of tertiary structure 

SWISS-MODEL (http://swissmodel.expasy.org): To model unknown 3D structure from 

protein sequences (Arnold et al., 2006). 

2.1.8.6. SAXS analysis 

ATSAS software package:  To analyze SAXS data and calculate SAXS models (Petoukhov 

et al., 2012). 

2.1.8.7. EM analysis 

IMOD: To preprocess micrographs (bio3d.colorado.edu/imod/) 

BSoft: To preprocess micrographs (Heymann and Belnap, 2007). 

TiltPicker : To pick particle from tilt pairs of micrographs (Voss et al., 2009). 

IMAGIC: To perform 2D classification (van Heel et al., 1996). 

XMIPP: software package: To perform CTF correction on preprocessed micrographs and to 

do 3D reconstruction (Sorzano et al., 2004). 

SPIDER: To perform reprojection from 3D models (Shaikh et al., 2008). 

2.1.8.8. Protein structure visualization 

PyMOL: To visualize protein structures. (The PyMOL Molecular Graphics System, Version 

1.7.4 Schrödinger, LLC.) 

UCSF Chimera: To visualize EM models (Pettersen et al., 2004). 
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2.2. Methods 

2.2.1. Preparation of buffers  

2.2.2. General nucleic acid biochemistry 

2.2.2.1. Isolation of plasmid DNA 

2.2.2.2. Concentration determination of nucleic acids 

1 OD260 = 50 µg/ml doubled stranded DNA 

2.2.2.3. Polymerase chain reaction (PCR) 

â
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2.2.2.4. PCR purification 

2.2.2.5. Agarose gel electrophoresis 

2.2.2.6. Restriction digestion of DNA 
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2.2.2.7. DNA extraction from agarose gels 

2.2.2.8. DNA ligation 

2.2.2.9. Sequence and ligation independent cloning (SLIC) 

2.2.2.10. Cre-LoxP recombination of Acceptor and Donor plasmids 
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2.2.3. Cells and cell culture 

2.2.3.1. Cultivation of Escherichia coli (E.coli) 

 E. coil 

2.2.3.2. Transformation of  bacterial cells 

E. coli
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2.2.3.3. Cultivation and maintenance of insect cells      

Sf21

2.2.4. General protein biochemistry 

2.2.4.1. Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) 

b
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2.2.4.2. Protein expression in insect cells with the MultiBac system 

Sf

Sf

Sf

Sf

2.2.4.3. Protein production in bacterial cells 

E.coli
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2.2.4.4. Labelled protein production in bacterial cells for NMR 

E. coli

2.2.4.5. Concentration determination of proteins 

2.2.4.6. Western blot 

2.2.4.7. Protein purification 
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2.2.4.8. Protein crystallization  

2.2.5. Methods for characterization of TAF1/TAF7 complex 

2.2.5.1. Purification of TAF1578-1210/TAF71-193 and TAF1578-1106/TAF71-193 

Sf
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2.2.5.2. Crystallization, X-ray data collection and structure determination of 

TAF1578-1106/TAF71-193 complex 
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2.2.5.3. Purification of TAF11157-1207/TAF7126-202 and TAF11157-1207/TAF7153-190 

complexes with15 N and/or 13C labeling for NMR 

E.coli
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2.2.5.4. NMR analysis of TAF11157-1207/TAF7126-202 and TAF11157-1207/TAF7153-190 
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2.2.5.5. SAXS data collection and analysis of TAF1578-1210/TAF71-193 and TAF1578-

1106/TAF71-193 complexes 

ab  initio
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2.2.5.6. Peptide Array 



Kapil Gupta Chapter 2 
Thesis Materials and Methods 

88 

 

2.2.6. Methods for characterization of TAF11/TAF13/TBP complex 

2.2.6.1.  Purification of TAF11/TAF13 complex 

Sf
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2.2.6.2. Purification of TBP core  

E.coli
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2.2.6.3. Purification of TBP-FL 

E.coli
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2.2.6.4. Purification of scTFIIA 

E.coli
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2.2.6.5. Preparation of AdMLP dsDNA 

2.2.6.6. EMSA 

2.2.6.7. Purification/identification of TAF11/TAF13/TBP complex 
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2.2.6.8. Analytical ultra-centrifugation (AUC) of TAF11/TAF13/TBP complex 

2.2.6.9. Native MS of TAF11/TAF13/TBP complex 

2.2.6.10. Pulldown assay of TAF11/TAF13 with TAF1-TAND for TBP binding 
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2.2.6.11. Purification of TAF11/TAF13 deletion mutants and complex formation 

with TBP 

2.2.6.12. SAXS data collection and analysis of TAF11/TAF13/TBP complex 

ab initio
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2.2.6.13. CLMS analysis of TAF11/TAF13/TBP complex 

2.2.7. Methods for characterization of 9TAF complex 

2.2.7.1. 9TAF sample and negative stain grid preparation for EM 



Kapil Gupta Chapter 2 
Thesis Materials and Methods 

96 

 

2.2.7.2. RCT (Random Conical Tilt) data collection of 9TAF and 3D 

reconstruction  
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    Chapter 5   

 The Production of Multiprotein Complexes in Insect Cells 
Using the Baculovirus Expression System 

           Wassim     Abdulrahman    ,     Laura     Radu    ,     Frederic     Garzoni    ,     Olga     Kolesnikova    , 

    Kapil     Gupta    ,     Judit     Osz-Papai    ,     Imre     Berger    , and     Arnaud     Poterszman    

    Abstract 

   The production of a homogeneous protein sample in suffi cient quantities is an essential prerequisite not 
only for structural investigations but represents also a rate-limiting step for many functional studies. In the 
cell, a large fraction of eukaryotic proteins exists as large multicomponent assemblies with many subunits, 
which act in concert to catalyze specifi c activities. Many of these complexes cannot be obtained from endog-
enous source material, so recombinant expression and reconstitution are then required to overcome this 
bottleneck. This chapter describes current strategies and protocols for the effi cient production of multipro-
tein complexes in large quantities and of high quality, using the baculovirus/insect cell expression system.  

  Key words     Recombinant protein complex production  ,   BEVS  ,   Baculovirus  ,   Insect cells  ,   Infection 
and coinfection methods  ,   Multigene expression  ,   Multiprotein complex  

1      Introduction 

 Most eukaryotic proteins form transiently or stably interlocking 
assemblies that often contain many subunits. Obtaining these 
assemblies in a purifi ed form in high quality and quantity is crucial 
for research aimed at understanding how these protein machines 
function in a physiological context as well as for drug discovery 
applications. In the absence of their interacting partners, proteins 
are often insoluble, improperly folded, or non-functional. 
Furthermore, protein complex composition and activity may vary 
depending on tissue type, cell state, and also on modifi cations of 
the subunits (e.g., phosphorylation, acetylation, and methylation). 
Production of multiprotein complexes of higher eukaryotes, 
including those of human origin, in a suitable form to study their 
structure and function can be extremely challenging. The low natural 
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abundance and heterogeneity of native complexes in cells often 
prevent the extraction and use of endogenous sources for the puri-
fi cation of protein complexes. 

 Recombinant approaches have become the method of choice 
for the production of stable macromolecular assemblies. Certain 
complexes may be reconstituted from recombinant proteins pro-
duced separately. Such reconstitution methods are relatively simple 
and particularly useful when one component of the complex is not 
a protein (e.g., DNA or RNA) or when the complex is short-lived 
or transient and cannot be purifi ed intact. In many cases, however, 
this strategy is not applicable as individual subunits of a complex 
often cannot be expressed and manipulated in the absence of their 
natural partners. Multicomponent systems, including not only self- 
assembling multiprotein complexes but also proteins requiring 
specifi c chaperones to assist folding or post-translational modifi ca-
tions crucial for biological activity, will then require coexpression 
of a number of proteins. Many examples have shown that the 
simultaneous expression of different subunits of a protein complex 
facilitates their folding, promotes solubility, and limits degradation 
of regions that fold upon binding. 

 A number of coexpression systems are available based on 
 Escherichia coli  ( E. coli ) ( see  Chapter   6    ), mammalian cells ( see  
Chapter   8    ), and insect cells using baculovirus vectors. Although  
E. coli  is robust and inexpensive as a host, there are a number of 
limitations in using bacteria for synthesis of eukaryotic proteins. In 
particular, bacteria are unable to provide post-translational modifi -
cations and folding aids such as chaperones required for the gen-
eration of fully functional eukaryotic proteins [ 1 ,  2 ]. In contrast to 
 E. coli , insect cells and mammalian cells have the machinery for 
proper folding, post-translational modifi cation, authentic process-
ing, and correct targeting of expressed proteins [ 3 – 5 ]. Several 
developments have been made to the baculovirus expression sys-
tem, which make this the system of choice for the expression of 
multiprotein eukaryotic complexes. These include streamlining the 
assembly of multigene vectors and engineering the baculovirus 
genome to optimize the expression levels (for example, the 
MultiBac system [ 6 – 8 ]). 

 In this chapter, we describe protocols for the production of 
multiprotein complexes in insect cells using baculovirus expression 
vector systems. We describe standard procedures for working with 
the baculovirus system and detail the two main strategies for coex-
pression of multiple proteins in the same cell, which are (1) coin-
fection of insect cells with several viruses, each expressing a single 
protein and (2) infection with one single baculovirus containing all 
heterologous genes of choice  9 .  
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2    Materials 

      1.    Plasticware for monolayer culture of insect cells: 25 cm 2  tissue 
culture fl asks, six-well tissue plate with fl at bottom, low evapo-
ration lid, petri Style tissue culture dish (D60 × H15 mm) with 
2 mm grid.   

   2.    Plasticware for suspension culture of insect cells: 50 ml poly-
propylene tube with fi lter cap for oxygenation, glass or dispos-
able Erlenmeyer fl asks in different sizes.   

   3.    Plate sealer, breathable, gas permeable, 80 × 150 mm.   

   4.     Sf 9,  Sf 21, and High Five cells adapted for suspension growth.   

   5.    TNM-FH and serum-free insect cell medium.   

   6.    Foetal Bovine Serum (FBS).   

   7.    1.3× SF900 medium for plaque assay.   

   8.    Cell culture grade DMSO.   

   9.    Cell culture grade BSA.   

   10.    Insect cell freezing solution: 90 % insect cell medium, 10 g/L 
BSA, 10 % (v/v) DMSO. Sterilize solution by fi ltration.   

   11.    Trypan blue: 0.4 % solution in PBS, pH 7.2.   

   12.    Temperature controlled room or incubator set at 27 °C.   

   13.    Platform for spinner fl ask operating at 27 °C and stirring up to 
150 rpm.   

   14.    Orbital shaker fi tted for 250 ml to 2 l Erlenmeyer fl asks, with 
shaking speed of up to 150 rpm (125 mm orbital). For cultures 
in 50 ml polypropylene tubes shake up to 250 rpm.   

   15.    Inverted phase-contrast microscope or optionally fl uorescence 
microscope.   

   16.    Cell-counting chamber or optionally automated cell counter.   

   17.    Centrifuge with adaptors for 1 l, 250 ml, 50 ml, and 15 ml 
tubes.      

      1.    Commercial DNA purifi cation kits for small scale and large 
scale DNA preparation.   

   2.    3 M Na acetate, pH 5.2.   

   3.    T4 DNA ligase.   

   4.    LB medium, LB agar medium.   

   5.    IPTG, 1 M stock solution in water.   

   6.    X-gal, 100 mg/ml stock solution in dimethylformamide.   

   7.    Bsu36I restriction enzyme.   

   8.    Low salt LB (for 100 ml: 1.0 g Bacto-Tryptone, 0.5 g Bacto- 
yeast extract, 0.5 g NaCl).   

2.1  Cell Culture

2.2  Molecular 

Biology
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   9.     L -Arabinose.   

   10.     E. coli  DH5α and TOP10 strain.   

   11.    pBAD-His-Cre plasmid [ 7 ].   

   12.    Tetracycline, 15 mg/ml stock solution in ethanol.   

   13.    Kanamycin, 50 mg/ml stock solution in water.   

   14.    Gentamicin, 10 mg/ml 7 mg/ml stock solution in water.   

   15.    Chloramphenicol, 34 mg/ml stock solution in ethanol.   

   16.    Zeocin, 10 mg/ml stock solution in water.     

 Reagents to generate recombinant baculovirus are listed in 
Table  1 . Complementary set of oligonucleotides that correspond 
to the LoxP site:

    Fw: 5′: ATAACTTCGTATA GCATACAT TATACGAAGTTAT 3′  

  Rev: 5′: ATAACTTCGTATA ATGTATGC TATACGAAGTTAT 3′     

      1.    Cre purifi cation buffer: 20 mM Tris-HCl (pH 8.0), 300 mM 
NaCl, 10 % glycerol, 5 mM imidazole, 5 mM DTT.   

   2.    10× Cre-lox reaction buffer: 0.5 M Tris–HCl (pH 7.5), 0.33 M 
NaCl, 0.1 M MgCl 2 .   

   3.    Lysis buffer: 20 mM Tris–HCl (pH 7.5), 250 mM NaCl, 
1 mM DTT, 0.1 % NP40, containing protease inhibitor cock-
tail (PIC) and type 1 DNAase.   

