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Analyses of protein complexes are facilitated by methods that
enable the generation of recombinant complexes via coexpression
of their subunits from multigene DNA constructs. However, low
experimental throughput limits the generation of such constructs
in parallel. Here we describe a method that allows up to 25 cDNAs
to be assembled into a single baculoviral expression vector in only
two steps. This method, called biGBac, uses computationally opti-
mized DNA linker sequences that enable the efficient assembly of
linear DNA fragments, using reactions developed by Gibson for
the generation of synthetic genomes. The biGBac method uses a
flexible and modular “mix and match” approach and enables the
generation of baculoviruses from DNA constructs at any assembly
stage. Importantly, it is simple, efficient, and fast enough to allow
the manual generation of many multigene expression constructs
in parallel. We have used this method to generate and characterize
recombinant forms of the anaphase-promoting complex/cyclo-
some, cohesin, and kinetochore complexes.
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M ost cellular processes are mediated by multisubunit protein
complexes (1). Structural and functional analyses of such
complexes are facilitated by technologies that permit coex-
pression of their subunits in homologous or heterologous host
cells, such as bacteria, yeast, insect, or mammalian cells. The
ectopic coexpression of subunits often leads to the assembly of
the corresponding protein complexes in the host cells, enabling
the purification and subsequent use of these complexes in
structural, biochemical, and biophysical studies. The yield, ho-
mogeneity, reproducibility, and biological activity of such protein
complex preparations can be improved if the genes or cDNAs
encoding individual complex subunits are combined in one DNA
expression vector, rather than being introduced into the host
cells as individual constructs (reviewed in ref. 2). A particularly
useful method for the generation of eukaryotic protein com-
plexes are the MultiBac and OmniBac systems, which enable
coexpression of multiple subunits from a single baculoviral DNA
construct in insect cells, either as individual proteins (3-6) or as
a polyprotein that can be proteolytically cleaved into individual
subunits (5, 7). The ability of multigene expression constructs to
improve the quality and quantity of recombinant protein com-
plexes is presumably due to the fact that in their case only a
single DNA construct has to be introduced into the host cells to
enable expression of all subunits, whereas otherwise different
host cells might receive different numbers and subsets of single-
gene expression constructs, possibly resulting in incompletely or
wrongly assembled protein complexes.

Protein expression approaches are particularly useful if they are
combined with recombinant DNA technologies, which allow the
generation of tagged and mutated proteins. These approaches
typically require the generation of large sets of DNA constructs to
identify tagged proteins that are suitable for purification or lo-
calization studies without perturbing protein function or to iden-
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tify mutants that are defective in specific properties. For example,
a comprehensive structure—function analysis of the ubiquitin-
conjugating enzyme UBE2S required the generation of 135 mu-
tants, even though this monomeric protein is only composed of
222 amino acid residues (8). The application of tagging and muta-
genesis approaches for the generation and analysis of multisubunit
protein complexes is more difficult. This is partly due to the large
number of differently tagged or mutated versions that can be
obtained for multisubunit protein complexes. Moreover, the
generation of the corresponding multigene expression constructs
is often also rate-limiting, as the efficiency with which multiple
DNA fragments can be assembled correlates inversely with their
number and size. If sequence-independent methods are used
that are based on homology sequences, gene assembly efficiency
can also vary strongly depending on the suitability of the chosen
homology sequences. As a result, extensive screening efforts
are often required to identify correctly assembled multigene
expression constructs.

