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Electron microscopy is commonly employed to determine the subunit organization of large macromolec-
ular assemblies. However, the field lacks a robust molecular labeling methodology for unambiguous
identification of constituent subunits. We present a strategy that exploits the unique properties of an
unnatural amino acid in order to enable site-specific attachment of a single, readily identifiable protein
label at any solvent-exposed position on the macromolecular surface. Using this method, we show clear

labeling of a subunit within the 26S proteasome lid subcomplex that has not been amenable to labeling
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1. Introduction

Determining the structural architecture of a macromolecular
complex is a critical step in understanding its molecular function.
While recent technological advances have enabled atomic-
resolution visualization of macromolecules by single particle
electron microscopy (EM) (Bai et al., 2015), protein complexes that
exhibit high degrees of structural or compositional heterogeneity
are typically not amenable to high resolution studies. Single
particle EM techniques can nonetheless provide important biolog-
ical information at intermediate to low resolution, although
assignment of protein subunit locations, or localization of flexible
domains within a macromolecule can be ambiguous in this resolu-
tion range (Chowdhury et al., 2015; Jiang et al., 2013; Lander et al.,
2012; Tsai et al., 2014). To overcome the issues associated with
subunit identification in EM maps, a variety of molecular labeling
strategies have been developed to locate regions of interest within
complexes, although all have significant weaknesses (reviewed in
Table 1 of reference (Oda and Kikkawa, 2013)).

Translational fusion of an identifiable protein label (such as
maltose binding protein (MBP), or green fluorescent protein
(GFP)) to the N- or C-terminus of a protein subunit is a common
labeling strategy (Ciferri et al., 2012; Lander et al., 2013, 2012;
Tsai et al., 2014; Wang et al., 2007), although this approach is best
suited for identifying single-domain protein subunits whose ter-
mini do not extend far from the domain. Additionally, the labeled
subunit must tolerate the genetic fusion of a large globular domain
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without disrupting normal folding, and without hindering incorpo-
ration of the subunit into the macromolecular complex. Internal
insertion of GFP labels within target proteins has also been per-
formed (Ciferri et al., 2012), but this requires insertion of a peptide
linker, significantly altering the target’s native sequence, leading to
potential folding defects. Posttranslational labeling of natively
assembled complexes is possible by attaching antibodies or Fabs
(Samso and Koonce, 2004; Tsai et al.,, 2014), but versatility in
epitope mapping by this method is limited to the number of
available monoclonal antibodies for a given subunit, and is further
complicated by the fact that antibodies vary significantly in bind-
ing affinity. Antibody labeling can also be prohibitively expensive
due to the high cost of many antibodies. Tagging of specific
biotinylated positions with streptavidin also offers a method for
internal labeling of subunits, although this technique involves
the insertion of a 15 amino-acid Avi tag into the polypeptide back-
bone at flexible solvent-exposed loops, requiring prior knowledge
of target structure, and limiting the number of potential sites for
localization (Lau et al., 2012). Furthermore, addition of this lengthy
tag to an already flexible loop confounds precise subunit localiza-
tion, due to a high degree of freedom of the streptavidin label.
Labeling by conjugation of gold clusters to -SH, -NH,, or His6 tags
can increase labeling precision (Ackerson et al., 2010), although
these methodologies suffer from low occupancy of gold labels.
Visualization of gold labels using negative stain can also be
challenging due to the comparatively strong scattering of the
heavy metal ions used for staining. Identification of gold labels
by negative stain often requires the use of large gold clusters and
very thin stain (Buchel et al., 2001), which can introduce structural
artifacts that may negatively impact image analysis.
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The field of EM is in desperate need of a site-specific, biocom-
patible strategy for robust, high occupancy labeling of proteins
for identification of subunits within complexes. Here we disclose
a technique that can be universally exploited to label proteins at
any solvent-exposed, single amino acid location using a globular
protein that is readily identifiable by simple negative stain EM
imaging. Our strategy utilizes the specificity of a commercially
available unnatural amino acid (UAA) for mutagenesis to target
single residue positions in proteins for orthogonal bioconjugation
to a chemically modified MBP. The technique is performed without
the introduction of non-native peptide sequences or labeling “tags”
that are required for any internal labeling technology developed to
date. The technique involves a very biocompatible, 2-step conjuga-
tion reaction that is followed by simple purification steps, resulting
in the enrichment of >90% labeled target protein while preserving
the native structure.