2.3  Other Buffers

     Table 1  

  Reagents required to generate recombinant viruses   

 Tn7 transposition-based system 

(Method 1) (Bac-to-Bac, Multibac)  Homologous recombination (Method 2) 

 Method  Transfection of recombinant 
viral DNA 

 Co-transfection of linearized viral DNA 
with a transfer vector 

 Viral DNA  DH10Bac a , DH10MultiBac, 
DH10EMBacY [ 6 ,  7 ] 

 BAC10:KO1629 in  E. coli  DH10B [ 13 ] 

 Transfer vectors 
(acceptors) 

 pFastBac a   pBacPAK8 b , pAC8 [ 11 ] 
 pFastBac Dual a , pKL, pFL [ 6 ]  pACAB3, PACAB4 [ 10 ] 
 pACEBac1, pACEBac2 [ 15 ]  pAC8_DsRed c , pAC8_MF c  

 Transfer vectors 
(donors) 

 pSPL, pUCDM, pIKD, pIDK, pIDC, … [ 6 ,  15 ] 

 Transfer vector 
(polyprotein) 

 pPBac, pKL-pBac [ 12 ] 

   a Invitrogen™ 

  b Clontech™ 

  c Available on request; (Kolesnikova et al. in prep)  

Wassim Abdulrahman et al.
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   4.    Wash buffer: 20 mM Tris–HCl (pH 7.5), 250 mM NaCl, 
1 mM DTT, 0.1 % NP40.   

   5.    Elution buffer: 20 mM Tris–HCl (pH 7.5), 250 mM NaCl, 
1 mM DTT, 0.1 % NP40 with appropriate elution agent.       

3    Methods 

 The simultaneous production of several proteins in insect cells 
using the BEVS requires the delivery of various genes, either by a 
number of individual baculoviruses (coinfection, Fig.  1a–c ) or by 
employing a single virus that contains several genes (multigene 
virus, Fig.  1d–f ). Coinfection enables exploratory screening of 

  Fig. 1    Strategy for reconstitution of multiprotein complexes: ( a ) cDNAs of potential targets are cloned into 

transfer vectors and ( b ) the corresponding single-gene baculoviruses (expressing subunits A, B, C, and D, for 

example) are generated. ( c ) Insect cells are coinfected by two or three single-gene baculoviruses and associa-

tion between subunits are tested by pull down, for example. ( d ) Genes encoding proteins that form stable 

complex (subunits A, B, and C in this example) are assembled in a single multigene transfer vector ( e ) to gener-

ate a recombinant multigene baculovirus. ( f ) Insect cells infected by multigene baculoviruses express the 

identifi ed multiprotein complex A–B–C       
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putative interaction partners prior to large-scale expression but 
necessitates the maintenance of many viruses at known titers. The 
use of multigene baculoviruses ensures that all proteins necessary 
for the formation of the recombinant complex are expressed in the 
same infected cell, which greatly simplifi es the management of the 
experiment.  

 Coexpression of multiple genes often requires extensive screen-
ing efforts to identify suitable constructs: mutations and/or dele-
tions to optimize expression and solubility, nature and position of 
the affi nity tag to facilitate purifi cation. In the absence of prior 
knowledge about the proteins of interest, a fi rst set of experiments 
with viruses expressing a single protein will provide valuable infor-
mation on expression level/solubility of individual subunits. At 
this stage, different affi nity tags can be tested [ 11 ]. For routine 
productions and for production of multiprotein complexes com-
posed of a larger number of subunits, it is however preferable to 
use a single virus that coexpresses the different proteins. To obtain 
this virus, based on initial experiments, validated single gene 
expression units should be assembled into multigene expression 
cassettes using restriction/ligation or sequence and ligation inde-
pendent cloning (SLIC) methods. Cre-mediated fusion of accep-
tor vectors with specifi c donor plasmids as well as the use of 
polyproteins for balancing subunit stoichiometry offer further 
options to effi ciently coexpress a large number of genes [ 7 ,  8 ,  15 ]. 

    Working with baculoviruses requires a basic knowledge of general 
cell culture methods and insect cell physiology. Insect cells and 
viruses are handled in a laminar fl ow hood under aseptic conditions 
preferentially in absence of antibiotics, as these can mask low levels 
of contamination ( see   Note 1 ). All cell culture experiments are car-
ried out at 27 °C, either in incubators or ideally in a room condi-
tioned at this temperature. Doubling rate of the majority of insect 
cells (i.e., the time while the number of cells per volume increases 
by a factor of 2) at this temperature is around 18–20 h. The density 
of insect cells should range between 0.5 and 2.0 × 10 6  cells/ml, 
especially during expression experiments.

    1.    Remove vial of cells from liquid nitrogen and place in water 
bath at 37 °C. Thaw rapidly with gentle agitation until cells are 
almost thawed and remove cells from the water bath. Leaving 
cells at 37 °C after they have thawed will result in cell death.   

   2.    Decontaminate the outside of the vial by spraying with 70 % 
ethanol, dry and place on ice.   

   3.    Pre-wet a 25 cm 2  tissue culture fl ask by coating the adherent 
surface with 4 ml media.   

   4.    Transfer the 1 ml thawed cell suspension directly into the 4 ml 
of media.   

3.1  Insect Cell 

Management
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   5.    Incubate fl ask at 27 °C and allow cells to attach for 30–45 min.   

   6.    After cells are attached, gently remove the medium (as soon as 
possible to remove the freezing solution containing DMSO).   

   7.    Feed cells with 5 ml of fresh medium.   

   8.    After 24 h, change to fresh medium.   

   9.    Allow cells to grow until 90 % confl uence. Detach cells by tap-
ping the fl ask or by sloughing (streaming medium over the 
monolayer with a pipette to dislodge cells) and initiate suspen-
sion culture (Subheading  3.1 ,  step 2 ).   

   10.    Take an aliquot of the cell suspension (Subheading  3.1 , 
 step 1 ), count cells and determine their viability ( see   Note 2 ).   

   11.    Add an appropriate volume of medium to a sterile Erlenmeyer, 
inoculate with cells to obtain a starting density of  0.5 × 10 6  cells/
ml and incubate cells at 27 °C with agitation (80–100 rpm).   

   12.    Monitor culture daily until cell density reaches 2–3 × 10 6  cells/
ml and seed a fresh Erlenmeyer as in  step 2 .   

   13.    Count cells and ensure that you have enough cells for prepar-
ing 2–4 vials (Table  2 ).

       14.    Prepare cryovials, cool them on ice.   

   15.    Centrifuge cells at 100–150 ×  g  for 10 min at RT and remove 
supernatant. If High Five cells are used, make sure to keep the 
conditioned media when preparing freezing media.   

   16.    Resuspend cells at the density indicated in Table  2  in the proper 
media.   

   17.    Transfer 1 ml to each sterile cryovial.   

   18.    Place at −20 °C for 1 h, then store at −80 °C for 24–48 h.   

   19.    Transfer to dewars fi lled with liquid nitrogen for long- term 
storage.    

    Table 2  

  Media composition for freezing most commonly used cell lines   

 Cell line  Freezing media  Cell density (cells/ml) 

 Sf21, Sf9  60 % Sf900 medium (GIBCO)  1 × 10 7  
 30 % Fetal Bovine Serum (FBS) 
 10 % DMSO 

 High Five  42.5 % conditioned Express5 medium  3 × 10 6  
 42.5 % fresh Express5 medium 
 5 % FBS 
 10 % DMSO 

Production of Multi-Protein Complexes in Insect Cells 
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    Two methods are available for the generation of recombinant 
baculoviruses; both make use of the baculovirus genome engi-
neered into a bacmid for propagation in  E. coli . The fi rst method 
is based on site-specifi c transposition (Tn7 transposition) of an 
expression cassette into the baculovirus genome in  E. coli . The 
second employs a transfer vector and viral DNA that are cotrans-
fected into insect cells and utilize host enzyme-mediated homol-
ogous recombination. 

       1.     Day 1 : transform 50–100 μl chemical-competent cell solution 
(DH10Bac, DH10MultiBac) with 10–100 ng of appropriate 
transfer vector, resuspend in 600 μl of LB (or SOC as pre-
ferred), and incubate cell solution at 37 °C overnight (8 h).   

   2.     Day 2 : streak out 150 μl on selection plates for blue/white 
screening containing the relevant antibiotics (Kanamycin at 
50 μg/ml, Tetracyclin at 10 μg/ml, and Gentamicin at 7 μg/
ml), IPTG (1 mM), and X-gal (100 μg/ml). Incubate plates at 
37 °C until blue or white colored colonies can be unambigu-
ously seen. Use dilution series (1:1, 1:10, 1:100, 1:1,000) in 
order to obtain optimal separation of colonies on one of the 
plates.   

   3.     Day 3 : restreak several white colonies and one blue colony as a 
control on the same plate in  step 2  for each construct to con-
fi rm the color of colonies.   

   4.     Day 4 : pick two white colonies for each construct, start 2 ml 
minicultures (in LB with appropriate antibiotics) overnight at 
37 °C. Note that pellets can be, at this step, frozen at −20 °C 
for short-term storage, or kept as glycerol stock. Avoid long-
term of purifi ed bacmid (at 4 °C or −20 °C).   

   5.    Prepare bacmid DNA using a standard plasmid purifi cation kit, 
taking care not to vortex the sample during the DNA prepara-
tion to avoid shearing of the bacmid DNA. At this stage, the 
bacmid preparation can be checked on an agarose gel and 
transposition analyzed by PCR and/or sequencing ( see   Note 3 ). 
The recombinant bacmid is now ready for transfection into 
insect cells to generate the baculovirus.      

       1.     Day 1 : inoculate 50 ml of LB Broth medium starter culture 
supplemented with kanamycin at 50 μg/ml and  chloramphenicol 
at 25 μg/ml with a glycerol stock of Bac10:KO1629 [ 13 ] ( see  
 Note 4 ). At the end of the day, use this culture to inoculate 1 l 
of LB Broth medium supplemented with kanamycin and chlor-
amphenicol, and let the culture grow overnight at 37 °C.   

   2.     Day 2 : purify the bacmid using a large-scale DNA purifi cation 
kit (Maxi prep). Follow manufacturer’s protocol until DNA 

3.2  Generation 

of Recombinant 

Baculoviruses

3.2.1  Method 1: Tn7 

Transposition and 

Preparation of Bacmid 

for Transfection

3.2.2  Method 2: 

Preparation of Linearized 

Viral DNA and Transfer 

Vector for Cotransfection
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elution and isopropanol precipitation. DNA pellet is then 
washed with 10 ml of 70 % ethanol.   

   3.    Remove ethanol and air-dry the precipitated bacmid under the 
sterile hood. Resuspend DNA in 200 μl of sterile ultrapure 
water.   

   4.    Transfer 10 μl of suspension to sterile 1.5 ml tube to estimate 
DNA concentration and to analyze. We usually obtain 
20–40 μg of purifi ed bacmid from 1 l of  E. coli  culture.   

   5.    Linearize the bacmid with the restriction enzyme Bsu36I. For 
the digestion of 20 μg bacmid, mix 200 μl of bacmid 
(100 μg/mL), 30 μl of 10× NEB3 buffer, 3 μl of 100× BSA 
(optional), 57 μl of ultrapure water, and 10 μl of Bsu36I 
(NEB) (20 U/μl).   

   6.    Incubate for 5 h at 37 °C, then analyze an aliquot by gel elec-
trophoresis on a 0.8 % agarose gel to check digestion before 
heat inactivation (20 min at 72 °C) of Bus36I.   

   7.    The linearized bacmid can be stored at 4 °C for 3–6 months. 
Alternatively, prepare aliquots of 6.5 μg (65 μl); each aliquot is 
suffi cient for 6–12 small-scale transfections (six-well plate for-
mat) and freeze at −20 °C. Once an aliquot was thawed, keep 
DNA at 4 °C and do not refreeze.   

   8.    Perform a small or medium scale DNA preparation of a suitable 
transfer plasmid and precipitate 10 μg of DNA with 300 mM 
Na-acetate pH 5.2 (fi nal concentration) and three volumes of 
ethanol 100 %. Place at −80 °C for more than 1 h and centri-
fuge at 25,000 ×  g  for 15 min. Carefully remove the superna-
tant, add 1 ml of cold 70 % ethanol, and centrifuge it again.   

   9.    Remove ethanol and air-dry the precipitated DNA under the 
sterile hood. Resuspend DNA in 20 μl of sterile ultrapure 
water. Take an aliquot to measure the DNA concentration and 
store at −20 °C.      

      1.    Seed 0.5–1 × 10 6  cells from a stock culture into the wells of six- 
well tissue culture plates. Add medium in each well to a total 
volume of 3 ml. In a typical experiment, include one well that 
contains only cells, one well that contains only medium as well 
as a positive fl uorescent transfection control (PC), e.g., with a 
DsRed expression plasmid and bacmid. For each DNA con-
struct, seed two wells.   

   2.    For each construct, prepare transfection complexes by diluting 
the purifi ed bacmid (method 1, Subheading  3.2.1 ) or a mixture 
of 0.5–1.0 μg of linearized viral DNA and 2 μg of transfer plas-
mid (method 2, Subheading  3.2.2 ) in 200 μl insect cell medium.   

   3.    Mix 100 μl of insect cell medium with 2–10 μl of transfection 
reagent (e.g., Cellfectin II Life technologies) in a separate 
Eppendorf tube ( see   Note 5 ).   