Significance

At the molecular level, most processes in living systems are
mediated by multisubunit protein complexes. Recombinant
forms of these complexes are essential for analyzing their
structure and function. Multigene expression constructs greatly
improve recombinant protein complex preparations, but the
generation of such constructs can be a rate-limiting step. To
overcome this limitation, we have adapted Gibson assembly
reactions for the rapid, efficient, and fast generation of numer-
ous expression constructs in parallel and used the resulting
biGBac method for expression of different cell-cycle complexes,
composed of up to 17 different subunits. The biGBac technique
enables the analyses of large protein complexes by systematic
mutagenesis approaches that were not feasible before.
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To overcome this limitation, we have developed a gene
sequence-independent cloning method that relies on computation-
ally optimized DNA linker sequences for the rapid and efficient
recombination of up to 25 individual protein-coding sequences
into a single DNA construct in only two sequential reactions.
These are based on the one-step isothermal DNA assembly
method described by Gibson et al. (9), which was originally de-
veloped for the assembly of synthetic genomes. In these “Gibson
assembly reactions,” 3’ “overhangs” are created in linear double-
stranded DNA molecules by an exonuclease, complementary
sequences within these overhangs anneal, gaps between the
annealed DNA molecules are filled by a DNA polymerase, and
the annealed DNA molecules are covalently linked to each other
by a DNA ligase (9). These processes all occur in a single reaction
mixture. We have developed this approach for the generation of
baculoviral expression constructs. We call the resulting method
“biGBac,” with biG referring both to the size of the expression
constructs and the use of Gibson assembly reactions (biG being
the reverse of the initial three letters of Gibson) and Bac referring
to its use for the generation of baculoviral vectors, the backbones
of which are derived from the MultiBac system (3, 4, 10). The
biGBac method uses a flexible and modular “mix and match”
approach, enables the generation of baculoviruses from DNA
constructs at any assembly stage, can be carried out in 6 d, and is
efficient enough to allow the generation of many multigene ex-
pression constructs in parallel. Principally, the biGBac method
should also be adaptable for use in other host cells, such as bac-
teria, yeast, or mammalian cells.

Results

biGBac Enables the Rapid Assembly of Up to 25 cDNAs into a Single
Expression Vector. To increase the efficiency of DNA assembly
reactions, we computationally identified a set of linker se-
quences that based on their predicted melting temperatures,
propensity to form secondary structures, and lack of cross-
complementarity should be well suited for participation in
Gibson assembly reactions and should minimize the formation
of incorrectly assembled byproducts (Fig. S1). Next, we designed
a set of cloning vectors, a set of predefined oligonucleotides,
and a protocol in which the optimized linker sequences can be
used to assemble up to 25 DNA fragments into one baculoviral
expression construct (Fig. 1). Initially, cDNAs or genes encod-
ing individual subunits of a protein complex are cloned using
Gibson assembly reactions or conventional techniques into a
vector that contains an expression cassette with a polyhedrin
promotor (polh), which will later enable expression of the gene
of interest (GOI) in insect cells, resulting in a collection of li-
brary vectors (pLIBs; Fig. S2). From these, gene expression
cassettes (GECs) are amplified by polymerase chain reactions
(PCRs) using sets of predefined oligonucleotides that decorate
the DNA fragment ends with the optimized linker sequences «,
B, v, 9, €, and o (Fig. 14 and Table S1). In the first assembly step
(pBIG1 vector level), up to five GECs are combined in a Gibson
assembly reaction with one of five pBIG1 vectors, called pBIGla—
pBIGle. Importantly, the “last” GEC—that is, the one that will
occupy the most 3’ position in the pBIG1 construct—has to carry
the o linker sequence (introduced by oligonucleotide Casw_rev).
These reactions lead to the assembly of polygene cassettes
(PGGs) in circular pBIG1 constructs, which are amplified in
Escherichia coli. The procedure introduces Swal restriction sites
flanking individual GECs and Pmel restriction sites flanking the
PGCs (Fig. 1B and Fig. S3). The Swal sites can be used to an-
alyze if all GECs are present in the pBIG1 constructs, whereas
the Pmel sites can be used to release the PGCs from the pBIG1
constructs. Importantly, PGCs that are released by Pmel di-
gestion also carry optimized linker sequences at their ends, in
this case called A-F (Table S1). These linkers can be used in a
second Gibson assembly reaction (pBIG2 vector level) to assemble
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Fig. 1. Schematic representation of the biGBac assembly procedure.
(A) A GEC consisting of polyhedrin promoter (polh), cDNA of a GOI, and
SV40-terminator (term) is amplified by PCR from pLIB using predefined oli-
gonucleotide sets (Cas_for/rev) to introduce specific linker sequences (Greek
letters). (B) First assembly step shown for pBIG1a and five GECs. Linearized
vector and PCR products are recombined in a Gibson assembly reaction to a
circular product containing a PGC. The positions of Swal and Pmel restriction
sites, which can be used for the analysis of DNA constructs in conjunction
with gel electrophoresis, are indicated. (C) Second assembly step shown for
pBIG2abcde and five PGCs in pBIG1 vectors. The six plasmids are mixed,
digested with Pmel, and recombined in a Gibson assembly reaction. Amp~,
ampicillin resistance; Cam®, chloramphenicol resistance; Spec®, spectinomycin
resistance.