2. Materials and methods

2.1. Generation of MBPqys, Rpn5Y3~™¢ and Rpn5°25=TAC py site-
directed mutagenesis

To make MBPcs, the MBP gene was amplified using the pYT7 vec-
tor as template DNA in a standard, 50 pL Q5 PCR (NEB), undergoing
35 cycles using the following primers (Integrated DNA Technologies

(IDT)): Fwd: 5-TATTATACTCGAGATGCATCATCATCATCATCATGG
GGAAAA CCTGTACTTCCAGTCAAAATCGAAGAAGGTAAACTGGTA
ATCTGG-3' and Rev 5-ATATATAACTAGTTTACTTGGTGATAC

GAGTCTGCGCGTC-3'. During amplification, the Fwd primer was
used for appending a 5’ Xhol site, followed by the ATG start
codon and bases encoding a 6x His-tag and TEV cleavage site
(immediately upstream of the encoded cysteine residue) to the
N-terminus of MBP. The Rev primer imparts a 3’ Spel site
downstream of the TAA stop codon. The PCR was purified using a
QIAquick PCR Purification Kit (Qiagen) and eluted in 40 pL H,O.
Following a 50 pL digestion with Xhol and Spel (NEB) restriction
enzymes (RE), the PCR product was gel purified using a PureLink
Quick Gel Extraction Kit (Invitrogen). The pCDSStrc vector (Shoji
et al, 2011) was also digested with Xhol and Spel, and
gel-purified in parallel with the PCR product. Ligation of
RE-digested 6x His/TEV/MBPcy, insert and pCDSStrc vector was
performed using T4 DNA ligase (NEB) in a 1 h ligation reaction at
room temperature. 2 pL of the ligation reaction was used in a
50 pL transformation into electrocompetent Top 10 Escherichia coli
cells (Invitrogen). Following a 1 h recovery at 37 °Cin 2x YT media
(Amresco), shaking at 220 rpm, cells were plated on LB agar plates
containing 50 pg/mL spectinomycin (G-Biosciences) for overnight
selection. Surviving colonies were singly picked, and grown to
saturation in 5mL 2x YT media supplemented with 50 pg/mL
spectinomycin, shaking at 220 rpm. Plasmid DNA was purified
using a QIAprep Spin Miniprep Kit (Qiagen), and the 6x His-tagged
MBP¢ys construct containing an N-terminal TEV cleavage site
upstream of the introduced cysteine residue (herein referred to as
pCDSStrc/MBPcys) was confirmed by sequencing (GeneWiz).

To remove natural amber codons from Rpn6 and Rpn9 genes,
sub-clones were generated for site-directed mutagenesis. In brief,
the ~12 kb pETDuet-1 plasmid (Lander et al., 2012) harboring
Rpn5, Rpn6, Rpn8, Rpn9 and Rpn11 (referred to herein as lid vector
1 (LV1)) was cleaved with Notl and Xhol restriction enzymes (NEB),
and the resulting fragment containing the Rpn5 and Rpn6 genes
was cloned into a clean pETDuet-1 vector via Notl and Xhol restric-
tion sites. The LV1 plasmid was also used for sub-cloning of the
Rpn9-containing fragment into a clean pUC19 vector via BamHI
(NEB). Both sub-clones were then subjected to site-directed
mutagenesis in a standard, 50 pL Q5-based PCR as above, but

undergoing 25 cycles, and using the following primers (IDT):
Rpn6 Fwd 5-GTGTCTTGTATTAAGGCCGGCCTAATACGACTCACTA
TAGGG-3' and Rpn6 Rev 5-TATTAGGCCGGCCTTAATACAAGACAC
TTGCCTTTTCAAATAG-3' and Rpn9 Fwd 5-CCATCTGGGTTTAA
GAATTCTAATACGACTCACTATAGGGG-3’ and Rpn9 Rev 5'-CGTATTA
GAATTCTTAAACCCAGATGGATTGGCCACGAGCTTC-3’ to generate
Rpn6™S~TAA  and  Rpn9™C—TAA  respectively. To make
Rpn5Y13~TAC the  pETDuet/Rpn5-Rpn6™S~TAA  syb-clone
(sequence-verified; GeneWiz) was then subjected to site-directed
mutagenesis in a standard, 50 pL Q5-based PCR as above, undergo-
ing 25 cycles, and using the following primers (IDT): Fwd 5-GGC
TGACAAGGATTAGAGCCAAATTTTGAAGGAAGAGTTTCC-3' and Rev
5'-CCTTCAAAATTTCCGTCTAATCCTTGTCAGCCTTAATTGGTGC-3'. To
make Rpn5%26~TAC the same sub-clone was used as template with
following primers (IDT): Fwd 5-TCCTAAGATCGATTAGCTCGCT
CAAAATGATTGTAACTCTGC-3' and Rev 5-CATTTTGAGCGAGC
TAATCGATCTTAGGAAACTCTTCCTTC-3'. Following all site-directed
mutagenesis experiments, PCR products were purified using a
QIAquick PCR Purification Kit (Qiagen), and template DNA was
removed by incubation with Dpnl1 (NEB) for 2 h at 37 °C. The
Dpnl digestion was purified using a QIAquick PCR Purification
Kit, and eluted in 20 pL H,0. 2 pL of the freshly purified DNA
was used in 50 pL transformations into electrocompetent Top 10
E. coli cells as above. Following a recovery at 37 °C as described
above, cells were plated on LB agar plates containing 100 pg/mL
ampicillin (G-Biosciences) for overnight selection. Surviving colo-
nies were singly picked, grown to saturation in 5 mL 2x YT media
supplemented with 100 pg/mL ampicillin, and plasmid DNA was
purified as described above for verification by sequencing.
Sequencing reactions confirmed the presence of the amber (TAG)
codon, replacing the natural tyrosine (TAT) codon at amino acid
position 13 in Rpn5Y'3~TAS clones, and the natural serine codon
(TCG) at position 26 in Rpn5526~TAC clones. The Rpn9TAC—TAA
sub-clone was also verified by sequencing, and was cloned back
into the original LV1 parent vector via BamHI; the pETDuet/
Rpn5-Rpn6™C=TA4 plasmid was cut with Notl and Xhol, and this
fragment was cloned back into the original LV1 parent vector
(resulting in the generation of LV1 without amber codons in
Rpn6 or Rpn9 (LV1-A)). LV1-A was used for all wild-type lid
expression and purification. Sequence-verified plasmids were then
used for cloning of the Rpn5Y!3~TAC. or Rpn5526~TAC¢_containing
fragments (these fragments also contain Rpn6™¢~TAA) back into
the pETDuet/Rpn9T™¢~TAA plasmid via Notl-Xhol sites (to generate
LV1-B and LV1-C, respectively). LV1-B and LV1-C were verified by
sequencing and were found to contain the TAA stop codon in both
the Rpn6 and Rpn9 genes, as well as the previously verified amber
(TAG) codons at Rpn5 Y13 and S26, respectively.