3.2.3  Transfection 

of Insect Cells to Generate 

Recombinant Baculovirus
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   4.    Add the diluted transfection reagent to the DNA solution 
(respect the addition order), vortex for 10 s, and incubate at 
room temperature (RT) for 20 min.   

   5.    Add 1 ml of medium to the transfectant-DNA suspension and 
use it to replace supernatant from seeded cells. Incubate for 
5 h at 27 °C, aspirate the suspension, add 3 ml of fresh 
medium, and return to 27 °C.   

   6.    Incubate for a maximum of 5–6 days at 27 °C. When more 
than 50 % of cells in the positive control express the fl uorescent 
protein, carefully collect the supernatant and store it at 4 °C, 
protected from light. This is the passage 0 (P0) virus stock. 
The P0 stock can be used directly to test expression of the 
desired proteins in small-scale experiments or has to be con-
comitantly amplifi ed for production.       

        1.    Prepare 100 ml Erlenmeyer fl ask containing 25 ml of  Sf 9 or 
 Sf 21 suspension at a density of 0.5 × 10 6  cells/ml in exponen-
tial growth phase, infect with a small volume of P0 virus, and 
incubate at 27 °C with agitation (100 rpm). The volume of 
virus depends on the titer of your virus stock and thus on 
transfection/cotransfection effi ciency ( see   Note 6 ).   

   2.    Count cells 1 day postinfection and measure their size distribu-
tion. If the volume of virus added to the culture was adequate 
(MOI of 0.5 or below), cells should look healthy and should 
have doubled. At this time, infected cells should be releasing 
budded virus into the medium to infect other cells. If too 
much virus was added, you should see signs of infection: cells 
swell (size can increase up to 20–30 %), stop dividing, and 
appear uniformly rounded with enlarged nuclei. Restart with 
less virus.   

   3.    Count cells 2 days postinfection and measure their size distri-
bution. Most, if not all, of the cells should show substantial 
swelling, and proliferation arrest should be observed. The cell 
count number should be substantially below that expected if 
they had continued doubling every 24 h. Return the fl ask to a 
27 °C shaker for 24 h.   

   4.    Count cells again 24 h later and estimate their size.   

   5.    If substantial swelling and proliferation arrest was already 
observed the day before, there should be no increase in cell 
number. Go to  step 7 .   

   6.    If not, return the fl ask to a 27 °C shaker for another 24 h until 
proliferation arrest is determined. Dilute culture (and split in 
fresh fl ask if necessary) to maintain cell density below 
2 × 10 6  cells/ml to prevent oxygen deprivation and entry into 
stationary phase. If cells do not stop doubling after 5 days, we 
recommend repeating the initial virus preparation.   

3.3  Virus 

Amplifi cation 

and Storage

3.3.1  Amplifi cation
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   7.    The culture should be harvested when cells have been infected 
for about 48 h, i.e., 24 h after cells have stopped dividing. 
Transfer the suspension into a fresh 50 ml tube and spin for 
5 min at 4,000 ×  g  in a table top centrifuge. Collect the super-
natant into a fresh 50 mL tube and supplement with 10 % FBS 
if a serum-free medium was used and store at 4 °C protected 
from light. This is the P1 virus stock.   

   8.    Gently resuspend the pellet in fresh medium (respecting the 
cell density) and place back suspension into the shaker fl ask for 
further analysis.   

   9.    P1 is suffi cient for initial protein expression studies. If large 
volumes of virus are required, repeat the cotransfection or 
amplify P1 to obtain P2 (and eventually P3) ( see   Note 7 ).   

   10.    Detailed monitoring of virus amplifi cation is not always possi-
ble when a large number of viruses are needed simultaneously. 
Simplifi ed protocols are described below:     

  Alternative protocol 1  ( 5–7 days ):   Infect a 250 ml suspension cul-
ture in exponential growth phase at 0.5–1 × 10 6  cells/ml by adding 
0.25 ml of P0 stock and incubate under agitation at 27 °C. After 
5–7 days, observe cells for signs of infection, spin the culture, and 
harvest the supernatant (P1 stock). 

  Alternative protocol 2  ( 3 days  +  3 days ):   Infect a 25 ml suspension 
culture in exponential growth phase at 0.5–1 × 10 6  cells/ml by 
adding 2.0 ml of P0 stock and incubate with agitation at 27 °C for 
3 days. Spin the culture and harvest the supernatant (P1 stock). 

 Infect a 250 ml suspension culture in exponential growth 
phase at 0.5–1 × 10 6  cells/ml by adding 2.5 ml of P1 stock and 
incubate under agitation at 27 °C for 3 days. Spin the culture and 
harvest the supernatant (P2 stock).  

  Safe storage of valuable virus stocks for future use is often of para-
mount importance. Virus stocks can be stored at 4 °C in the dark 
(after addition of 10 % FBS or 0.1–1 % BSA) for 1–12 months. We 
found that storing virus at liquid nitrogen temperatures in frozen 
aliquots of baculovirus-infected insect cells (BIICs) is most advan-
tageous in terms of virus stability and storage space requirements. 
Frozen aliquots of infected insect cells can be prepared and 
rethawed and used for protein expression without loss after 
extended storage times (several years). Integrity of recombinant 
virus can be checked by PCR ( see   Note 8 ).

    1.    Prepare 50 ml culture of  Sf 9 or  Sf 21 cells in exponential growth 
phase at 1 × 10 6  cells/ml.   

   2.    Infect cells with a chosen volume of P1 virus.   

3.3.2  Storing 

Viruses (BIIC)
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   3.    Maintain cells to a concentration of 1 × 10 6  cells/ml until 
 proliferation arrest.   

   4.    Centrifuge cell culture in sterile 50 ml tube at 100–150 ×  g  for 
10 min, remove supernatant.   

   5.    Resuspend cells gently in sterile freezing solution to a fi nal 
density of 1 × 10 7  cells/ml.   

   6.    Transfer 1 ml aliquots into sterile cryovials.   

   7.    Place at −20 °C for 1 h.   

   8.    Store at −80 °C for 24–48 h.   

   9.    Store cryovials in liquid nitrogen for indefi nite time.    

     A set of viruses for expression of all components of the multipro-
tein complex are generated as described above. In the case of large 
subunits, this could also include subdomain constructs designed 
from the analysis of multiple sequence alignments, predictions of 
secondary structure, and disordered regions. Sequence tags for 
detection/purifi cation are incorporated at either the amino termi-
nus or carboxy terminus of the constructs, e.g., His-tag, StrepII 
tag. Using different tags for each component enables the expres-
sion of each to be followed, though in practice depending on the 
number of subunits in the complex, this may be limited by the 
availability of tags. 

      1.    Compile the cDNAs encoding the subunit sequences of inter-
est and select a set of transfer vectors (Fig.  2a ) that will be used 
to generate the fi rst ensemble of recombinant viruses. Bear in 
mind that in a second set of experiments, you might have to 
generate multigene expression constructs and use an adapted 
transfer vector harboring a multiplication module and/or a 
LoxP site from the MultiBac suite to facilitate further DNA 
manipulations ( see  Subheading  3.5 ).    

   2.    Design PCR primers for insertion of the genes into the selected 
transfer vectors using either ligation independent cloning tech-
nology (e.g., SLIC) or conventional restriction enzyme/ 
ligation based method. If the transfer vectors do not encode 
the desired affi nity/epitope tags, use nested or assembly PCR 
to incorporate the required nucleotide sequences.   

   3.    For ligation independent cloning, we recommend to design 
primers with 20–30 bp of homology to the destination vector 
and to linearize the acceptor vector with two restriction 
enzymes (for  in silico  design web tools,  see   Note 9 ).   

   4.    Generate recombinant baculoviruses and amplify to 100 ml 
stock as described in Subheading  3.3 .      

3.4  Protein–Protein 

Interaction Screening 

by Coinfection

3.4.1  Construction 

Transfer Vectors 

Expressing Individual 

Subunits
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   Small-scale expression tests are carried out to optimize protein 
production for each component of a complex individually (if 
expressed). Key parameters are the amount of virus and the time of 
infection: (1) when infecting cells for protein production, the 
objective is to get all cells infected synchronously. Typically, condi-
tions that correspond to MOIs in the range of 0.5–10 are tested. 
(2) The best time to harvest depends on the nature of the target 
protein. Cells are usually analyzed 48, 72, and 96 h  postinfection. 
Some stable proteins might accumulate to high levels 72 or 96 h 
postinfection while others, sensitive to degradation, will need to be 
collected after 24 h or most commonly 48 h. Protein expression 
may also depend on cell  type, so expression using  Sf 9,  Sf 21, or 
High Five cells has to be tested. 

 Next, physical interactions between proteins are mapped via 
coinfection with multiple baculoviruses. Virus stocks from two or 
more viruses, each expressing a single protein (or a defi ned set of 

3.4.2  Small-Scale 

Expression Test

  Fig. 2    Interaction screening. ( a ) pAC8 baculovirus expression shuttle vectors are tailored for interaction screen-

ing and multiprotein complex production in insect cells. This set is derived from pBacPAK8 (BD Biosciences), a 

shuttle vector that is used to obtain recombinant virus by homologous recombination in insect cells (homology 

regions are in  green ) and express the gene of interest under the dependence of the polyhedrin promoter (PH). 

The tag sequence is followed by a precision protease (3C) cleavage site and a gene insertion cassette (pair of 

unique restriction sites (NdeI and BamHI) or a Gateway cloning cassette) [ 9 ]. pAC8-DsRed derivatives also 

harbor a DsRed expression cassette placed under control of P10 promoter to monitor infection, a multiplication 

module (M) to insert an additional expression cassette as well as a loxP sequence for Cre-mediated vector 

fusion. ( b ) Insect cells were coinfected with baculovirus A (for expression of protein A fused with an N-terminal 

Flag tag) and baculovirus B1–B2–B3 (for expression of proteins B1, B2, and B3; B2 harbors strep-tag). Cells 

were infected with the same amount of virus A (corresponding to an MOI of 1) and increasing volumes of virus 

B1–B2–B3 (MOIs of 1, 2, and 10). After cell lysis, equal parts of clarifi ed extract were mixed with anti-fl ag M2 

beads (lanes 1–4) or streptactin-coated beads (lanes 5–8). After extensive washing, SDS loading dye was 

added to the beads, and samples were analyzed by SDS-PAGE. Anti-fl ag light and heavy chains are indicated 

by  black spheres . Proteins are indicated by  arrowheads        
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proteins known to interact), are used to coinfect insect cells and thus 
coexpress the proteins of interests. Extracts are subjected to small-
scale affi nity purifi cations to identify protein pairs/complexes that 
tightly interact. There are no generic takings to determine the opti-
mum ratio of viruses for coinfection. Optimized MOIs determined 
for each individual protein (Subheading  3.4.2 ) are a good starting 
point for coinfection but these conditions need to be reoptimized 
and several MOI combinations have to be tested. Special attention 
should be given to the fact that varying the MOI ratio of infecting 
viruses has major impact on protein expression of individual sub-
units and that unfavorable settings can lead to a signifi cant decrease 
of the global protein production yield (Fig.  2b ) see  15 . 

 We describe a protocol for small-scale optimization of protein 
expression in suspension cultures in 125 ml Erlenmeyer fl asks by 
infection with one or more baculoviruses. Optimized conditions 
can be scaled up to 2 and 5 l fl asks for medium/large scale produc-
tions can be compared.

    1.    Dispense 1 × 10 6  cells ( Sf 9,  Sf 21, or High Five) from a culture 
in exponential growth phase into polypropylene tubes equipped 
with a fi lter cap for oxygen supply.   

   2.    Pellet cells by centrifugation at 200 ×  g  for 10 min and discard 
the supernatant.   

   3.    Add the desired volume of each viral stock to the cell pellet and 
incubate at 27 °C for 1 h with gentle agitation. Different ratios 
can be tested for each virus (Fig.  2b ).   

   4.    Resuspend cells in fresh medium at 1 × 10 6  cells/ml and incu-
bate at 27 °C for either 48 or 72 h after infection.   

   5.    Centrifuge the cell suspension at 200 ×  g  for 10 min in 50 ml 
tubes, resuspend cells in 3 ml PBS + 10 % glycerol, centrifuge 
again, and store pellets at −80 °C.   

   6.    Resuspend cells in 0.8–1.5 ml lysis buffer and break cells by 
sonication ( see   Note 10 ). Collect 15 μl aliquots and add 5 μl of 
4× SDS loading dye (total extract).   

   7.    Clarify the lysate by centrifugation at 6,500 ×  g  for 60 min at 
4 °C and optionally fi lter the supernatant using a 0.2 μm fi lter 
plate. Take a 15 μl aliquot and add 5 μl of 4× SDS loading dye 
(soluble extract).   

   8.    Incubate the soluble extract with equilibrated affi nity resin at 
4 °C. Use 25 μl of resin for batch purifi cation and incubate for 
15–120 min with slow end-over-end mixing. To facilitate 
interpretations, fl ag at least two different proteins with two 
different tags and split the extract for parallel purifi cation 
(Fig.  2 ). Use 100 μl for spin-column or fi lter-based chroma-
tography. Extended incubation is not recommended as it 
exposes the sample to protein degradation.   
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   9.    Wash the resin with lysis buffer without PIC and elute with 
50 μl of appropriate elution buffer for batch purifi cation or 
with 200 μl of elution buffer for spin-column or fi lter-based 
chromatography. Take a 15 μl aliquot from each elution and 
add 5 μl of 4× SDS loading dye for analysis (eluted fraction).   