up to five PGCs from different pBIG1 constructs into one of
four pBIG2 vectors, called pBIG2ab, pBIG2abc, pBIG2abcd, and
pBIG2abcde. The pBIG2 vector name indicates which and how
many of the pBIG1 constructs can be combined. For example,
pBIG2ab can assemble the PGCs released from pBIGla and
pBIG1b. The resulting pBIG2 constructs can be analyzed by Swal
or Pacl digestion followed by gel electrophoresis (Fig. 1C and Fig.
S4). This protocol can be used to assemble different multigene
expression constructs and can be completed in 6 d (Table S2). All
biGBac vectors—that is, pLIB, pBIG1, and pBIG2 constructs—
are designed so that they can be directly used for the generation of
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baculoviruses using Tn7 transposition (11) to allow protein ex-
pression in insect cells.

To test biGBac, we assembled an expression construct con-
taining 17 cDNAs encoding the subunits of the 1.2-MDa human
anaphase promoting complex/cyclosome (APC/C) bound to
CDC20 homolog-1 (CDHL1), early mitotic inhibitor-1 (EMI1),
and S-phase kinase-associated protein-1 (SKP1). APC/C is a
ubiquitin ligase essential for chromosome segregation, mitotic
exit, and neuronal differentiation (reviewed in ref. 12); CDHI is
an APC/C coactivator required to recruit substrates to the APC/C
during mitotic exit and the G1 and GO phase (13); and EMI1 and
SKP1 form a heterodimeric inhibitor of APC/C-CDH1 (14).
Earlier studies relied on the coexpression of human recombinant
APC/C subunits from several baculoviruses (14-16). Using
biGBac, we were able to assemble all 17 cDNAs previously
cloned into pLIB vectors in a defined order into five different
pBIG1 constructs and assembled the PGCs from these into one
pBIG2 construct (FW_II-1; all pBIG1 and pBIG2 expression
constructs used in this study are listed in Tables S3 and S4).
During this procedure, we analyzed in total 34 E. coli colonies
transformed either with DNA from the step 1 or step 2 assembly
reactions. Of these, 17 contained the correctly assembled con-
structs (Tables S3 and S4). Selected examples of these pBIG1
and pBIG2 constructs, analyzed by Pmel, Swal, or Pacl re-
striction digest and agarose gel electrophoresis, are shown in Fig.
2A. Multigene expression constructs can therefore be assembled
with biGBac rapidly and efficiently.

biGBac Allows the Assembly of Many Expression Constructs in
Parallel. To address if biGBac enables the generation of multi-
gene constructs in parallel, we next assembled 13 different ex-
pression constructs side by side (Fig. 2B). We decided to assemble
constructs encoding wild-type APC/C, subcomplexes, and mutants
of APC/C, as this experiment also allowed us to test if existing
biGBac constructs can be flexibly recombined to generate new
constructs. For example, by combining four of the five pBIG1
constructs that we had used for the APC/C-CDHI1-EMI1-SKP1
construct (all except pBIGle FW_I-5, which contains cDNAs
encoding CDH1, EMI1, and SKP1; Table S3), we assembled a
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construct (pBIG2abcd FW_II-2) encoding the 14 core subunits of
APC/C. By combining pBIGla FW_I-1 and pBIG1b FW_I-2, we
generated a construct encoding the six subunits of an APC/C
subcomplex known as the “platform” (17-19). By combining pBIG1c
and pBIG1d constructs FW_I-3 and FW_I-4 with “empty” pBIGla
and pBIGI1b vectors, we assembled a construct encoding APC/C’s
“arc lamp” subcomplex (17-19). To generate mutated forms of the
APC/C that are predicted to have deficiencies in coactivator and

substrate binding (20, 21), we generated pLIB vectors encoding
APC3N575A,I_I)U6A APC8N339A and APCl0N144A,Hl45A,R149A,D15(]A

and generated pBIG1d and pBIG2abcd constructs with combinations
of these mutated subunits, as well as a version lacking the cDNA for
APCI0. In this experiment, we analyzed 81 E. coli colonies trans-
formed either with DNA from the step 1 or step 2 assembly reac-
tions. Of these, 35 contained the correctly assembled DNA
constructs. Examples of these constructs, analyzed by Swal re-
striction digest and agarose gel electrophoresis, are shown in Fig.
2B. The biGBac method is therefore suitable for the generation of
multigene expression constructs in parallel and can assemble vec-
tors in different combinations, enabling the generation of constructs
that encode subcomplexes, tagged versions, and mutants of protein
complexes.