2.2. Protein expression and purification

Wild-type recombinant yeast proteasome lid complex was
expressed and affinity purified from E. coli lysate as described
previously®, using anti-FLAG M2 resin (Sigma). Prior to expression
of UAA-containing lid complex, a fourth compatible vector (pUltra)
containing the unnatural aaRS and tRNA pair' for incorporation of
the pAzF UAA was co-transformed with the three plasmids encod-
ing all 9 proteins of the proteasome lid complex (pCOLADuet/Rpn3,
Rpn7, Rpn12 and pACYCDuet/Hsp90, SEM1, ytRNAs, and the
engineered LV1-B or LV1-C) into electrocompetent BL21(DE3)
cells (Invitrogen). This Methanococcus jannaschii-derived tyrosyl
aaRS/tRNA pair was originally evolved for orthogonal, site-specific
encoding of p-cyanophenylalanine (pCNF) in E. coli, but was also
found to be capable of efficiently incorporating a variety of para sub-
stituted tyrosine analogs when present in the media. In the absence
of UAA in rich media, this pair will incorporate phenylalanine
(although at much lower levels) in response to the amber codon
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(Young et al., 2011). For expression of UAA-containing lid complex,
cells were grown at 30 °C, shaking at 200 rpm in 2x YT media sup-
plemented with 100 pg/mL ampicillin, 50 pg/mL kanamycin,
25 pg/mL chloramphenicol, 50 pg/mL spectinomycin, and 1 mM
pAzF (Bachem) or p-acetylphenylalanine (pAcF) (SynChem), to test
the incorporation of more than one tyrosyl analog. Upon induction
with 1 mM IPTG at ODggo = 0.6, the temperature was dropped to
16 °C for 18 h. Cells expressing the UAA-containing lid complex
were harvested and protein was purified in parallel with cells
expressing wild-type lid complex via M2 anti-FLAG affinity resin
as described above. Incorporation of both pAcF as well as pAzF,
replacing the natural tyrosine at position 13 in Rpn5, were
confirmed by nano-LC/MS/MS analysis of excised bands (from
SDS gels corresponding to the Rpn5 protein from purified UAA-
containing lid samples) at the Mass Spectrometry Proteomics Core
Facility at TSRI, La Jolla (data not shown). Compared to yields
obtained when expressing/purifying wild-type lid complex, yields
of UAA-containing lid complex ranged from 70% to 90% (~2 mg/L
for wild-type lid and ~1.4 mg/L for pAcF-containing lid and
~1.8 mg/L for pAzF-containing lid complex).