   10.    As an alternative to  step 4 , add 25 μl SDS loading dye to the 
beads and boil the sample during 2 min prior to SDS-PAGE 
analysis.     

 At this stage, if a suitable complex is identifi ed, production can 
be optimized and/or scaled up. MOIs and virus ratios as well as 
cell densities at infection infl uence the necessary duration of the 
culture and deserve careful analysis. Protein expression/stability 
may also be affected by the cell line and expression obtained using 
 Sf 9,  Sf 21, or High Five cells can be compared. Storage of frozen 
BIIC stocks will facilitate scale-up and development of reproduc-
ible production process (Subheading  3.6.2 ).   

   A number of baculovirus transfer vectors are available to enable the 
generation of multigene baculoviruses. These transfer vectors 
include pAcAB3, pAcAB4, pAcUW51, and pFastBacDual that 
contains two expression cassettes (Table  1 ). In pFastBacDUAL, 
PCR fragments encoding proteins of interest can be cloned into 
expression cassettes driven by either the p10 or polyhedrin pro-
moters using any of the unique restriction endonuclease sites 
located immediately downstream of the promoters. The MultiBac 
technology (Fig.  3 ) has introduced new transfer vectors with 
enhanced capabilities for DNA manipulations using a multiplica-
tion module for concatenating expression cassettes, and LoxP sites 
for fusing Donor and Acceptor plasmids, each containing one or 
several expression cassettes, by means of in vitro Cre-LoxP reaction 
catalyzed by Cre recombinase [ 6 – 8 ].  

  Multigene expression in insect cells using the MultiBac technology 
relies on tandem recombineering by SLIC and/or Cre-loxP reac-
tions between acceptor and donor plasmids [ 6 ,  7 ]. Any transfer 
vector can be converted into an acceptor plasmid by insertion of a 
LoxP sequence between the two DNA elements required for trans-
position (Tn7R and Tn7L sequence) or for homologous 
 recombination (Orf1629 and lef2/603 sequences). Here we 
describe how this modifi cation can be achieved for the transfer vec-
tor pBacPAK8 (commercially available from Clontech) by  insertion 
of a double- stranded oligonucleotide encoding the LoxP sequence 
into the unique EcoRV site. Alternatively, if a unique restriction 
site is not available, PCR-based approaches (such as Quikchange 
(Stratagene)) can be used as well.

    1.    Analyze the plasmid map of the transfer vector and decide 
where the LoxP sequence has to be inserted. Identify a unique 

3.5  Construction 

of Multigene 

Baculoviruses

3.5.1  Modifi cation 

of an Acceptor Vector
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restriction site located within the DNA fragment that will be 
transferred into the baculoviral genome by transposition or 
homologous recombination. Do not use restriction sites 
located between promoters and terminators as they would 
interrupt expression units.   

  Fig. 3    MultiBac system for generation of multigene baculoviruses [ 6 ,  7 ,  8 ]. ( a ) MultiBac donor and acceptor 

plasmids contain multiple cloning sites (MCS) allowing insertion of your gene of interest under the control of late 

baculoviral promoters (PH or p10) as well as strong eukaryotic polyadenylation signal (from SV40 or HSVtk). All 

plasmids contain the LoxP sequence ( green fi lled circle ) for fusion of donors to an acceptor using Cre- mediated 

recombination. Acceptors have a regular origin of replication (ori ColE1); whereas, donors have a conditional 

origin derived from R6Kγ phage (ori R6Kγ), which allows plasmid replication exclusively in Pir-1 type  E. coli  

strains. Each plasmid has a different resistance marker: gentamicin resistance (GnR) for acceptors ACEBac1 and 

ACEBac2, and kanamycin (KnR), chloramphenicol, or spectinomycin resistance for donors. Multiplication mod-

ules facilitating the assembly of several expression cassettes are shown as  blue boxes  fl anking promoter and 

terminator. Acceptor plasmids contain the DNA sequences (Tn7L and Tn7R) required for transposition by the Tn7 

transposase. ( b ) To assemble multigene construct using multiplication module, individual expression cassettes 

are excised by digestion with a pair of endonucleases and inserted via compatible restriction sites into the 

multiplication module of a progenitor plasmid. Following the ligation, the restriction sites used for integration are 

eliminated and multiplication can be repeated iteratively using multiplication module in the inserted cassette. 

( c ) Acceptor and donor plasmids contain loxP sequence. Multigene constructs are assembled using Cre-

mediated recombination. Resulting multigene plasmid can be propagated in a standard DH5α strain on the 

selective medium containing only the antibiotic resistance to which was provided by the donor vector       
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   2.    Digest 5 μg of plasmid with the selected restriction enzyme 
(EcoRV in our case), treat the plasmid with a phosphatase, 
isolate the linearized vector from the rest of the reaction using 
any purifi cation kit available, and quantify.   

   3.    Mix equal volume of 5′ phosphorylated complementary 
 oligonucleotides corresponding to the LoxP site (Fwd ATA-
ACTTCGTATAGCATACATTATACGAAGTTAT, Rev ATA-
ACTTCGTATAATGTATGCTATACGAAGTTAT) at a fi nal 
concentration of 10 μM in the presence of 5 mM MgCl 2 . Heat 
to 90 °C for 2 min, ramp-cool to room temperature over a 
period of 45 min, and store at 4 °C.   

   4.    Ligate 10 ng of the double-stranded LoxP fragment and 50 ng 
of the digested plasmid with T4 DNA ligase according to the 
manufacturer’s protocol. Do not forget to add a negative con-
trol without LoxP fragment to evaluate the background from 
uncut or self-ligating plasmid.   

   5.    Transform the ligation reaction into competent cells and plate 
onto LB agar containing the appropriate antibiotic.   

   6.    Isolate colonies and purify plasmid DNA. Insertion can be 
checked by sequencing using a forward oligonucleotide located 
150 nucleotides upstream the insertion site ( see   Note 11 ).   

   7.    Perform an in vitro Cre-mediated fusion with a control donor 
vector expressing a fl uorescent protein and generate the cor-
responding virus.    

    A transfer vector with a LoxP site can be fused with any other plas-
mid that also contains a LoxP site using in vitro Cre-mediated 
recombination. In the MultiBac system, plasmids are divided into 
donors and acceptors (Fig.  3c ). Acceptors contain in addition to 
the LoxP site, DNA elements for Tn7 transposition into bacmid- 
based baculovirus genomes. Donor plasmids also contain a LoxP 
sequence, but in contrast to the acceptor plasmids they contain a 
conditional R6Kγ replication origin active in  pir1  strains but not in 
 pir- negative bacteria such as any commonly used cloning strains 
(DH5α, Top10, and others). Cre recombinase protein is commer-
cially available but the recombinant protein can be expressed and 
easily purifi ed from  E. coli  (Subheading  3.5.3 ). 

 We provide below a detailed protocol to combine an acceptor 
with donor(s) (Table  1 ).

    1.    Select the donor that will be used and insert the cDNA(s) of 
interest using your favorite technology (SLIC, RF-cloning, 
conventional). Don’t forget to use a  pir1  strain for cloning and 
amplifi cation of the plasmid.   

   2.    Mix an equimolar amount of an acceptor and a donor plasmid 
(250–500 ng) with 1 μl of 10× Cre buffer and adjust the vol-
ume to 9 μl with water. Add 1 μl of Cre recombinase, mix 
briefl y, and incubate the reaction for 30 min at 37 °C. 

3.5.2  Cre-LoxP-Mediated 

Vector Fusion
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Avoid prolonged incubation that may lead to formation of 
large plasmids resulting from sequential concatenation reac-
tions. Stop the reaction by heating at 70 °C for 15 min.   

   3.    Transform  pir- negative chemically competent cells (DH5α or 
TOP10, for example) with the Cre-treated donor–acceptor 
mixture. After 1 h recovery at 37 °C in absence of selection, 
plate cells on LB agar plates containing the antibiotic(s) to 
select for the presence of the donor. Selection with antibiotic 
corresponding to acceptor vector is not required as the propa-
gation of the acceptor–donor fusion depends on the acceptor, 
which contains a common origin of replication.   

   4.    Select 4–8 colonies. Grow 2 ml cultures in LB supplemented 
with appropriate antibiotics and isolate plasmid DNA using 
standard procedures.   

   5.    Verify the recombination by restriction or PCR ( see   Note 12 ). 
Optimally, choose restriction enzyme(s) that cut in the accep-
tor vector and another enzyme that cuts in the vector you are 
inserting. This strategy will allow you to exclude multiple 
fusion vectors. Web tools can be used for  in silico  simulation of 
the Cre reaction (Cre-ACEMBLER) ( see   Note 13 ).    

     Purifi ed Cre recombinase can be purchased from a number of 
sources. Several bacterial expression plasmids are available and can 
be used for the production of this enzyme. Here we describe 
expression in  E. coli  of oligohistidine tagged Cre recombinase 
under the control of the arabinose promoter [ 7 ].

    1.    Transform DH5α or Top10  E. coli  strain with pBADZ-His- 
Cre plasmid, plate onto low salt LB plates containing 25 μg/
ml of Zeocin (activity of Zeocin depends on ionic strength), 
and incubate overnight at 37 °C.   

   2.    Prepare a preculture in low salt LB medium containing 25 μg/
ml of Zeocin that will be used to inoculate 100 mL of the same 
medium. The starting OD 600nm  should be in the range 0.05–
0.1. Place it in the incubator for growth.   

   3.    When the OD 600nm  reaches 0.5–0.6, add 1 ml of 20 %  L - 
ARABINOSE  (0.2 % fi nal concentration) to induce the expression 
of the recombinant protein. Don’t forget to take a 100 μl ali-
quot as control before induction (uninduced sample).   

   4.    Let the culture grow for 4 h more, take a 100 μl aliquot as 
control (induced sample), and harvest cells by centrifugation at 
4,000 ×  g  for 15 min. Wash the cell pellet with PBS buffer sup-
plemented with 10 % glycerol, centrifuge again, and store the 
pellet at −20 °C.   

   5.    Add 20 μl 4× SDS loading dye to uninduced and induced sam-
ple and boil it for 5 min.   

3.5.3  Purifi cation of Cre 

Recombinase
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   6.    Check the expression on 15 % SDS gel, load 10 μl of the sam-
ple without induction and 5 μl of the sample after induction. 
The band corresponding to the recombinant Cre protein 
should be visible at 38 kDa.   

   7.    Resuspend the stored cell pellet in 15 ml of lysis buffer (20 mM 
Tris–HCl (pH 8.0), 300 mM NaCl, 10 % glycerol, 5 mM imid-
azole, 5 mM DTT) and sonicate for 1.5 min at 40 % 
amplitude.   

   8.    Centrifuge at 20,000 ×  g  for 20 min at 4 °C. Keep the 
supernatant.   

   9.    Wash 1 ml IMAC resin with ultrapure water then equilibrate 
with the lysis buffer. Always handle samples on ice or work in a 
cold room.   

   10.    Add the equilibrated resin to the supernatant and incubate for 
2 h at 4 °C.   

   11.    Centrifuge at 200 ×  g  for 10 min to pellet the resin. Discard the 
supernatant.   

   12.    Wash the resin with 10 ml of lysis buffer containing 10 mM 
imidazole.   

   13.    Centrifuge again at 200 ×  g  for 10 min to pellet the resin and 
discard the supernatant. Repeat the washing step once more.   

   14.    Poor the resin in an empty gravity fl ow column and elute with 
lysis buffer containing 150 mM imidazole.   

   15.    Analyze eluted protein by 15 % of SDS gel, pool the protein 
containing fractions and dialyze overnight in a buffer contain-
ing 20 mM Tris–HCl (pH 8.0), 300 mM NaCl, and 20 % 
glycerol.   

   16.    Measure the protein concentration and snap freeze 100 μl ali-
quots at 0.3 mg/ml concentration. Store at −80 °C.   

   17.    Perform a set of in vitro Cre-mediated fusion reactions with a 
control vectors using increasing amounts of recombinase for 
quality control.   

   18.    From 100 ml culture, you should obtain enough recombinase 
for 100 reactions.    

     Routine preparation of protein complexes in quantity and quality 
suffi cient for biotechnology applications may necessitate signifi cant 
efforts, in particular when large volumes of culture are required. 
Simple protocols to streamline large/medium-scale production are 
described below. 

  Fluorescent proteins such as the yellow fl uorescent protein (YFP) 
or the  Discosoma  red fl uorescent protein (DsRed) can be effi ciently 
used to monitor virus performance and determine the optimal time 
for harvesting the culture and proceeding to protein purifi cation. 

3.6  Scale-Up 

of Protein Expression

3.6.1  Use of Fluorescent 

Reporter Protein
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The genes coding for fl uorescent proteins can be either fused as a 
tag to the recombinant protein of choice or integrated directly into 
the baculoviral genome. In the latter case, if the gene encoding the 
fl uorescent protein is placed under the control of the same pro-
moter that drive the expression of heterologous proteins of inter-
est, detection of fl uorescent signal might sign the concomitant 
expression of proteins of interest. Thus, a plateau of fl uorescence is 
observed when production of heterologous protein is maximal. 
Toward this goal, the YFP gene was inserted under the control of 
the polyhedrin promoter into the backbone of the MultiBac virus, 
giving rise to the virus EMBacY [ 15 ]. 