Functional and Structural Characterization of Complexes Expressed
from biGBac Constructs. To test if the constructs assembled by
biGBac can be used to generate baculoviruses that produce
functional protein complexes in insect cells, we used biGBac
vectors to express three different types of protein complexes
(Fig. 3). First, we coexpressed the 14 core subunits of APC/C
from construct FW_II-2 (Table S4). During the course of these
experiments, we observed that higher protein yields could be
obtained when insect cells were in addition coinfected with a
baculovirus containing the platform construct FW_II-3, possibly
because otherwise some of the platform subunits were expressed
at substoichiometric ratios. Proteins expressed from these con-
structs assembled into complexes that could be purified by af-
finity, anion exchange, and size exclusion chromatography (SEC)
and that contained all 14 different types of subunits, as seen by
SDS—polyacrylamide gel electrophoresis (SDS/PAGE) followed
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Fig. 2. Analysis of biGBac constructs. (A) Analysis of DNA constructs for the expression of APC/C-CDH1-EMI1-SKP1 by restriction digest and gel electro-
phoresis. The 17 GECs were distributed over the five pBIG1 vectors a—e (FW_I-1/2/3/4/5; Table S3). Correct constructs were analyzed by Pmel or Swal digestion,

releasing PGCs or GECs from the vector “backbone,”

respectively, followed by gel electrophoresis and ethidium bromide staining. The five PGCs were

recombined with a pBIG2abcde vector (FW_II-1), and a correctly assembled construct is shown before (-) and after digestion with Pacl or Swal, releasing PGCs
or GEGs, respectively. (B) Swal digestion of 13 pBIG2 constructs coding for APC/C, subcomplexes, or mutant complexes (FW_II-2-FW_II-14; Table S4). *Swal
digestion of pBIG2 constructs generates additional fragments of 0.3 kb containing spacer sequences between PGCs.

E2566 | www.pnas.org/cgi/doi/10.1073/pnas.1604935113

Weissmann et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604935113/-/DCSupplemental/pnas.201604935SI.pdf?targetid=nameddest=ST4
www.pnas.org/cgi/doi/10.1073/pnas.1604935113

L T

z

1\

BN AS - PNAS D)

A N B N C
APC/C Q/@ (o@ + + + + APC/C
O © (}0 + - + + + CDH1
® R NI + + - + + UBE2C/UBE2S
- - - - + EMI1/SKP1
kDa .
i 0530 0530 0530 0530 0 5 30min
APC1-— _ W = - APCH ; T
APC2/3/4*+ T
APGR- E
= - APC2
APCT/8 1 [ NS .
MH-CDH1 = . Ub,~CycBNTP
EMI1 - s - APC5
_ S By - APC6
APC10+ ﬂ ﬂ TAPC7/8
SKP1 - . -EMI1/ - - - - -
APC15- W= MH-CDH1 =
APC16+ -7
APl == o Se9eed=eds B8P '™
-10
Coomassie 4-12% Coomassie 8% Ubiquitination assay
F Cohesin G __Cohesin__ H B =40 J
wt KAEQ wt KA EQ S 30
kb Sa 20 |
10—== kDa s 10
8—= Z 0
6—5 /=== —= — Vector | wt KA EQ no cohesin
4 —j—"m==-SMC1A/ 200- i in) 5, 45 180 5 45 180 5 45 180 5 45 180
- — ag 5 5 5 5 5 5 5 5
5 35— = SMC3-Fi time(min) 2 15%90'°640 15 90 540 15 90 540 15 90 540
25— == o we - His-SA1 _ - T BT LT TN TR S 2
Pl (ragmentt) 150~ ., . Loy ~SMOIA P- IT¥REN T AAl
SccHt [ ——1 -':'.. =
15— = SMCS Flag i
- — His-SA1 120— *== w=== === —SCC1
11— (fragment2)
0.75— -
s S LU R TR T TT T T
0.25— 655
Agarose Swal Silver stain ATPase assay Rotary shadowing EM
Kinetochore Kinetochore
K I N L —é M Superose 6 10/300GL fractions
™D NN lnp. 1 2 3 4 5 6 7 8 10 12 14 15 16 17 18 19 21 25
Kb kDa
kDa
12£§-—-&—Vector 170~ — ‘—- e | —Spc105-Flag
I JFd - -Spci05-Flag 180~ = NGGBO-His/
RE— - = s c80-His
3 3.5 : = - Spcl105-Flag 100 — _ - = h Ndc80 His/ 100_ = == *Dsni
D5— i e T Ndc80-His 70— 70
2~ _"ZZ il —J iy — g b e - ~Nuf2
15— ST S "-Kre28 55— o —Kre28 55 — — — —Kre28
1 Mtw1 :
- - - 40- I
11— 1ﬁpc2/a/8pcz4/ 40 ——— ’é’“"“ 2 Mtw1
0.75— = sI1/Nnf1 35— . rSpc2s 35—
os—B o) —-- -z SPE2ANSI o —- §p024/NsI1
0.25— 15— .
Agarose Swal Coomassie SEC of the KMN