Top 10 E. coli cells harboring pCDSStrc/MBP¢ys were grown at
37 °Cin 2x YT media supplemented with 50 pg/mL spectinomycin
to ODggo = 0.4, and induced with 1 mM IPTG. Following induction,
cells were grown at 37 °C, shaking at 220 rpm for 16 h prior to har-
vest. Cells were harvested by centrifugation for 10 min at 5000g
using a Beckman Coulter Allegra X-12R centrifuge equipped with
a SX4750 swinging bucket rotor, and re-suspended in lysis buffer
(100 mM NaPO, pH=7.0, 150mM NaCl, 10 mM imidazole)
supplemented with 1x Protease Arrest (G-Biosciences), and
2 mg/mL T4 lysozyme (Sigma). Sonication was performed using a
Q125 sonicator (Qsonica) for 2 min (20 s pulses) at 50% amplitude.
Lysate was cleared by spinning at 18,400 rpm for 30 min in a
Beckman 70Ti rotor using a Beckman Optima LE-80 K ultracen-
trifuge. Cleared lysate was incubated with Ni-NTA agarose resin
(Thermo Scientific) that was equilibrated in Washl buffer
(100 mM NaPO, pH=7.0, 150 mM NaCl, 20 mM imidazole) for
1 h at 4 °C. Incubated resin was collected in a 5 mL polypropylene
column (Qiagen), and washed with one column volume of Washl
buffer (100 mM NaPO4 pH = 7.0, 150 mM NacCl, 20 mM imidazole),
two column volumes of Washll buffer (Washl with 50 mM
imidazole), and two column volumes of WashlII buffer (Washl with
75 mM imidazole). MBP¢ys protein was then eluted from Ni-NTA
resin using Elution buffer (Washl with 300 mM imidazole), diluted
to 1-2 mg/mL in Washl buffer with 1 mM DTT, but without
imidazole, and immediately transferred to 3 K MWCO dialysis
tubing equilibrated in TEV cleavage buffer (100 mM NaPOg4
pH=7.0, 150 mM NacCl, 1 mM DTT). Eluted protein was analyzed
by SDS gel (Supplementary Fig. 2, lane 1).

BL21(DE3) E. coli cells were co-transformed with pUltra/pCNF
and pET101/GFPY!51~TAC for expression and purification of the
GFPY151~PAZF reporter protein. Cells were grown at 37 °C in 2x YT
media supplemented with 100 pg/mL ampicillin, 50 pg/mL specti-
nomycin, and 1 mM pAzF, shaking at 220 rpm to ODggo = 0.4, and
were induced with 1 mM IPTG. Cells were harvested and the 6x
His-tagged GFPY!>1~PA?F reporter protein was purified in the same
manner as MBPcy, protein described above. For its use in reactions
performed on resin, following subjection to Washlll buffer,
6x His-tagged GFPY!>'1~PAZF reporter-bound Ni-NTA resin was
washed two additional times in Washl buffer without imidazole
prior to undergoing the conjugation reaction.

2.3. Generation of MBPpgco labeling reagent
An appropriate amount (~1 unit per 20 pg target protein) of

acTEV protease (Invitrogen) was added directly to dialysis tubing
containing the Ni-NTA-purified MBP¢ys protein described above.

The TEV cleavage reaction was performed during removal of Imi-
dazole from the sample by dialysis into 4 L of TEV cleavage buffer,
while 1 mM DTT was introduced concurrently; dialysis was per-
formed for 2 h at RT, then buffer was replaced with 4 L of fresh,
TEV cleavage buffer at 4 °C, and the dialysis was allowed to con-
tinue at 4 °C overnight (gel analysis of the TEV cleavage reaction
shown in Supplementary Fig. 2, lane 2). This procedure resulted
in significantly more observable cleavage by TEV protease than
using standard conditions recommended by the manufacturer.
The sample was then removed from dialysis tubing, and TEV
protease, along with the cleaved 6x His tag (and other contami-
nating proteins co-purified with MBPc,s) were re-captured on
Ni-NTA agarose equilibrated in TEV cleavage buffer without
DTT, by incubating at RT for 30 min while turning. Resin was
collected in a 2.5 mL PTFE 0.2 um filter (Millipore) by spinning
at 3000 rpm for 5min at 4°C. Proteins retained on Ni-NTA
resin following re-capture were analyzed by gel (Supplementary
Fig. 2, lane 3). Flow-through from Ni-NTA recapture
contained only the cleaved MBPc, protein (Supplementary
Fig. 2, lane 4).

To reduce di-sulfides, MBP¢ys protein was concentrated to
100 uM using a 10 K MWCO Amicon Ultracel filter (Millipore),
and incubated with 5 mM TCEP for 30 min at RT. TCEP was then
removed by buffer exchange (desalting) in a 5 mL, 7 K MWCO Zeba
column. MBPcys was then concentrated to 200 pM, and mixed 1:1
with 10 mM DBCO-maleimide or DBCO-PEG4-maleimide (Click
Chem Tools) in 10% DMSO/H,0. Maleimide-sulfhydryl coupling
(final reaction concentrations: 100 pdfM MBP¢ys, and 5 mM
DBCO-maleimide in 5% DMSO, 75mM NaCl, 50 mM NaPO,4
pH = 7.0) was performed at 4 °C, for 2-4 h. The reaction appears
opaque due to the low solubility of the maleimide-DBCO heterob-
ifunctional cross-linker, however the opacity of the solution clears
slightly as the reaction proceeds. Unreacted maleimide-DBCO
reagent was removed by desalting as described above, while the
sample was buffer exchanged into 100 mM NaPO, pH=7.0,
150 mM NacCl. The extent of DBCO modification was determined
by division of spectroscopic absorbance at 310 nm by absorbance
at 280 nm of the conjugated sample (using a coefficient of 12,000
for DBCO, as per the manufacturer’s instructions). Modification of
MBP¢ys to MBPpgco was ~60% complete after 2h at 4°C, and
~70% complete in 2 h at RT. Reactions ran for 4 h at 4 °C, resulting
in ~80% conversion of MBPcys to MBPpgco. Aliquots of MBPpgco
reagent were then prepared for long-term storage by addition of
5% glycerol then flash-freezing in LN,.