 To determine the optimal time for harvesting cells when pro-
tein production is maximal, fl uorescence measurements of a 
reporter gene can be conveniently used as follows:

    1.    Count cells in an expression culture and withdraw 2 × 10 6  cells. 
Centrifuge for 1 min at 15,000 ×  g , remove supernatant, and 
resuspend the pellet in 1 ml of PBS (or any buffer of choice, if for 
example the optimal lysis buffer has been already determined).   

   2.    Sonicate with 3 mm probe at 20 % of intensity until the pellet 
is completely dissolved (do not overheat).   

   3.    Take out 50 μl, transfer into a fresh Eppendorf tube, and add 
SDS-PAGE loading dye (total extract).   

   4.    Spin down the rest of the sample (950 μl) for 3 min at maxi-
mum speed in table top centrifuge.   

   5.    Take out 50 μl, transfer into fresh Eppendorf tube, and add 
SDS-PAGE loading dye (soluble extract).   

   6.    Use remaining 950 μl to measure fl uorescence (excitation: 
488 nm, emission max: ~520 nm if a baculovirus expressing 
YPF such as EMBacY is used).   

   7.    We strongly advice to measure the cellular fl uorescence against 
a fl uorescent standard in order to calibrate the measurements 
and to compare with expressions from other batches of virus.   

   8.    Freeze the SNP/SN aliquots at −20 °C until use.      

   (1 ml of BIIC for 1 l of expression culture.)

    1.    Quickly thaw one BIIC cryovial in a 37 °C water bath (or thaw 
in your hands, then use paper towels to protect your skin) with 
gentle agitation until cells are almost thawed.   

   2.    Dilute the vial quickly into 100 ml insect cell medium.   

   3.    Add this 100 ml suspension to 900 ml of uninfected  Sf 21 cells 
at a density of around 0.9 × 10 6  cells/ml.   

   4.    Maintain cells at a density of 1 × 10 6  cells/ml until proliferation 
arrest.   

3.6.2  Using BIIC Stocks 

for Protein Production
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   5.    Harvest cells at proper time after proliferation arrest (if 
EMBacY- based virus is used: when YFP reaches a plateau) and 
purify your protein.        

4    Notes 

     1.    Addition of penicillin (5–25 U/ml) and streptomycin (7 μg/ml) 
or gentamicin (5 μg/ml) can be useful when it is necessary to 
face a contamination.   

   2.    Cell viability can be evaluated with Trypan blue. Mix one vol-
ume of cells with one volume of a 0.1 % stock solution of 
Trypan blue (in PBS or other isotonic salt solution). Nonviable 
cells will take up Trypan blue. Healthy cultures should contain 
more than 97 % of unstained viable cells. We use an automated 
counter that also provides cell size distribution, which is an 
indicator of cell infection.   

   3.    In our experience, it is absolutely necessary to ascertain at this 
step that debris from the cell lysis are completely removed. 
Leftover debris, containing also genomic nucleic acid and RNA, 
can inhibit the transfection of insect cells by sequestering trans-
fection reagent. PCR analysis can be performed with m13 
Forward (CCCAGTCACGACGTTGTAAAACG) and m13 
Reverse (CAGGAAACAGCTATGAC) primers. The size of 
amplifi ed DNA fragment can be compared with the size of DNA 
fragment obtained from non-recombinant bacmid propagated 
by blue colonies. Column purifi ed PCR reaction can be sequenced 
to check the integrity of inserted expression cassette.   

   4.    We mainly use the bacmid BAC10:KO1629 [ 13 ] as a source of 
viral DNA. It consists of the wild-type AcMNPV genome in 
which part of ORF1629 that is essential for virus replication 
has been replaced by a low copy bacterial replicon and resis-
tance makers (Kanamycin and Chloramphenicol). The bacte-
rial replicon and resistance markers are surrounded by two 
Bsu36I restriction sites used for DNA linearization which 
increases recombination effi ciency. ORF1629 is rescued after 
recombination with the transfer vector. Note that ready-to-use 
and genetically optimized linearized baculovirus DNA can be 
purchased from a number of sources (BaculoGold™ (BD 
Pharmingen), BacMagic™ and BacVector™ (Novagen), 
BacPAK6™ (Clontech), fl ashBAC™ (OET), Sapphire™ (Allele 
Biotechnology)).   

   5.    Note that for initial transfection many other transfection 
reagents can be used as well. In our hands transfection with 
Fectofl y (Polyplus), FuGENE, or X-Treme GENE HP (Roche) 
works with the same effi ciency and offers the advantage that 
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the transfection suspension does not need to be removed after 
the 5 h incubation. Respect the incubation time recommended 
as extended incubation may lead to the formation of large and 
diffi cult to transfect DNA/transfection complexes. Carefully 
follow the manufacturer’s instructions for procedures and the 
choice of compatible medium.   

   6.    For amplifi cation the multiplicity of infection (MOI) should 
be 0.1–0.4. Ideally the titer of the P0 stock should be deter-
mined experimentally. However, assuming a cell concentration 
of 0.5 × 10 6  cells/ml and a titer of the P0 stock of 2 × 10 7  pfu/
ml, then an MOI of 0.1–0.4 would correspond to 0.25–1 % 
(virus volume/culture volume percentage). For example, add 
between 70 and 240 μl of virus stock to a 25 ml culture in 
250 ml fl ask.   

   7.    Defective interfering particles (DIPs) are viral particles that 
miss part or all of their genome and thus cannot sustain an 
infection by themselves. Instead, they depend on coinfection 
with a suitable helper virus that provides the gene functions 
absent from the DIPs. Accumulation of DIPs that arise during 
passaging is favored by amplifi cation at high MOIs when cells 
can be coinfected with an intact virus and a DIP, allowing their 
replication. At low MOIs, formation of DIPs is limited as each 
cell is infected by a single viral particle. If the virus is defective, 
it will not replicate and DIPs will not accumulate [ 14 ,  16 ].   

   8.    For PCR analysis of recombinant viruses, treat 200 μl of viral 
suspension with 20 μl of proteinase K at 20 mg/ml in 10 mM 
Tris–HCl (pH 8.0), 1 mM EDTA, 0.5 % SDS for 10 min at 
72 °C and extract DNA with purifi cation kit suitable for puri-
fi cation of large DNAs. This should provide enough DNA for 
running 100 PCR reactions.   

   9.    For  in silico  design of oligonucleotides suitable for SLIC, 
Gibson or InFusion cloning uses SODA (  http://slic.cgm.
cnrs-gif.fr/    ) or NebBuilder (  http://nebuilder.neb.com/    ).   

   10.    One should consider factors that might affect the stability of 
the putative complex (pH, ionic strength, nonprotein ligand). 
Preparation of the cell lysate is a critical step that often requires 
optimization to identify a suitable lysis buffer. Optimal condi-
tions should maximize the solubility and stability of the 
 complex while minimizing oxidation, unwanted proteolysis, 
and aggregation. If the complexes can be tested in vitro, 
screening should include the use of a functional assay to 
 control/optimize the activity of recombinant proteins.   

   11.    Blunt-end ligation protocol allows insertion of the LoxP 
sequence in two possible orientations that will lead to distinct 
Cre-mediated fusion plasmids. A priori, there is no reason to 
privilege one orientation rather than the other, nevertheless 
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one cannot exclude that one orientation could be more favor-
able for virus stability.   

   12.    For expression of two cDNAs, we would place one gene under 
the control of the PH promoter and another under that of 
promoter p10. For three, we would use two PH promoters 
and one p10 or vice versa. For expression of four cDNAs, use 
two PH and two p10 promoters.   

   13.    If Cre/loxp concatenation between three plasmids (e.g., A, B, 
and C) does not work or interpretation is diffi cult (large plas-
mids and complex restriction patterns), proceed sequentially, 
i.e., isolate AB or BC fusion fi rst and recombine with the third 
plasmid in a second step. Addition of Cre recombinase to a 
mixture of two plasmids leads to equilibrium after approxi-
mately 30 min at 37 °C. At equilibrium, only 20 % of initial 
plasmids are recombined (AB vector). For in silico modeling of 
a Cre-lox, recombination reaction uses a software Cre-
ACEMBLER-1.0.1 (  http://www.embl. fr/multibac/multiex-
pression_technologies/cre-acembler/.    )         
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 COMMENTARY COMMENTARY

Most essential activities in eukary-
otic cells are catalyzed by large 

multiprotein assemblies containing up 
to ten or more interlocking subunits. 
The vast majority of these protein com-
plexes are not easily accessible for high 
resolution studies aimed at unlocking 
their mechanisms, due to their low cel-
lular abundance and high heterogene-
ity. Recombinant overproduction can 
resolve this bottleneck and baculovi-
rus expression vector systems (BEVS) 
have emerged as particularly power-
ful tools for the provision of eukaryotic 
multiprotein complexes in high quality 
and quantity. Recently, synthetic biol-
ogy approaches have begun to make 
their mark in improving existing BEVS 
reagents by de novo design of stream-
lined transfer plasmids and by engineer-
ing the baculovirus genome. Here we 
present OmniBac, comprising new cus-
tom designed reagents that further facili-
tate the integration of heterologous genes 
into the baculovirus genome for multi-
protein expression. Based on compara-
tive genome analysis and data mining, 
we herein present a blueprint to custom 
design and engineer the entire baculo-
virus genome for optimized production 
properties using a bottom-up synthetic 
biology approach. 

Our understanding of the cellular machin-
ery has increased tremendously in recent 
years mainly due to astounding progress 
in “omics” research (genomics, proteomics 
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and glycomics).1 Comprehensive genom-
ics data sets are now available for many 
organisms including human, and focus 
has now shifted to elucidating the cellular 
proteome in correlation with the live cel-
lular functionality and morphology. One 
essential lesson already learned is that pro-
teins in eukaryotic cells typically do not 
work in isolation but coexist in large and 
highly diverse assemblies of ten or more 
interlocking subunits. These stably or 
transiently associated multiprotein assem-
blies additionally work together with sep-
arate proteins or multiprotein assemblies 
to carry out essential cellular processes 
including signaling, energy generation, 
and transport of food, water or waste. The 
highly dynamic processes going on among 
the proteins in our cells has been termed 
the “protein sociology.”2

A considerable number of accessory 
proteins typically accompany any indi-
vidual multiprotein complex at various 
stages of its production, trafficking, active 
life and degradation. For example, chap-
erones are often critical for proper assem-
bly of complexes, while other proteins are 
required for proper targeting and activa-
tion through post-translational modifica-
tion. The activity of complexes is often 
fine-tuned by the incorporation of iso-
forms of individual subunits, for example 
to mediate tissue-specific functions. To 
fully understand biology, it is clear that 
we need methods to unlock the assem-
bly, structure and mechanism of all of the 
complexes that exist in our cells. This is 
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recently, opening interesting options to 
depict with hitherto unattainable preci-
sion entire pathways in mammalian cells, 
for example for pharmacological screening 
studies.5

An attractive alternative to mamma-
lian systems is heterologous expression 
using recombinant baculoviruses to infect 
insect cell cultures. This method was pio-
neered three decades ago6 and has become 
a method of choice for producing high 
levels of many eukaryotic proteins includ-
ing a large number of proteins of pharma-
ceutical interest.7,8 A significant advance 
over existing baculovirus expression vector 
systems (BEVS) came with the introduc-
tion of MultiBac, an advanced BEVS par-
ticularly tailored for producing eukaryotic 
multiprotein complexes for structural and 
functional studies.9-12 MultiBac consists of 
a baculovirus genome that has been engi-
neered for optimized protein production 
by deleting protease and apoptosis activi-
ties.13 In a subsequent improvement of the 
system, a new suite of transfer vectors was 
introduced to facilitate introduction of 
many heterologous genes into one recom-
binant MultiBac baculovirus by a method 
called tandem recombineering (TR), 
involving sequence-and-ligation-indepen-
dent cloning (SLIC) and Cre-LoxP recom-
bination.14,15 More recently, the design of 
transfer plasmids has been further refined, 
resulting in small, easy to handle plasmids 
containing only the functional DNA ele-
ments required for protein expression, 
expression cassette multiplication and 
plasmid concatenation by TR.15 Multigene 
transfer vectors created in this way are 
introduced into the Multi Bacbaculovirus 
genome by the Tn7 transposon, in E. coli 
strains modified for this purpose.14

As a step forward relative to previous 
systems, the original MultiBac system 
already provided the option to integrate 
accessory functionalities that may be 
required for proper functioning of a mul-
tiprotein complex, by means of a sec-
ond entry site engineered into the virus 
genome that is independent of, and distal 
to the main site of integration that relies 
on the Tn7 transposition. This feature 
has been exploited to integrate additional 
functional modules into the viral genome, 
including post translational modification 
enzymes, and fluorescent proteins that 

not only essential for basic research, but 
equally important for enabling novel 
approaches in the pharmaceutical and 
biotech industries to drive development 
of new and better drugs that more spe-
cifically modulate cellular functions.3 An 
imposing bottleneck that obstructs prog-
ress in these areas stems from the typically 
low abundance and high heterogeneity 
of protein complexes in their native cells. 
Apart from a handful of notable examples, 
most human multiprotein complexes 
remain virtually inaccessible to date.