Fig. 3. Functional and structural characterization of protein complexes expressed from biGBac constructs. (A) Coomassie-stained 4-12% gradient SDS/PAGE
gel of purified APC/C alone and bound to CDH1/EMI1/SKP1 (“APC/C-EMI1"). (B) Coomassie-stained 8% SDS/PAGE gel of samples shown in A. *The Strep-tag on
APC4 is cleaved in the APC/C sample but not in the APC/C-EMI1 sample. (C) Ubiquitination assay with fluorescein-labeled Cyclin BN™ (CycBN'®*) as substrate.
APC/C, coactivator CDH1, E2 ubiquitin-conjugating enzymes UBE2C/UBE2S, and inhibitor EMI1-SKP1 were added as indicated. (D) Single-particle
reconstruction by cryo-EM of recombinant APC/C-CDH1-EMI1-SKP1 (“APC/C-EMI1"). (E) Hela cell APC/C bound to recombinant CDH1 and EMI1-SKP1 (“APC/
C-EMI1") negative stain EM structure data from ref. 14 for comparison. (F) Swal digestion of pBIG1 constructs coding for wild-type cohesin tetramer (wt; FW_I-16),
Walker A double mutant (KA; FW_I-17), and Walker B double mutant (EQ; FW_I-18). (G) SDS/PAGE and silver staining of purified cohesin complexes. (H and /)
ATPase activity of cohesin. Thin-layer chromatography (/) and quantification (H) of [y—32P]—ATP hydrolysis. (J) Representative micrographs of wild-type cohesin
tetramers after rotary-shadowing EM. (K) Swal digestion of yeast kinetochore constructs N (FW_I-19), M (FW_I-20), MN (FW_II-15), and KMN (FW_II-16). "Dsn1
contains a His-tag in M (FW_I-20) but not in MN (FW_II-15) and KMN (FW_II-16). (L) Coomassie-stained SDS/PAGE gel of purified yeast kinetochore sub-
complexes. *Marked bands were found in samples containing Ndc80-His but not in its absence, suggesting that these represent degradation products of
Ndc80-His. (M) Coomassie-stained SDS/PAGE gel of SEC fractions of the KMN complex using a Superose 6 10/300GL column.