2.4. Copper-free click reactions

Conjugation of UAA-containing lid complex (Rpn5Y'3~PA%) to
MBPpgpco was allowed to proceed for 12 h at 4 °C, using 50 uM
lid (Rpn5Y'3~PA?F) and 250 uM MBPpgco in 150 mM NaCl, and
100 mM NaPO4 pH =7.0. Unreacted MBPpgco was removed by
size exclusion chromatography (SEC) using a superose 6 (S6)
column. Alternatively, unreacted MBPppco could be removed from
the sample by desalting using a 40 K MWCO column (Pierce), or
by re-capture of lid complex following in-solution reactions on
anti-FLAG M2 affinity resin. Following MBPppco removal, the
sample contained both labeled and unlabeled lid complex, as
determined in 2D class averages obtained by negative stain EM
(Fig. 2B).

Conjugation of the MBPpgco label to the GFPY1>1~PAZF reporter
protein was performed under the same conditions as described
above, but with the GFPY!>'~PA?F reporter protein still bound to
its purification resin. This reaction (250 puM MBPppco incubated
with resin-bound GFPY!>!~PAZF reporter protein for 4 h while turn-
ing at 4 °C) was designed to under-label the GFP reporter in order
to show the efficacy of the downstream amylose enrichment step.
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Fig. 1. 2-step reaction for site-specific conjugation of an MBP label. MBP was modified to contain an N-terminal 6X His-tag upstream of a TEV protease site (GNLYFQ/C),
followed immediately downstream by an introduced Cys residue (MBPcys). (A) The cysteine sulfhydryl reacts with the maleimide moiety of a zero-length heterobifunctional
crosslinker reagent containing a dibenzocyclooctyne at the opposing end. (B) Functionalized MBP (MBPpgco) is used in molar excess in a Cu?* free 3 + 2 cycloaddition (“click”)
reaction with the UAA-modified target protein. Reaction conditions are included. In (C) we present a general workflow for the labeling of UAA-modified target proteins using
commercially available reagents. (1) Cells are grown for expression and (2) purification of the UAA-modified target protein. Modification of MBPcys to MBPpgco can be
performed off-line or in parallel with purification of the target protein, and in large quantities for long-term storage at —80 °C. The two-step labeling procedure in (3) can
therefore be performed directly on resin or in solution, using a wide range of MBPppco concentrations. (4) Removal of unreacted MBPppco labeling reagent from the
conjugation reaction can be accomplished by size exclusion chromatography (SEC), by using a 40,000 MWCO desalting column, or simply by washing resin following
reactions performed directly on resin. (5) MBP-conjugated target can then be significantly enriched over unconjugated protein following incubation with amylose resin. The
eluted conjugate is now ready for visualization by negative stain or cryo electron microscopy. (D) A representative micrograph containing negatively stained, MBP-conjugated

lid complex, labeled at position Y13 in Rpn5.

MBPpgco was removed from the reaction by washing of the GFP
reporter on Ni-NTA resin following the reaction, and captured
GFP was eluted using Elution buffer. Eluted GFP reporter protein
from this “on-resin” reaction was analyzed by gel (Fig. 2, lane 3),
along with the resulting conjugate species, which was enriched
over unconjugated GFPY!>1~PA?F following re-capture on amylose
resin (Fig. 2, lane 5).

2.5. Enrichment of labeled target using amylose resin

Regardless of the labeling efficiency observed using a variety of
reaction conditions, labeled target protein can be enriched by incu-
bation with amylose resin. This enrichment was exploited follow-
ing removal of MBPppco reagent from the reactions described
above. In brief, samples containing labeled and unlabeled target

protein were diluted to between 0.1 and 0.2 mg/mL, and incubated
with amylose resin (equilibrated in 150 mM NacCl, 100 mM NaPO,)
for 1h at 4°C. Unlabeled target protein was then removed in
washes with the same buffer prior to elution of labeled target
protein using 10 mM maltose.