Recombinant overexpression can pro-
vide a solution to this problem. However, 
until recently, the production challenge 
for eukaryotic (especially human) multi-
protein complexes has not been systemati-
cally addressed by the community. There 
is no denying that especially for drug 
design, it is imperative that we no longer 
recoil from studying human protein com-
plexes, given that most surrogate systems 
such as the fruit fly, yeast or archea which 
are commonly used in basic research 
do not accurately recapitulate the func-
tions of the much higher developed and 
therefore significantly more complicated 
human species.

The provision of human multiprotein 
complexes in the quality and quantity 
required for mechanistic studies and drug 
design poses particular challenges due to 
the complexity of the machinery at work 
in our cells. Technical factors for heterolo-
gous protein production including protein 
yield, stoichiometric ratio between sub-
units, post-translational modifications, 
folding, and stability are all of critical 
importance, and ideally a highly flexible 
heterologous expression system should be 
available that can provide these functions 
for a wide range of protein complexes. An 
attractive solution could be mammalian 
expression systems, which naturally pro-
vide the required functions to accurately 
reflect what takes place in our cells, and 
heterologous expression in mammalian 
systems has become increasingly popu-
lar, especially for secreted proteins such 
as therapeutic antibodies.4 However, 
mammalian systems often do not provide 
acceptable yields for intracellular proteins, 
and multiprotein expression technolo-
gies for mammalian cells are still in their 
infancy, albeit progress has been made 

allow easy monitoring of virus perfor-
mance and protein production following 
transfection and during virus amplifica-
tion.15,16 More recently, this approach has 
been used to create SweetBac, allowing 
for the production of mammalian-like 
glycoproteins in insect cells.17,18 MultiBac 
is now in use at more than 600 laborato-
ries world-wide, in academia and industry, 
and a broad range of multiprotein com-
plexes have been produced in high quality 
and quantity for diverse applications by 
using the MultiBac system.3,9

Currently, two approaches for integrat-
ing heterologous expression cassettes into 
the baculovirus genome dominate the 
field. One of these approaches requires the 
presence of the baculoviral genome as a 
bacterial artificial chromosome (BAC) in 
E. coli cells, together with Tn7 transposase 
activity present in these same cells which 
recombine transformed transfer plasmids 
into a Tn7 attachment site on the BAC. 
Invitrogen’s Bac-to-Bac system and also 
the more advanced MultiBac system both 
utilize this approach. The recombinant, 
composite baculovirus DNA is then puri-
fied from these E. coli cells by alkaline lysis, 
and used to transfect insect cells. In con-
trast, the original method of choice to inte-
grate heterologous expression cassettes into 
the baculovirus genome relied on homolo-
gous recombination mediated by regions 
in the transfer plasmid that were homol-
ogous to two genes on the baculovirus 
genome (Orf1629 and lef2/603) that flank 
the baculoviral polh locus which had been 
inactivated. This method is still offered by 
a large number of commercial providers 
(Novagen BacVector series, PharMingen 
BaculoGold, Abvector and others). By 
this method, homologous recombination 
occurs in insect cells following trans-
fection the baculovirus genomic DNA 
together with the transfer vector. The effi-
ciency of recombination is increased by 
linearization of the baculovirus genome, 
but still remains a less efficient method to 
rapidly generate recombinant baculovirus 
than transforming Tn7-produced com-
posite BACs. A further improvement on 
the homologous recombination in insect 
cell method came by truncation of the 
essential Orf1629 gene on the baculovi-
rus genome which is then repaired by co-
transfecting complete Orf1629-containing 
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either baculovirus genomes using Tn7 for 
gene entry or baculovirus genomes using 
homologous recombination, respectively. 
However, no transfer vectors can access 
both types of genomes. We perceived this 
situation as unsatisfactory, given that both 
systems (BAC/Tn7 entry and homologous 
recombination, respectively) offer unique 
beneficial opportunities and particular 

transfer vectors (FlashBac system, Oxford 
Expression Technologies).

OmniBac: Multigene Transfer 
Plasmids to Access All Available 

Baculoviruses

Currently, available baculovirus trans-
fer vectors are compatible with either 

Figure 1. OmniBac. (A) Synthetic donor and acceptor plasmids are shown schematically. DonorspI DC, pIDK and pIDS are from the original Multi-

Bac suite.9 Novel acceptor plasmids pOmniBac1, pOmniBac2 and pOmni-PBac are shown. Cm stands for chloramphenicol, Kn for kanamycin, Sp for 

spectinomycin, Gm for gentamycin. Viral very late promoters polh and p10, and SV40 and HSVtk polyadenylation signals are indicated. Donors contain 

a conditional origin of replication derived from the R6Kγ phage.9 A multiplication module comprising a homing endonuclease site and a complemen-

tary BstXI site is shown as boxes in light blue, "anking the expression cassettes.14 MCS1 and MCS2 denote multiple cloning sites.14,15 Acceptors contain a 

regular ColE1 origin of replication, the DNA sequence elements for Tn7 transposition (Tn7L, Tn7R) and in addition the lef2/603 and Ori1629 homology 

regions (gray boxes). All plasmids have a LoxP sequence for plasmid fusion mediated by Crerecombinase. pOmni-PBac contains the polyprotein ex-

pression cassette for multiprotein complex expression including a gene encoding for tobacco etch virus Nia protease (TEV) followed by a "uorescent 

marker, cyan "uorescent protein (CFP), spaced by a TEV protease cleavage site (tcs). Polyprotein constructs are generated in pOmni-PBac as described 

previously for our pPBac design.15 (B) OmniBac acceptors and donors are concatenated by Cre-LoxP fusion in a combinatorial fashion.14,15 For matter 

of clarity, only two donors are shown reacting with one acceptor, each containing one heterolgous gene (white arrow). Unfused donors act as suicide 

plasmids upon transformation due to their conditional origin.15 AD and ADD fusions, in contrast, are e#ciently propagated based on the regular origin 

in the acceptor used.15 Plasmid combinations are selected based on unique resistance marker combinations.15 (C) OmniBac acceptors contain all ele-

ments required for generating recombinant baculoviruses for expression by using the homologous recombination method (left) or, alternatively, the 

BAC/Tn7 entry method (right). (D) An OmniBac plasmid containing two genes encoding for CFP (top) was used to test homologous recombination 

entry (BacVector3000, FlashBac) as well as the BAC/Tn7 entry (Bac-to-Bac, MultiBac). Quanti$cation of "uorescence on an arbitrary scale calibrated to 

a yellow "uorescent protein standard (YFP) and 1 million infected cells each exhibited virtually identical heterologous expression levels (two clones 

each were tested). (E) Connexin (left) and Drebrin (right) were expressed using OmniBac and puri$ed to homogeneity. Connexin migrates as an oligo-

mer in SDS-PAGE.

baculovirus genomes offer specific advan-
tages in production of different classes 
of recombinant proteins. The BAC/Tn7 
entry system, for instance, is thought to 
be more accessible to non-specialist users 
without experience in cell culture tech-
niques. The homologous recombination 
system, on the other hand, has the advan-
tage that it can be efficiently scripted in 
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(Fig. 1D). We also scrutinized the 
OmniBac plasmids for Cre-LoxP recom-
bination and production of a test mem-
brane protein (connexin). Connexins are 
vital proteins mediating cell-to-cell com-
munication.20 Connexin could be purified 
to homogeneity following expression from 
a pOmniBac1-Connexin transfer plas-
mid transposed into the MultiBac virus  
(Fig. 1E). Drebrin is a protein which is 
thought to interact with connexins and 
actin.21 Cre-LoxP fusion of a donor plas-
mid containing Drebrin (pIDC-Drebrin) 
with pOmniBac1 and subsequent Tn7 
transposition into the MultiBac virus 
yielded a composite virus with excellent 
protein production characteristics (Fig. 
1E). In summary, the OmniBac accep-
tor plasmids are functional for protein 
expression and for acceptor–donor recom-
bineering, and can efficiently substitute 
for the previous MultiBac acceptor plas-
mids (pACEBac1 and pACEBac2) for 
multigene construct generation by TR. 
As we show here, the resulting multigene 
transfer constructs can, for the first time, 
access all baculoviruses that are pres-
ently available. The OmniBac suite thus 
significantly expands the scope of pos-
sible multiprotein production experiments 
using BEVS, now providing the option to 
choose from among all available baculovi-
rus genomes the one most suitable for the 
specific experiment at hand.

Baculovirus Genome Engineering

Currently, BEVS applications includ-
ing MultiBac rely on a large baculovirus 
genome (~130 kb) derived from wild-type 
Autographa californica multicapsid nuclear 
polyhedrosis virus (AcMNPV). This 
genome has been intensively researched 
for many years. Genes that are essential 
for propagation in cell culture and genes 
which are detrimental for foreign protein 
production were delineated by several 
research groups.22-28 Based on our positive 
experiences with bottom-up design of plas-
mids and engineering of the baculovirus 
genome itself to improve protein produc-
tion, we became interested in extending 
our reengineering concept to rewiring the 
entire baculovirus genome to maximize its 
performance. Redesigning and restructur-
ing the baculovirus genome for enhanced 

high-throughput robotic routines, which 
is basically unfeasible with the BAC/Tn7 
entry system.19 Automation, however, is 
indispensable to accelerate modern pro-
tein research.

We have resolved this issue by creating 
new “OmniBac” transfer plasmids (Fig. 1, 
Supplemental Materials). The OmniBac 
vector suite contains new custom designed 
acceptor plasmids, which provide both 
the Tn7 transposon sequences (Tn7L and 
Tn7R), and at the same time also con-
tain the Orf1629 and lef2/603 sequences 
required for homologous recombina-
tion (Fig. 1A). The basic design of these 
Acceptor plasmids follows the logic of the 
original MultiBac acceptor plasmids9 and 
thereby facilitates multiprotein expression. 
The newly synthesized pOmniBac1 and 
pOmniBac2 plasmids contain all elements 
required for gene insertion by SLIC, the 
homing endonuclease/BstXI based mod-
ule to facilitate multiplication of expression 
cassettes on each transfer plasmid and the 
LoxP sequence for Cre catalyzed fusion of 
Donor plasmids (pIDC, pIDK and pIDS) 
with TR offering the option to add fur-
ther genes (Fig. 1B). The donor plasmids 
are from the recent MultiBac Acceptor/
Donor suite.15 OmniBac Acceptor based 
multigene transfer plasmids can access 
all currently available baculoviruses using 
either homologous recombination, or the 
BAC/Tn7 entry approach (Fig. 1C).

In a proof of concept, we integrated 
two CFP genes, one under control of 
the viral very late promoter polh, and 
one under control of the viral very late 
promoter p10 by SLIC, giving rise to 
pOmniBac-CFP2 (Fig. 1D). We reacted 
the pOmniBac-CFP2 plasmid with sev-
eral different baculoviruses using the 
Tn7 entry method (Bac-to-Bac, our 
MultiBac) or the homologous recombina-
tion method (BacVector3000, FlashBac), 
and monitored protein production from 
our OmniBac expression vectors by CFP 
flourescence. We used YFP which is 
integrated into our MultiBac baculovi-
ral genome as a marker for virus perfor-
mance and protein expression (intensity 
arbitrarily set to 100,000). All viruses 
performed excellently in this compari-
son, and virtually identical levels of 
CFP production were reached regard-
less of the virus used in this experiment  

DNA stability and efficient protein pro-
duction requires deletion, modification 
or insertion of DNA sequences. So far, 
the existing alterations of the wild-type 
genome were made by classical knockout 
strategies, and were mostly directed at 
changes to the genome to facilitate gene 
insertion, and to improve protein pro-
duction by removing detrimental pro-
teins such as virally encoded protease 
and chitinase. There is a large landscape 
for engineering the baculovirus genome, 
given the many non-essential genes that 
are probably dispensable for virus main-
tenance and heterologous protein expres-
sion. Also, the inherent DNA instability 
of the current baculovirus genome poses a 
problem, in particular at expression scales 
relevant for pharmaceutical production. 
Simply speaking, as the virus replicates 
during expression scale up, it progressively 
suffers from deletion of bits and pieces of 
its genome, preferentially in the highly 
expressed, (non-essential) heterologous 
protein expression cassette, as we have 
shown already for laboratory scale pro-
duction.12,23,24 This is exacerbated for the 
viruses of the BAC/Tn7 type by the fact 
that the insertion site which is targeted 
by the Tn7 transposon is actually a muta-
tional hotspot.29,30 It is clear that the pos-
sibilities to improve the baculovirus itself 
are ample, and are far from exhausted in 
state of the art systems.

Analogous to our approach to mini-
mize transfer plasmids which then could 
be synthesized de novo, we became inter-
ested in the genes and DNA elements 
which are dispensable under laboratory 
culture conditions and unnecessary for 
efficient budded viral production, which 
is the major virus type used for protein 
expression in cell culture.11,12 We reasoned 
that conceivably, the baculovirus can be 
engineered by removing non-essential 
genes and regions prone to mutation, with 
possibly large benefits for virus DNA sta-
bility, and also for accommodating very 
large foreign gene insertions, without 
compromising the ease of handling and 
the superior protein production proper-
ties offered by the system. For illustra-
tion, the polyhedrin gene locus (polh) is a 
non-essential viral gene that codes for the 
polyhedrin protein which produces occlu-
sion bodies. These occlusion bodies can be 
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(annotated by shades of green color to 
black) for cell culture propagation. The 
essential genes were classified based on 
conservation which includes core genes, 
core genes with fixed synteny (co-localiza-
tion of loci within the species), conserved 
or variable (no-deletion category in clade-
I/II alpha baculovirus group), and unique 
in AcMNPV. Additionally, 9 homologous 
regions (hr) are shown in the map, which 
serve as transcriptional enhancers and 
origins of replication, some of which may 
not be essential. Genes were classified as 
non-essential based on the function in oral 
infectivity, host cell interactions, cell lysis 
and moulting inhibition. Non-essential 
genes also include genes that are involved 
in inducing apoptosis such as v-cath, genes 
and genes that were previously reported 
not to give rise to a deletion phenotype.