by Coomassie staining (Fig. 3 A and B). Binding of coactivator =~ whereas addition of EMI1-SKP1 inhibited this reaction (Fig.
CDH1 and inhibitor EMI1-SKP1 to these complexes and puri-  3C). Cryoelectron microscopy (cryo-EM) was used to determine
fication by tandem affinity chromatography led to the formation  the structure of recombinant APC/C that was expressed from
of complexes containing all 17 subunits (Fig. 3 4 and B). In the  biGBac constructs and bound to CDH1, EMI1, and SKP1 (Fig.
presence of the ubiquitin-activating enzyme UBAI, the ubig- 3D). This reconstruction resembled that of endogenous APC/C
uitin-conjugating enzymes UBE2C (also known as UBCH10) purified from HeLa cells to which recombinant CDH1, EMII,
and UBE2S, ubiquitin, ATP, and CDH1, the 14-subunit APC/C, and SKP1 had been bound (Fig. 3E) (14). Importantly, we
was able to ubiquitinate an N-terminal fragment of cyclin B1,  determined the structure of APC/C-CDH1-EMI1-SKP1 expressed
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from biGBac constructs at a resolution of 7 A by cryo-EM,
whereas we had only obtained a resolution of 20 A when using
endogenous HeLa APC/C and negative-stain EM (14). These
results indicate that biGBac vectors can be used to express fully
assembled enzymatically active recombinant human APC/C,
which is sensitive to inhibition by EMI1-SKP1 and whose
structural homogeneity allowed us to study its structure by cryo-
EM. This conclusion is further supported by the accompanying
manuscript by Qiao et al. (22), which describes the generation
and functional characterization of 47 different APC/C variants
mutated in up to 68 mitotic phosphorylation sites. Furthermore,
the recombinant forms of APC/C described in Brown et al. (8,
23) were also expressed from biGBac constructs.

Second, we assembled pBIG1 vectors encoding the four core
subunits (SMC1A, SMC3, SCC1, and SAl) of human cohesin
(Fig. 3F), a ring-shaped 500-kDa complex that mediates sister
chromatid cohesion, higher order chromatin structure, and DNA
damage repair (24). We generated expression constructs encoding
either wild-type cohesin or versions in which the subunits SMC1
and SMC3 carry mutations in amino acid residues required for
ATP binding (KA) or hydrolysis (EQ) (25). Subunits expressed
from these constructs assembled into complexes that could be
purified by two-step affinity chromatography and contained all
four subunits in stoichiometric amounts, as judged by SDS/PAGE
and silver staining (Fig. 3G). Samples containing wild-type cohesin
hydrolyzed ATP more effectively than samples containing similar
amounts of cohesin containing the KA or EQ mutations in SMC1
and SMC3 (Fig. 3 H and I). The long coiled-coils of SMC1 and
SMCS3 result in cohesin’s characteristic ring-like appearance, as
visualized by rotary shadowing EM (Fig. 3/). These results indicate
that biGBac vectors can also be used to express recombinant
human cohesin that is indistinguishable from previously generated
recombinant cohesin regarding its subunit stoichiometry, ATPase
activity, and structure (25-27).

Third, we assembled biGBac constructs encoding four sub-
complexes of the budding yeast kinetochore, a macromolecular
complex that mediates the attachment of chromosomes to mi-
crotubules of the mitotic or meiotic spindle (reviewed in ref. 28).
Within the kinetochore, the conserved Knl1-Mis12-Ndc80 (KMN)
complex, composed of the heterodimeric Spc105-Kre28 complex
(KNL1-ZWINT in humans), the four-subunit Ndc80 complex
and the four-subunit Mis12 complex, is of particular interest, as it
constitutes the evolutionary conserved microtubule-binding site
of the outer kinetochore and is required for recruitment of spindle
assembly checkpoint proteins, which control APC/C activity (29). A
biochemical analysis of the KMN has remained challenging, as
full-length yeast Spc105 and human KNL1 are largely refractory
to recombinant expression in significant yield, and therefore,
truncation mutants of these proteins had to be used so far (30).
We tested if this limitation could be overcome by coexpression of
KMN subunits from biGBac constructs. First, we generated
constructs either encoding the four subunits of the yeast Ndc80
complex (N) or the four subunits of the yeast Misl12 complex
(M), or both (MN). By including Spcl05 and Kre28, we also
generated a construct encoding all 10 full-length subunits of the
yeast KMN, which had not been reconstituted from recombinant
subunits so far (Fig. 3K). Infection of insect cells with baculovi-
ruses containing these expression constructs led to the assembly
of all four kinetochore complexes, as judged by SDS/PAGE and
Coomassie staining of proteins purified by affinity and SEC (Fig.
3 L and M). We conclude that our approach allows reconstitu-
tion of the budding yeast KMN with full-length proteins, gen-
erating an assembly that contains the Spc105-Kre28 “platform”
for spindle assembly checkpoint proteins as well as the micro-
tubule-binding interface in the Ndc80 complex.
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Discussion