2.6. Mass spectrometry

To confirm site-specific incorporation of UAAs at position 13 in
the Rpn5 subunit, bands corresponding to this subunit were
excised from coomassie-stained SDS gels that had been loaded
with the purified lid complex expressed in the presence of pAcF,
and submitted to the TSRI Center for Mass Spectrometry in La Jolla,
CA. The gel band was destained, reduced (10 mM DTT), alkylated
(55 mM iodoacetamide) and digested with trypsin overnight
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Fig. 2. Visualization of labeled target complex and enrichment of occupancy. The Rpn5 subunit of the wild-type yeast proteasome lid complex was modified by site-directed
mutagenesis to contain the amber codon (TAG) at position Y13 (Rpn5Y'3~T4¢) and $26 (Rpn5526~TAC). UAA-containing lid complex (Rpn5Y'*~PA?F or Rpn5526~PA%F) was then
generated by in vivo incorporation of the UAA via amber suppression. (A) SDS-PAGE of conjugated lid complex showing a ~90 kDa band corresponding to the Rpn5-MBP
conjugate (indicated with a red arrow). This band was excised from the gel and its composition was analyzed by nano-LC/MS/MS (Supplementary Fig. 3). (B) Rpn5 secondary
structure prediction (ssPRO4.0) places Y13 within a flexible loop, and S26 within an N-terminal alpha-helix. 2D class averages: the left images show unlabeled wild-type and
unlabeled Rpn5Y'3~PA%F or Rpn5526~PA%F [id particles obtained by negative stain EM. Representative 2D classes from previous® attempts to label Rpn5 via N-terminal MBP
fusion are shown to the right of the unlabeled wild-type 2D class average. Isolated in the same SEC fractions as the unlabeled lid complexes shown below to the left are:
middle; reference-free 2D class averages of MBP-conjugated lid complex, labeled at amino acid position Y13, and bottom; position S26 in Rpn5 using the maleimide-DBCO
reagent shown in Supplementary Fig. 1B. Red arrows indicate electron density corresponding to the MBP label. (C) 3D negative stain reconstruction (~20 A resolution) of
wild-type lid complex for visual orientation of Rpn5 subunit location within the lid complex. (D) Cartoon schematic of a conjugation reaction performed using the
GFPY!51-PAZF target reporter protein while bound to its affinity purification resin. Numbers in this panel correspond to the numbered lanes in (E) SDS-PAGE analysis of the
on-resin conjugation of MBPpgco (42.5 kDa) to GFPY!>!~PAZF (26,9 kDa) with amylose enrichment. A conjugation reaction was performed immediately following capture of
6x His-tagged GFPY'>!~PA?F reporter protein on Ni-NTA agarose resin. Following standard washing (see Supplementary Methods), 5 L of resin was used for elution and
visualization by SDS gel (lane 1). For the “on-resin” reaction, 50 pLL of 250 M MBPpgco was added directly to 20 pL of saturated resin, and the reaction was allowed to proceed
for 4 h while turning at 4 °C. Ni-NTA resin was then collected, allowing for separation of unreacted MBPpgco in the flow-through (lane 2) from a resin-bound mixture of
conjugated and unconjugated GFPY'>!'~PA%F reporter protein (eluted and visualized in lane 3). This conjugation reaction was <20% efficient, leaving >80% of the reporter
unreacted. Enrichment for MBP-conjugated GFPY!>!~PA?F reporter was performed using amylose resin, added directly to diluted Ni-NTA eluate from the reaction. Amylose
resin was collected, and flow-through contained unconjugated reporter (lane 4), enabling significant (>90%) enrichment of MBP-GFP conjugate (visualized in lane 5 following
elution from amylose resin in 10 mM maltose).

before analysis by nano-LC/MS/MS. The raw data were compared
against a custom sequence database containing the Rpn5 sequence,
and Rpn5 was identified with 21 unique peptides and 45%
sequence coverage. The MS/MS data were compared against the
Rpn5 sequence for the possible incorporation of pAcF at tyrosine
13. Two peptides were seen and through the presence of b and y
fragment ions in the MS/MS spectrum: 9-18 [ADKDYSQILK]
and 12-18 [DYSQILK]; both confirmed 1 incorporation site of pAcF
at Y13.

To confirm the presence of the Rpn5-MBP conjugate, the
~90 kDa band shown in Fig. 2A was excised and subjected to
the same overnight trypsin digestion procedure as described
above. Results from nano-LC/MS/MS analysis confirmed the
presence of MBP and Rpn5 proteins in this band. MBP and
Rpn5 peptides identified by this procedure are summarized in
Supplementary Fig. 3.

2.7. Electron microscopy

For negative stain imaging, wild-type and MBP-conjugated lid
complex were diluted to 50 nM in EM buffer (50 mM HEPES pH
7.6, 100 mM NacCl, 100 mM KCl, and 1 mM TCEP (Sigma)). A thin
layer of carbon was applied to 400-mesh Cu-Rh maxtaform grids
(Electron Microscopy Sciences) by chemical vapor deposition, and
grids were subsequently exposed to a 95% Ar/5% O, plasma for
20s to charge/activate the carbon surface. 4 pL of sample was
applied, and wicked away prior to addition of 4 pL 2% uranyl
formate. Images were acquired on a Tecnai Spirit LaBg electron
microscope operating at 120 keV, with a random defocus range of
—0.5 to —1.5 um and an electron dose of 20 e-/A? using the Leginon
automated image acquisition software (Suloway et al., 2005).
331, 214 and 491 images of negatively stained wild-type lid,
MBP-labeled lid at Rpn5 Y13 and Rpn5 S26, respectively, were
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collected at a nominal magnification of 52,000x on an F416 CMOS
4K x 4K camera (TVIPS) with a pixel size of 2.05 A/pixel at the
sample level.