Interestingly, when we analyzed the 
distribution of these annotated essen-
tial and non-essential genes, we found 
that a majority of the essential genes was 
localized in one half of the baculovirus 
genome. In contrast, the majority of the 
genes that could likely be disposed of 
are found clustered in the other half of 
the genome. Based on this distribution 
of essential and non-essential genes, we 
divided the circular baculovirus genome 
map into two almost equal sized semi-
circles (Fig. 2). We observed that close to 
55 (35%) of essential genes and 22 (14%) 
of non-essential genes were located in 
one semicircle (upper semicircle, Fig. 2), 
while 35 (22%) of non-essential genes and 
44 (28%) of essential genes were located 
in the other semicircle (lower semicircle,  
Fig. 2). In addition, the majority of the 
currently existing BEVS have gene loci 
that are either deleted or modified in the 
upper semicircle (i.e., MultiBac, v-cath and 
chiA deleted; MultiBac and Bac-to-Bac, 
Tn7 attachment site replaces polyhedrin 
site; FlashBac, ORF1629 and polyhedrin 
site modified; FlashBacULTRA, p10, P74 
and p26 genes deleted). This interest-
ing asymmetric distribution of essential 
and non-essential genes provides ample 
opportunities to engineer the baculoviral 
genome by bringing an entire array of syn-
thetic biology methods to bear, to design 
and synthesize a minimal and functional 
genome, i.e., a baculovirus genome con-
taining only the essential (coding and 

observed as large particles in the insect cell 
nuclei at the very late stage of the infec-
tious cycle. The discovery of polyhedrin as 
a nonessential gene propelled the genera-
tion of BEVS.31,32 The majority of heterol-
ogous proteins produced by BEVS utilize 
a baculoviral genome in which the polh 
gene is deleted and foreign genes of inter-
est are produced under the control of the 
polh promoter. Currently, there are several 
BEVS with other non-essential gene dele-
tions such as chitinase (v-cath), cathepsin 
(chiA), p10, p74 and p26 (FlashBacUltra, 
OET; BacVector3000, Novagen). If the 
BEVS genome were reengineered, or even 
designed entirely de novo from scratch, all 
nonessential genes and known mutational 
hot spots could in theory be deleted, and 
all existing entry sites and beneficial mod-
ifications integrated into a new baculovi-
rus genome with superior characteristics 
to anything yet conceived or developed.

A Blueprint for  
a Synthetic Baculovirus Genome

We performed extensive literature min-
ing on the AcMNPV genome in identi-
fying essential and non-essential genes 
with respect to cell culture propagation, 
budded virus production and foreign pro-
tein expression. We included comparative 
analysis on neighboring genomes, which 
belong to the so-called clade I/Ib alpha 
baculovirus group encompassing BmNPV, 
BmaNPV, MvMNPV, PlxyMNPV and 
RoMNPV. Besides the comparative 
genome studies, other analyses scrutinized 
gene synteny, promoter motifs, repetitive 
features in origins of replication that are 
involved in homologous recombination 
events, and potential transposon inte-
gration sites. These were then all com-
piled and integrated into our baculovirus 
genome database. Based on these analyses 
and on Genebank nucleotide RefSeq entry 
NC_001623.1, we compiled an annotated 
baculovirus genome map as a blueprint for 
future genomic engineering (Fig. 2).

In this baculovirus genome map, we 
show in total 156 (ORF) genes (Fig. 2). 
Out of these, 62 genes could be classi-
fied as (likely) non-essential genes which 
are probably dispensable (annotated by 
shades of red color). Ninety-four genes, in 
contrast, were classified as essential genes 

non-coding) genetic elements required for 
its life cycle under laboratory culture con-
ditions and supporting the highest possi-
ble expression levels of functional proteins 
and protein complexes.

Synthetic Biology:  
Toward an Optimized  
Baculovirus Genome

Synthetic biology creates artificial agents 
that recapitulate the behavior of living 
systems including inheritance, genet-
ics and evolution.33 Breakthroughs for 
synthetic biology include novel synthetic 
genomes with promising phenotypes such 
as engineered bacteriophages to combat 
antibiotic-resistant bacteria, inhibition of 
certain bacterial genetic programs that 
could improve the efficacy of antibiotic 
therapies34 and viruses that were custom-
ized to invade cancer cells.35 Craig Venter 
and his associates have reported the design 
and synthesis of a 1 Mb Mycoplasma 
mycoides bacterial genome and also of an 
entire synthetic bacteriophage genome.36,37 
Similar approaches can be utilized also 
for the synthesis and assembly of an opti-
mized, synthetic baculovirus genome. 
The baculovirus genome, with ~130 kb 
size, is small compared with the genome 
of Mycoplasma. By using the methods pio-
neered by the Venter group, wild-type seg-
ments in the baculovirus genome could be 
iteratively replaced with custom designed 
synthetic DNA fragments, using for 
example E. coli or yeast based recombina-
tion as a method of choice for this.38

An alternative, potentially promising 
approach would be to use evolution by 
natural selection to generate “minimal 
and functional baculovirus genomes”. It 
has been shown that baculoviruses, when 
serially passaged in cell culture, are prone 
to massive auto deletions, resulting in 
virus populations that are dominated by 
non-functional, small circular entities 
that rely on the presence of a few func-
tional viruses that supply the proteins 
required for replication. It will be inter-
esting to see whether or not evolution 
experiments can be designed which lead 
to intermediate deletion genomes that 
are significantly reduced in size as com-
pared with the wild-type baculovirus, but 
are still infectious and able to propagate 
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Figure 2. Blueprint of the baculovirus genome. The annotated genome of Autographa californica multicapsid nuclear polyhedrosis virus (AcMNPV) 

is shown in a schematic representation (top). Genes are scored (bottom) on a scale from essential genes that are conserved (no deletion category, 

shades of green color to black) to non-essential genes (shown to be possibly deleteable, shades of red color). The classi"cation applied is detailed in 

the legend (bottom). The annotated genome map was generated by a self-developed Perl program. Essential and non-essential genes are not ran-

domly distributed but cluster in the genome. The upper semicircle is composed to 56% of the essential genes (and 44% of non-essential genes), the 

lower, more conserved semicircle is composed to 71% of essential genes (and 29% of non-essential genes).
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variants exist under each of the two cat-
egories, each with its own merits. We have 
presented here our novel OmniBac plas-
mids, which combine the DNA elements 
required for both gene integrations strat-
egies, and are therefore compatible with 
all currently available baculoviruses. The 
OmniBac plasmids were shown to func-
tion equally well with all baculoviruses 
tested. Further, they are also fully com-
patible with the tandem recombineering 
approach we developed to facilitate mul-
tigene insertion into the baculovirus of 
choice. We anticipate that the OmniBac 
plasmids will in the future substitute for 
currently used transfer plasmids for many 
applications, including high-throughput 
pipelines that are becoming increasingly 
utilized for heterologous expression of 
eukaryotic target proteins in insect cells.

We hypothesize that the custom design 
strategies that lead us to minimal transfer 
plasmids such as OmniBac and the other 
components of the MultiBac transfer plas-
mid suite will also be beneficial if applied 
to the baculovirus genome itself, which is 
currently only marginally optimized for 
heterologous protein production. Toward 
this end, we have used comparative 
genomics and data mining, and realized 
that the essential genes on the one hand, 
and the non-essential genes on the other, 
are clustered together on the baculovirus 
genome. This opens up interesting possi-
bilities to rewire the genome, potentially 
also entirely by design-from-scratch in a 
bottom-up approach, by applying syn-
thetic biology techniques for genome 
engineering. This endeavor will be com-
plemented by in vitro evolution, using 
serial passaging and exploiting the innate 
tendency of the baculovirus to rearrange 
and delete segments of the genome in the 
process. Together, these two approaches 
should prove to be effective in creating a 
new and synthetic, minimal baculovirus 
which can then be customized for a vari-
ety of applications, for example by intro-
ducing modifiers and accessory proteins 
into the viral backbone that assist assem-
bling an active and functional multipro-
tein complex of choice.

Improving and optimizing recombi-
nant protein expression using BEVS is 
not limited by modifying solely the bac-
ulovirus genome itself, but can likewise 

and produce heterologous protein in cell 
culture. Alternatively, specimens may 
be isolated that only need to be reengi-
neered by adding a few genes to restore 
the desired functions. This could possibly 
be achieved by serial passaging of bacu-
lovirus in insect cells and investigating 
the distribution of genome sizes within a 
heterogeneous population of serially pas-
saged viruses.39 Evidence exists that over 
time baculoviruses have the tendency to 
restructure their genome by discarding 
genes by natural recombination events,23 
resulting in defective-interfering particles 
and other minimal baculovirus genome 
that are not well characterized. It will be 
potentially highly beneficial to revisit such 
virus subpopulations and compare their 
phenotype with wild-type in terms of sta-
bility, functionality and quality of budded 
virus, thereby identifying additional fea-
tures that may improve heterologous pro-
tein production.

Future Perspective

BEVS is emerging increasingly as a 
method of choice for the production of 
eukaryotic proteins for a wide range of 
applications in academic and industrial 
research and development. Since its incep-
tion more than three decades ago, BEVS 
have been improved, one step at a time, 
for simplifying handling and optimiz-
ing protein production properties. More 
recently, the introduction of the MultiBac 
system has contributed to unlocking the 
realm of large multiprotein complexes to 
functional studies to understand protein 
sociology and biological function in the 
cell, and to develop new and better drugs 
by exploiting, in the future, the tremen-
dous amount of data amassed through 
the genomics and proteomics studies that 
increasingly dominate current research 
efforts in the life sciences.

BEVS until today came mostly in two 
flavors, differing in their heterologous 
gene integration strategies (BAC/Tn7 
entry and homologous recombination, 
respectively) that were mutually exclusive. 
As a consequence, the initial transfer plas-
mid into which the genes of choice were 
inserted predetermined which baculovi-
rus genomes were available for the protein 
expression experiment. A number of virus 

include adapting the host system (insect 
cells). For example, insect cell lines 
expressing enzymes that reconstitute the 
human glycosylation pathway, were gen-
erated by genomic engineering.8,40 With 
BEVS becoming increasingly prominent 
in recent years, we believe there are ample 
opportunities and a substantial scope for 
new and improved, customized baculo-
virus genomes, genetically modified cell 
lines and optimized laboratory culture 
procedures tailored for high performance 
heterologous protein production, to accel-
erate academic basic research and likewise 
protein-based drug discovery in the phar-
maceutical and biotechnology industries 
in the near future.

Materials and Methods

OmniBac plasmids were custom designed 
from scratch and assembled from syn-
thetic DNA fragments (Genscript 
Corp.) using standard DNA procedures. 
Plasmid maps and sequences are pro-
vided in the Supplement. Generation of 
composite baculoviruses (MultiBac, Bac-
to-Bac, FlashBac, BacVector3000) was 
performed using published protocols12 or 
following the manufacturers’ recommen-
dation. CFP fluorescence was recorded 
as described previously.13 Full-length 
Connexin 36 (GenBank Nr. BC069339) 
was cloned into pOmniBac1 via EcoRI 
and HindIII, and a calmodulin bind-
ing peptide (CBP) and deca-histididine 
tandem affinity purification tag was the 
inserted via DraI and ScaI to yield con-
struct pOmniBac-Connexin. Full-length 
Drebrin E (GenBank Nr. D17530.1) 
with an N-terminal strepatividin bind-
ing peptide (Strep) tag spaced by a TEV 
site was cloned into pIDC via XhoI and 
KpnI giving rise to construct pIDC-Dre-
brin. Gene insertions into the MultiBac 
viral genome, virus generation, amplifi-
cation and protein expression were per-
formed as described.11 For purification of 
Connexin36 and preparation of gap junc-
tions, Sf21 cells expressing the protein 
were re-suspended in bicarbonate buf-
fer (1 mM sodium bicarbonate, pH 8.0, 
8.7% sucrose) and lysed by sonication 
for ten seconds. Gap junctions were puri-
fied by sucrose gradient centrifugation 
at 192,000 g overnight, dialysed against 
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sodium bicarbonate solution to remove 
sucrose and solubilised overnight with 
2% n-Dodecyl β-D-maltoside (DDM) 
and further purified by metal affinity 
purification (Ni-NTA, Qiagen). Drebrin 
was purified by using Strep-Tactin affin-
ity resin (IBA GmbH) followed by size 
exclusion chromatography (SEC) using 
a Superose 6 column. Proteins were ana-
lyzed by 12% SDS-PAGE.