Multigene expression systems like MultiBac (3, 4, 6) have proven
to be invaluable for the generation of recombinant protein
complexes. Although robust standardized protocols, principally
suitable for robotic automatization, have been developed for the
generation of large expression constructs (5, 31), the generation
of such constructs can still represent a technical challenge, in
particular if multiple constructs containing many cDNAs or
genes are needed and robotic support is not available. We have
therefore adapted single-step DNA assembly reactions initially
developed for the assembly of synthetic genomes (9) for the
generation of multigene expression constructs. By identifying
DNA sequences that are particularly well suited for the efficient
and specific annealing of multiple linear DNA fragments via
complementary base pairing and that can be linked to any linear
DNA fragment, we have been able to optimize Gibson assembly
reactions to a degree that enables the rapid and efficient gen-
eration of multigene expression constructs within a few days. Our
experience is that a single person can use the resulting biGBac
method to generate up to 10 constructs in only 6 to 7 d, whereas
2 wk are typically needed using biGBac for the parallel generation
of 3040 constructs (Table S2). Importantly, biGBac can be carried
out with simple techniques and does not require robotics—that
is, should be usable in any molecular biology laboratory. Unlike
other methods for the generation of multigene expression con-
structs, biGBac does not depend on combining “donor” and
“acceptor” vectors. Any biGBac construct can therefore be used
for the generation of baculoviruses and protein expression in
insect cells—for example, for the generation of subcomplexes at
the pBIG1 level. Finally, biGBac vectors are designed in a way
that enables a flexible mix and match utilization of genes,
cDNA:s, or cassettes containing multiples of these. As is illus-
trated by our generation of APC/C expression constructs in this
and the accompanying manuscript by Qiao et al. (22), this flex-
ibility is particularly useful for the generation of constructs that
encode subcomplexes, mutants, or differently tagged versions of
a given protein complex. Based on these advantageous features
of biGBac (summarized in Table S5), we expect that this method
will further advance structural and functional studies of large
protein complexes.

Materials and Methods

Generation of pLIB Constructs. For adding a gene to the pLIB library, the pLIB
vector was linearized by digestion with BamHI and Hindlll. The linearized vector
fragment was purified by gel extraction (QIAquick Gel Extraction Kit, Qiagen).
cDNAs were amplified by PCR. When using Gibson assembly for pLIB construct
generation, it is recommendable to use forward primers that carry the sequence
overhang 5'-CCACCATCGGGCGCGGATCCA (followed by the start codon and
gene-specific sequences) and reverse primers that carry the sequence over-
hang 5-TCCTCTAGTACTTCTCGACAAGCTT (followed by the reverse comple-
ment of stop codon and gene-specific sequences). The PCR products were
purified by gel extraction (QIAquick Gel Extraction Kit, Qiagen). We mixed
100 ng of the linearized pLIB vector with the PCR product at a molar ratio of
1:5 in a Gibson assembly reaction. The Gibson assembly reaction was per-
formed as described below. Alternatively, cDNAs can be cloned via conven-
tional restriction-ligation cloning using the multiple cloning site (MCS) of the
pLIB vector (Fig. S2). In this case, it is recommendable to clone ¢cDNAs not in
frame with the mutated polyhedrin gene start codon from which sporadic
leaky expression was reported (6, 32). If Pmel sites are present in the coding
sequences (which is rare), they should be removed at this stage by constructing
the pLIB construct from two PCR products introducing a silent mutation.

Generation of pBIG1 Constructs. To linearize the pBIG1 vectors, 10 pg of
pBIG1a, pBIG1b, pBIG1c, pBIG1d, or pBIGle were digested using 1 pL Swal
(New England Biolabs) in NEBuffer 3.1 at 25 °C. After overnight incubation,
another 2 pL of Swal were added, and incubation was continued for 2 h. Swal
was heat-inactivated at 65 °C for 20 min, and the linearized vector was puri-
fied using the QIAquick PCR purification kit (Qiagen). Complete Swal digestion
of the pBIG1 vectors is crucial to avoid colonies containing empty pBIG1. GECs
were generated by PCR on pLIB templates using oligonucleotides of the
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predefined oligonucleotide sets (PAGE-purified quality, Microsynth; Table S1).
The oligonucleotide pair that is used for the generation of the GEC defines its
position in the pBIG1 construct. If less than five GECs are to be assembled, the
Casw_rev oligonucleotide is used as reverse primer of the last GEC to create an
overlap with the linearized pBIG1 vector. PCR was performed using Phusion
High-Fidelity DNA Polymerase (Thermo Scientific) with an annealing temper-
ature of 65 °C. PCR products were purified with PureLink PCR Purification Kit
(Invitrogen) using the provided high-cutoff binding buffer B3 and elution in
30 pL elution buffer E1 that was preheated to 70 °C. Purity of the DNA frag-
ments was confirmed by agarose gel electrophoresis.