2.8. Image processing

All image preprocessing was performed using the Appion
image-processing pipeline (Lander et al., 2009). The contrast trans-
fer function (CTF) was estimated using CTFFIND3 (Mindell and
Grigorieff, 2003) and only micrographs having a CTF confidence
greater than 80% were used for processing. Particle picking was
performed using the template-based FindEM software (Roseman,
2004). Particles were extracted with a box size of 160 pixels and
pixel values that were 4.5 sigma above or below the mean were
replaced with the mean intensity of the extracted particles.
Multiple rounds of iterative particle alignment by iterative stable
alignment and clustering (ISAC) (Yang et al., 2012) was used for
2D classification, and class averages containing wild-type, or
MBP-labeled particles were selected for display in Fig. 2b . Each
of the displayed images represents an average of anywhere
between 16 and 34 individual negatively stained particles from
the data collection.

2.9. 3D reconstruction of wild-type lid complex

Multiple rounds of reference-free alignment were used for 2D
classification and alignment of particles, whereby class averages
containing damaged, aggregated, or false particles, were removed.
This resulted in a dataset containing 17,680 wild-type lid particles
for 3D classification and 3D refinement, which was performed
using RELION v1.31 (Scheres, 2012). The 3D reconstruction was
resolved to 19.6 A, according to a gold standard Fourier Shell Cor-
relation at 0.143. Low resolution intensities were dampened using
a SPIDER script in order to more clearly visualize domain features.
UCSF Chimera (Goddard et al., 2007) was used for visualization of
the 3D model, and for generation of Fig. 2c.

3. Results

We employ an in vivo method (Chatterjee et al., 2013) that
makes use of an evolved, promiscuous aminoacyl tRNA synthetase
(Young et al, 2011) to efficiently incorporate the UAA
p-azidophenylalanine (pAzF) (Chin et al, 2002) (shown in
Supplementary Fig. 1A) into a specific site within the peptide
backbone of a target complex for downstream conjugation to the
label. Fig. 1A depicts the first step of our two-step labeling strategy.
The first step affords the functionalization of an engineered
MBP (MBPcys, preparation outlined in Supplementary Fig. 2)
with a dibenzocyclooctyne (DBCO) group. At this step, the
introduced sulfhydryl in MBP¢ys is targeted for covalent attach-
ment of the maleimide-containing heterobifunctional crosslinker
reagent shown in Supplementary Fig. 1B. This reaction is
well-characterized and can be performed with high efficacy at
4°C in phosphate or HEPES buffer at physiological pH, allowing
for structural preservation of the MBPc¢ys label during incubation.
Following a rapid desalting step to remove unreacted linker
reagent, the functionalized MBP can be used in downstream
labeling reactions with UAA-modified target proteins. The labeling
reagent (MBPpgco) can be made in large quantities due to the com-
mercial availability of the crosslinker reagent and high expression
levels of MBP¢ys (>20 mg/L), and is stable for at least a week at 4 °C.
Addition of 5% glycerol to the MBPpgco and flash-freezing in LN,
allows for long term storage at —80 °C, enabling multiple labeling
experiments on many different constructs using a single
preparation of the label.

The second step of the labeling strategy is shown in Fig. 1B. In
this step, the MBPpgco reagent is incubated in molar excess with
the UAA-containing target protein. Expression and purification of
the target proteins in this study are described in Section 2. The
DBCO moiety provides a ring-strained alkyne that is suitable for
orthogonal, Cu?*-free click reactions via the azide moiety of the
incorporated pAzF UAA. The 3 +2 cycloaddition reaction results
in formation of the triazole species shown in Fig. 1B, with
moderate to high yield, depending upon the concentration of the
reactants, as well as the temperature and duration of incubation.
In this study, we used a concentration of 250 UM MBPpgco incu-
bated with 50 uM target protein (recombinant yeast proteasome
lid complex (Rpn5Y'3~PA?F or Rpn5526—PA%F)) jn 3 standard reaction
time of 12 h at 4°C, and observed >70% labeling in both cases
(Cheng et al., 2005). Importantly, the target is purified as an intact
protein complex prior to labeling, and therefore its assembly is not
affected by incubation with the label. Additionally, the absence of
Cu?" in the click reaction increases the structural preservation of a
broad range of potential target proteins when compared to
reactions carried out in the presence of Cu?*, or other established
techniques for UAA-mediated bioconjugation using commercially
available UAAs (Kim et al, 2012; Lang and Chin, 2014;
Lukinavicius et al, 2013). Following the labeling reactions,
unreacted MBPppco reagent can be removed by size exclusion
chromatography (SEC).