The data used for creating the bacu-
lovirus genome map shown in Figure 2 
were derived from mining 1253 relevant 
papers found in NCBI PubMed and pub-
lished up to October 2011 on information 
for, e.g., genome sequences, gene essenti-
ality and conservation, protein product 
function and localization, protein-protein 
interactions, mRNA expression and gene 
regulation. All available database anno-
tations on gene product function were 
collected from NCBI Genebank, NCBI 
Protein, NCBI VOG clusters of related 
viral proteins and the UniProt database 
by Perl programs. Additionally 53 baculo-
virus genomes available in October 2011 
in the NCBI RefSeq nucleotide database 
were analyzed for orthologous protein 
genes by clustering protein sequences 
downloaded from the NCBI protein data-
base with a Perl program, which piped the 
clustering program blastclust, a part of 
the NCBI C-toolkit legacy blast package. 
Categories for conservation and variabil-
ity were assigned for following different 
lineages of baculoviruses: all baculovi-
ruses with conserved synteny (core+), all 
baculoviruses (core), lepidopteran bacu-
loviruses, NPV (alphabaculoviruses), 

NPV clade I, NPV clade Ib, variable for 
next neighbors of AcMNPV, unique for 
AcMNPV. For gene essentiality classi-
fication the grades of gene conservation 
were integrated with published informa-
tion on mRNA expression (no mRNA 
observed), expression in different devel-
opmental stages (immediate early, early, 
late, very late), content of stage-specific 
promoter motifs in the upstream regions 
and gene product function and localiza-
tion indicating non-essentiality for virus 
propagation in cell culture (e.g., host 
interaction factors, oral infectivity factor, 
occlusion-derived virus or occlusion-body 
localized, other auxilary proteins, some 
genes acquired from the host genome). 
Protein genes, which were already pub-
lished as non-essential, were categorized 
as type 1 deletion category (deletion 
is harmless), that having no known 
mRNA expression or have been proven 
as non-essential in the next relatives 
of AcMNPV (like BmNPV) as type 2  
(deletion is likely harmless), that having 
presumably non-essential functions and 
are variable in alphabaculoviruses or such 
protein genes having unknown func-
tions and are variable in next neighbors 
as type 3 (deletion perhaps harmless) and 
that with suspect non-essential functions 
and variability in other alpha baculovirus 
genomes but conservation in next rela-
tives as type 4 (deletion perhaps harm-
less). The genome map was drawn by 
designing a Perl program, which imports 
a table of the categorized gene data and 
exports an image made by the Perl pack-
ages GD and GD::Simple.

Further information can be obtained 
upon request (iberger@embl.fr).
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3.1. Structural characterization of a human TAF1/TAF7 complex 

3.1.1. Analysis of human TAF1/TAF7 complexes 
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We did not obtain crystals for the larger TAF1578-1210/TAF71-193 complex, indicating 

that the large unstructured internal loop may indeed impede crystallization. SDS-PAGE 

analysis showed that TAF1578-1210 in the TAF1578-1210/TAF71-193 complex was progressively 

degrading by residual protease activity, even at 4°C. Interestingly, a band of similar size to 

TAF1578-1106 accumulated in the degradation (data not shown), probably due to proteolytic 

cleavage in the flexible loop. In marked contrast, many crystallization hits were obtained for 

TAF1578-1106/TAF71-193 complex (Figure 11B), which were manually reproduced and 

optimized in hanging- and sitting-drop 24-well plate setups as described in Methods (Chapter 

2.2.5.2) to obtain rectangular shaped crystals (Figure 11C). A variety of cryo-protectants 

were screened for better diffraction, as these crystals diffracted differently with different 

cryo-protectants. Data collected from these crystals with 20% glycerol as cryo-protectant was 

anisotropic while, crystals from the same crystallization drop diffracted isotropically with 

25% EG (Ethylene Glycol) as cryo-protectant. Presence of anisotropy was checked using 

Diffraction Anisotropy Server (http://services.mbi.ucla.edu/anisoscale/). Finally these 

crystals were used, with 25% EG as cryo-protectant, to collect 5 different native x-ray 

diffraction data sets up to 1.75 Å resolution at ID29 with a DECTRIS PILATUS 6M pixel 

detector in shutter-less collection mode. A representative diffraction images is shown in 

Figure 11D. The crystals belong to primitive orthorhombic space group P212121. All these 

data sets were merged and processed as described in Methods (Chapter 2.2.5.2). Matthew’s 

coefficient calculations suggested for the presence of one copy of complex in the asymmetric 

unit with high probability, corresponding to a solvent content of ~50 % (see Appendix and 

Supplements, Figure 31 & Table 12). 
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Data collection 

Wavelength (Å) 0.97625 

Space group P212121 

Cell constants  a=83.32 Å, b=95.44 Å, c=101.91 Å, 
α=β=γ= 90° 

Resolution (Å)* 47.74-1.75 (1.85-1.75) 

Unique reflections* 82479 (12500) 

Completeness (%)* 100 (100) 

Redundancy* 23.08 (22.91) 

I/σI* 12.36 (1.57) 

Rmeas (%)* 18.8 (>100) 

CC½ (%)* 99.9 (53.3) 

Wilson B factor (Å2) 26.8 

Refinement 

Rwork/Rfree (%) 0.1630 /0.1844  

Protein residues 533 

No. of atoms  

              Protein 8689 

              Hydrogen         4364 

              Water         541 

B factor (Å2) 

              Protein 42.76 

              water         42.42 

              All 42.74 

              All (No hydrogen) 38.3 

RMS deviation  

              Bond angles (Å) 0.0073 

              Bond angles (°) 1.072 

Ramachandran 

                                Favoured (%)                               97.9 

                               Allowed (%)    2.11 

                               Outliers (%)                             0 

                               Clashscore                             1.5 
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3.1.2. NMR analysis and structure determination of TAF11157-1207/TAF7153-190 
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Resonance assignment completeness (%) 
  Backbone H 100 

 Backbone non-H 92 (100% 1160-1209, 154-190) 

Side-chain H 85 
 Side-chain non-H 90 
 Distance restraints 

  Intraresidue (i − j = 0) 0 
 Sequential (|i − j| = 1) 204 
 Medium range (1 ≤ |i − j| ≤ 4) 100 
 Long range (|i − j| ≥ 5) 50 
 Total 594 
 Restraints per residue 6.6 
 Dihedral restraints 134 
 Phi angles 67 
 Psi angles 67 
 

   Validation Statistics 
  Restraints statistics, average per structure 6.6 

 NOE distance restraint violations 
  >0.1 Å 2±1 

 >0.5 Å 0 
 NOE energy per restraint (min/mean/max) 

  NOE restraint weight (min/mean/max) 
  Dihedral violations 1°–5° 4±1 

 

   Ramachandran plot quality (Procheck) 
   Most favored regions (%) 84.3 

  Additional allowed regions (%) 12 
  Generously allowed regions (%) 2.4 
  Disallowed regions (%) 1.2 
    

3.1.3. SAXS analysis of TAF1578-1210/TAF71-193 complex and TAF1578-1106/TAF71-193 

complex 
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3.2. Characterization of a novel TAF11/TAF13/TBP complex 
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3.2.2. Stoichiometry of the TAF11/TAF13/TBP complex by SEC, Native-MS and AUC 

analysis 
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3.2.3. TATA box mimicry by TAF11/TAF13? 
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3.2.4. Crystallization trials of TAF11/TAF13/TBP complex 

in vitro in vivo
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3.2.5. SAXS analysis of TAF11/TAF13/TBP complex 
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3.2.6. CLMS analysis of TAF11/TAF13/TBP complex 
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3.3. Structural characterization of 9TAF complex 

3.3.1. Preparation and negative stain RCT data collection of 9TAF 

in vitro
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4. DISCUSSION AND FUTURE PERSPECTIVE 
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4.1. TAF1/TAF7 interactions 
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4.2.  ‘TATA-box mimicry’ by TAF11/TAF13? 
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5. APPENDIX AND SUPPLEMENTS 

5.1. Multispecies sequence alignment of TAF1 
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Multispecies Sequence alignment of TAF1 is shown only for human residue 561-1260. The 

partially structured 50AA acid stretch inserted in human is shown with dotted box. 

[ClustalOmega (http://www.ebi.ac.uk/Tools/msa/clustalo/) (McWilliam et al., 2013; Sievers and 

Higgins, 2014) and ESPRIPT (http://espript.ibcp.fr/ESPript/ESPript/) (Gouet et al., 1999)] 
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5.2. Multispecies sequence alignment of TAF7  
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ClustalOmega (http://www.ebi.ac.uk/Tools/msa/clustalo/) (McWilliam et al., 2013; Sievers and 

Higgins, 2014) and ESPRIPT (http://espript.ibcp.fr/ESPript/ESPript/) (Gouet et al., 1999)]

5.3. Intrinsic disorder propensity for yeast and human TAF1  

 [IUPRED (http://iupred.enzim.hu) 

(Dosztanyi et al., 2005)]
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5.4. Secondary structure prediction of human TAF1      
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[PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred) (Jones, 1999)]
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5.5. Secondary structure prediction of human TAF7 
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 [PSIPRED

(http://bioinf.cs.ucl.ac.uk/psipred) (Jones, 1999)] 

5.6. Matthew’s coefficient calculation for crystallization data of TAF1578-

1106/TAF71-193 
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Number of 
molecules  

Probability 
for 
resolution 

Probability 
overall 

Vm (Å3/Da)  Solvent (%)  MW (Da) 

1 1.0 1.0 2.44 49.61 82996 

 

5.7. Molprobity validation of refined structure of TAF1578-1106/TAF71-193 
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5.8. Kratky plot, P(r), Guinier analysis and structural parameters for 

SAXS data of TAF1/TAF7 
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 TAF1578-1210/TAF71-193 TAF1578-1106/TAF71-193 

   

Data collection parameters   

Beamline ESRF-BM29 ESRF-BM29 

Beam size at sample ~700 µm x 700 µm ~700 µm x 700 µm 

Wavelength (Å) 0.9919 0.9919 

S range (Å-1) 0.003-0.497 0.003-0.497 

Concentration range (mg ml-1) 0.3-3.03 0.36-3.07 

Temperature 4°C 4°C 

   

Structural parameters†   

I(0) (arbitrary units) [from P(r)] 81.32 74.53 

Rg (Å) [from P(r)] 35.5 30.46 

I(0) (arbitrary units) (from Guinier) 79.86 ± 0.24 73.28 ± 0.17 

Rg (Å ) (from Guinier) 34.2 ± 0.05 33.4 ± 0.4 

Dmax (Å) 142.9 136.6 

Porod volume estimate (Å3) 185250 167250 

Molecular mass Mr [from porod volume] 108.97 kDa 98.38 kDa 

† Reported for experimental merged data.  
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5.9. SEC-MALLS of TAF11157-1207/ TAF7153-190 
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5.10. Intrinsic disorder propensity for human TAF11 and TAF13 

 

 

 

 

 

[IUPRED (http://iupred.enzim.hu) 

(Dosztanyi et al., 2005)]
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5.11. Different constructs of human TAF11/TAF13 complex 
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5.12. Kratky plot, P(r), Guinier analysis and structural parameters for 

SAXS data of TAF11/TAF13/TBP and TAF11/TAF13 
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 TAF11/TAF13/TBP TAF11/TAF13 

   

Data collection parameters   

Beamline ESRF-BM29 ESRF-BM29 

Beam size at sample ~700 µm x 700 µm ~700 µm x 700 µm 

Wavelength (Å) 0.931 0.931 

S range (Å-1) 0.003-0.497 0.003-0.497 

Concentration range (mg ml-1) 0.3-7.11 0.53-7.48 

Temperature (°C) 4°C 4°C 

   

Structural parameters†   

I(0) (arbitrary units) [from P(r)] 49.63 43.65 

Rg (Å) [from P(r)] 41.0 41.2 

I(0) (arbitrary units) (from Guinier) 50.21 ± 0.33 44.15 ± 0.08 

Rg (Å ) (from Guinier) 40.9 ± 0.6 40.3± 3.6 

Dmax (Å) 160 140 

Porod volume estimate (Å3) 120110 89850 

Molecular mass Mr [from porod volume] 70.65 kDa 52.91 kDa 

† Reported for experimental merged data.  
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5.13. Cross-links in TAF11/TAF13/TBP complex by CLMS after BS3 

crosslinking. 

 
TAF11 - TBP 

 TAF11 Residue TBP Residue  No. of matches  Highest Score 

K97 K293 5 9.416 

K85 K293 2 8.818 

K82 K239 2 8.314 

K135 K191 1 8.085 

K82 K293 2 7.926 

K82 K191 1 7.684 

K131 K293 1 6.928 

K83 K232 1 6.124 

K95 K293 1 4.145 

TAF13 - TBP 
 TAF13 Residue TBP Residue  No. of matches  Highest Score 

K34 K177 1 10.578 

K34 K191 1 7.856 

K101 K232 1 7.584 

K115 K191 1 7.519 

K115 K177 1 5.742 

TAF11 - TAF13 

 TAF11 Residue TAF13 Residue  No. of matches  Highest Score 

K195 K96 2 12.795 

K85 K101 2 12.014 

K204 K96 3 11.053 

K89 K101 5 10.98 

K204 K101 6 10.909 

K131 K34 3 9.627 

K82 K92 2 9.321 

K197 K96 2 9.308 

K131 K111 10 9.226 

K135 K111 2 8.371 

K131 K115 1 8.326 

K207 K92 1 8.292 

K82 K96 1 7.981 

K85 K115 1 7.943 
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K94 K101 2 7.934 

K97 K101 1 7.867 

K204 K92 4 6.872 

K85 K92 1 6.817 

K82 K101 1 6.437 

K206 K92 1 5.77 

K204 S74 1 3.42 

K206 S74 1 3.42 
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