To perform the first assembly step, 100 ng of a linearized pBIG1 vector was
mixed with up to five PCR-amplified GECs at a fivefold molar excess of each
GEC over the vector. The Gibson assembly reaction was performed as de-
scribed below. Up to 5 pL of the assembly reaction was transformed into
50 pL chemically competent DH5alpha cells. After 1 h of recovery in lysogeny
broth (LB) at 37 °C, cells were plated onto LB agar plates containing 50 pg/mL
spectinomycin. Single colonies were picked and grown in 5 mL LB medium
containing 50 pg/mL spectinomycin at 37 °C overnight. Plasmid DNA was puri-
fied using the QIAprep Spin Miniprep Kit (Qiagen) and analyzed by digestion at
25 °C with Swal to release individual GECs or with Pmel to release the PGC (Fig.
S5). Clones that displayed the correct restriction patterns were analyzed by
Sanger sequencing using gene-specific oligonucleotides. PCR errors were found
to be rare.

Generation of pBIG2 Constructs. To linearize the pBIG2 vectors, 10 pg of
pBIG2ab, pBIG2abc, pBIG2abcd, or pBlG2abcde were digested using 1 pL of
Pmel (New England Biolabs) in CutSmart Buffer at 25 °C. After overnight
incubation, another 2 pL of Pmel was added, and incubation was continued
for 2 h at 37 °C. The DNA was purified using the QIAquick PCR purification
kit (Qiagen).

To perform the second assembly step, 33 ng of a linearized pBIG2 vector
was mixed with up to five compatible pBIG1 constructs at a fivefold molar
excess of each pBIG1 construct over the pBIG2 vector, and water was added to
a total volume of 12.5 pL. After addition of 4 pL of 5x isothermal reaction
buffer (IRB) buffer (see Gibson Assembly Reactions), 1 uL of Pmel was added
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and the reaction was incubated at 37 °C for 90 min to release the PGCs from
the pBIG1 constructs. The reaction was transferred to 4 °C. The Gibson as-
sembly enzymes were added on ice, and Gibson assembly was performed as
described below. When generating constructs with a size >20 kb, electro-
poration was used. Up to 0.4 pL of the assembly reaction were transformed
into 40 pL of electrocompetent DH10B cells using a 0.1-cm cuvette at 1,800 V
(Eppendorf Electroporator 2510). Cells were recovered in LB at 37 °C for 1 h
and plated onto LB agar plates containing 34 pug/mL chloramphenicol. Col-
onies were picked and grown in 5 mL LB medium containing 34 pg/mL
chloramphenicol at 37 °C overnight. Plasmids were purified using the
QlAprep Spin Miniprep Kit (Qiagen). Plasmid DNA was analyzed by di-
gestion with Swal to release individual GECs or with Pacl to release the
pBIG1-derived PGCs (Fig. S5).

Gibson Assembly Reactions. One-step isothermal DNA assembly reactions
were performed as described (9). The DNA fragments, 4 pL 5x IRB [25% (wt/vol)
PEG-8000, 500 mM TriseHCl pH 7.5, 50 mM MgCl,, 50 mM DTT, 1 mM each
of the four dNTPs, 5 mM NAD] (9), 2 uL Taq DNA Ligase (M0208, New England
Biolabs), 0.25 pL Phusion HF DNA Polymerase (F-530, Thermo Scientific), and
0.25 pL T5 Exonuclease (prediluted 1:30 in 1x IRB) (T5E4111K, Epicentre) were
mixed on ice in a total volume of 20 pL and immediately transferred to a 50 °C
preheated thermocycler block and incubated for 60 min.
Additional details can be found in S/ Materials and Methods.
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