Here, we applied this methodology to the recombinant yeast
26S proteasome “lid” complex (Lander et al., 2012) to show its util-
ity for molecular labeling and subunit identification. The protea-
some lid, a 370kDa complex composed of 9 subunits, was
chosen for these labeling experiments due to the recalcitrance of
one of its subunits (Rpn5) to identification using traditional MBP
fusions (Lander et al., 2012) (Fig. 2B). Secondary structure predic-
tion with ssPro4 (Cheng et al., 2005) was used to identify sites of
Rpn5 that were contained within differing structural elements.
Y13 and S26, predicted to reside within a flexible loop and an
alpha-helix, respectively, were chosen for labeling. A 3D negative
stain reconstruction of wild-type lid complex is shown in Fig. 2C,
with a black arrow indicating the position of the Rpn5 subunit that
was targeted for labeling. Using the described reactions
(Fig. 1A and B), MBP was attached to these internal positions of
Rpn5 (loop residue Y13, and helix residue S26) and imaged by
negative stain EM. Single particle 2-dimensional image analysis
readily shows the conjugated MBP label, as evidenced by the
appearance of a globular density attached to Rpn5 (indicated by
red arrows in 2D classes shown in Fig. 2B). Specific conjugation
of the MBPpgco label to the Rpn5 subunit was confirmed by
nano-LC/MS/MS of the excised band, indicated with a red arrow
in Fig. 2A (peptides identified by nano-LC/MS/MS are shown in
Supplementary Figs. 3a and b). These data clearly show the advan-
tage of UAA labeling at specific positions within the polypeptide
backbone, as the traditional labeling of the Rpn5 with an
N-terminally fused MBP did not enable subunit identification due
to the extreme flexibility of the resulting construct. Furthermore,
MBP fusions to the C-terminus of Rpn5 were shown to disrupt
lid assembly (Lander et al., 2012), an issue that is circumvented
using the UAA labeling strategy, which allows for native assembly
of the lid prior to labeling. Interestingly, despite using the same
labeling strategy for both sites, the MBP label appears to be closer
to the Rpn5 subunit in the Rpn5526~PA%F |abeling experiment than
in Rpn5Y'3~PA?F experiment (Fig. 2B). This difference may result
from an increased flexibility of the MBP label when attached to a
loop (Y13) as opposed to a rigid secondary structural element, such
as an alpha-helix (S26).

SEC fractions corresponding to intact lid complex contained
labeled and unlabeled species, as observed in 2D class averages
(Fig. 2B). To remove unlabeled lid complex from the SEC fractions,
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the covalently attached MBP was used as a “handle” to capture and
enrich for the labeled species on amylose resin. To show the versa-
tility of the labeling strategy and the efficacy of the amylose resin
enrichment step, we used GFPY1>1~TAC 35 3 model reporter protein
(Young et al., 2010) in an “on-resin” conjugation reaction (Fig. 2D).
This GFP reporter contains an amber stop codon at amino acid
position 151, enabling pAzF incorporation by amber suppression
(see Section 2). Here, the conjugation reaction was performed
following standard washes associated with IMAC affinity purifica-
tion of the GFP reporter, whereby 250 tM MBPppco was added
directly to the target while bound to its affinity resin. Regardless
of the observed efficiency of the click reaction (the on-resin reac-
tion was <20% complete after 4 h at 4 °C), we are able to enrich
for labeled protein following incubation with amylose resin. This
novel tandem affinity purification results in isolation of protein
containing >90% occupancy of the label at the specified site, as
determined by comparison of band intensities corresponding to
labeled and unlabeled species following amylose resin enrichment
(to remove unlabeled protein), shown in lane 5 of Fig. 2D. A
diagram summarizing the entire workflow, including expression
and purification of the UAA-containing target protein, preparation
of the MBPppco labeling reagent for on-resin or in-solution
reactions, and enrichment of labeled product suitable for analysis
by negative stain or cryoEM is shown in Fig. 1C.

4. Conclusion

Initial structural characterization of large macromolecular
assemblies is a challenging task, and investigators are in need of
a clear, straightforward strategy to label any specific site within
the subunits that comprise the complex in order to accurately
outline its architecture. Here, we present a site-specific labeling
strategy that will allow unambiguous assignment of protein
location and orientation within complexes by EM. The strategy
presented here is most useful for 2D analysis of protein complexes,
and this report establishes a foundation for further development of
UAA-mediated labeling techniques for high-resolution applica-
tions. For example, the described reaction chemistry could be used
to incorporate smaller and more precisely positioned labels that
would be amenable for 3D analyses. Our technique is designed
for its broad applicability (in vivo incorporation of UAAs has been
performed in many organisms to date, reviewed in (Dumas et al.,
2015)), and its gentle implementation, allowing for structural
preservation of labeled targets. This labeling technique is extre-
mely versatile and precise, requiring only a single, solvent exposed
position within the target that is not limited to a flexible loops or to
particular regions of the polypeptide. This methodology utilizes
commercially available reagents, and allows for expansion to
targets expressed by other organisms, as well as to a variety of
chemically-modified labels. The disclosed strategy will be
extended to include other UAAs exhibiting enhanced reaction rates
(Lukinavicius et al., 2013) as they become widely available, and we
expect for the tandem affinity purification described here to
become useful for a variety of applications in the fields of molecu-
lar biology and bioengineering.
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