SUPPORTING INFORMATION

Autonomous synthesis of functional, permanently phosphorylated proteins for defining the

interactome of monomeric 14-3-3¢

Phillip Zhu!, Stanislau Stanisheuski?, Rachel Franklin!, Amber Vogel’, Cat Hoang Vesely?!, Patrick
Reardon?, Nikolai N. Sluchanko,* Joseph S. Beckman?, P. Andrew Karplus?, Ryan A. Mehl?, and Richard

B. Cooley*”

1 Oregon State University, Department of Biochemistry and Biophysics, 2011 Agricultural and Life
Sciences, Corvallis, OR 97331 USA

2 Oregon State University, Department of Chemistry, 153 Gilbert Hall, Oregon State University, Corvallis,
Oregon 97331 USA

3 e-MSion Inc., 2121 NE Jack London St, Corvallis, Oregon 97330 USA

4 A.N. Bach Institute of Biochemistry, Federal Research Center of Biotechnology of the Russian Academy

of Sciences, 119071, Moscow, Russia

* To whom correspondence should be addressed: Oregon State University, Department of Biochemistry
and Biophysics, 2011 Agricultural and Life Sciences, Corvallis, OR 97331
Telephone: (541) 737-4870 Fax: (541) 737-0481 Email: rick.cooley@oregonstate.edu

SUPPOITING MEthOdS. . .cveeiiiinineieiieiniieraiersnceesasasessntsssesessnssssessssessssessssnssssnsssans p. 2
SUPPOITING TADIES. c.ueneeereieeieiineeeereenrneeecnceacacacenssencasassnsansosensascnsasansasanssanns p. 11
SUPPOIING FIgUIES. ueueieiieieieeneeeeteeeaeeecateeenceessasesensescnsessnsassasansnssansnsansnsannes p. 13
SUPPOItING Protein SEOUENCES. .ieuteteereteeeereecereecasesansessesesansssnsessssesassnsessnsssanses p. 45
PIEIMEE TaADIC. e eueinieiieieiiieterincerraserasenteasersssasessnsessnsesassnssnsassssssassnsessnsessnsssnns p. 48
R I EICES. .o iuuinnineieiiaieeieatiatsacressassaseassntsnssssessessssssssssssassssssssassnssssnssnssssssasnsns p. 50

S1



SUPPORTING METHODS
Generating the Frb-v1 nhpSer biosynthetic pathway.

Assembly of T7 promoter mutant library. The sequence of six nucleotides within the T7 promoter known
to control transcriptional efficiency® were mutated to all combinations (4° = 4096 mutants) and then cloned
in front of a sfGFP reporter gene in the pET28 plasmid backbone. This was done by amplifying DNA
fragments off the pET28-sfGFP plasmid (Addgene #85492) using primer pairs P1/P2 and P3/P4 (see Primer
Table below) to create two overlapping fragments that were then recombined using SLiCE? into pET28-
sfGFP digested with Bglll and Ncol. The assembled library of promoter mutants was electroporated into
DH10b cells, which were recovered for 1 hr in SOC media and then transferred to a liquid culture of 2xYT
media (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl) containing 50 ug/mL kanamycin to grow
transformants overnight at 37 °C. A small portion of the recovered cells was also plated on LB/agar with
kanamycin, and counted the next day revealing 5 x 10* transformants were obtained during library assembly
and transformation for complete library coverage. The resulting pET28-T7lib-sfGFP library was

miniprepped from cells grown in overnight liquid culture.

Selection of T7 promoter mutants. The pET28-T7lib-sfGFP library was transformed into BL21(DE3) AserC
cells by electroporation. After 1 hr of recovering in SOC medium, cells were plated on LB/agar plates
containing 1 mM IPTG, and grown for 24 hrs at which time 94 colonies displaying various levels of
fluorescence were used to inoculate 0.5 mL of ZY-non-inducing media (ZY-NIM)3. Cells were grown at
37 °C with shaking at 300 rpm overnight, at which point 20 uL of each culture was used to inoculate 0.5
mL of ZY-auto-inducing media (ZY-AIM).2 After 24 hrs of growth at 37 °C, end-point in-cell sfGFP
fluorescence was measured with a microplate reader. Twenty-five variants displaying a fluorescence range
spanning two-orders of magnitude were selected for DNA isolation by miniprep. Isolated DNA was re-
transformed into DH10b cells. To confirm expression reproducibility at larger scales, isolated variants were
again transformed back into BL21(DE3) AserC cells and expressed in duplicate at the 50 mL scale in ZY-

AIM media. Variants that did not reproduce the same sfGFP expression level as observed in the first round
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were discarded. After a third round of expression at 50 mL scale, T7 promoter variants that displayed
reproducible sfGFP expression levels at high (34%), medium (11%), low (4%) and trace (1%) levels, with

wild-type designated as 100%, were sequenced and selected for downstream Frb pathway assembly.

FrbABCDE library assembly strategy. The FrbABCDE library assembly strategy was adapted from work
by Zhao and colleagues? such that all permutations of transcriptional promoters in front of each of the five
Frb genes were made via Golden Gate assembly (5° = 3125 combinations). Each gene was flanked by its
own promoter and terminator so that each is transcribed independently. The plasmid backbone contained a
CDF origin of replication and spectinomycin resistance to ensure compatibility and stable propagation with
the nhpSer GCE machinery (pUC origin/kanamycin resistance) and target protein expression plasmids
(p15a origin/ampicillin resistance). Since it has not yet been established whether FrbB or FrbE, or both, is
responsible for the isocitrate dehydrogenase-like activity of the fourth step of the pathway, both were

included in the library assembly.

Library assembly. Each of the five Frb genes from Streptomyces rubellomurinus were codon optimized for
E. coli, synthesized, subcloned into Ncol/Xhol digested pET28 using SLICE, and sequence verified.
Sequences of each Frb protein are included below. Each Frb gene was then PCR amplified using primers
that flanked the T7 promoter and terminator (see Primer Table below). In each PCR reaction the forward
primer was a mixture of five that encoded each of the four transcriptional mutants identified above plus
wild-type, and a unique Type IIS Bsal restriction site. The reverse primer for each fragment also contained
a unique Bsal restriction site. The CDF origin and spectinomycin resistance gene from pCDFduet
(Novagen) were also amplified as a single fragment with flanking Bsal restriction sites. All Bsal overhangs
were designed so that each of the five promoter-FrbX-terminator fragments and the CDF-Spec® backbone
could be ligated directionally into a single circular plasmid. Forward primer mix P7-P11 and reverse primer
P12 were used to amplify FrbA, P13-P17 and P18 for FrbB, P19-P23 and P24 for FrbC, P25-P29 and P30
for FrbD, P31-P35 and P36 for FrbE, and lastly P5 and P6 for CDF-SpecR . To assemble these 6 fragments

into a circular plasmid, approximately 620, 1100 and 590 ng of gel-purified CDF-Spec® (3200bp), FrbA
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(2900bp) and FrbB (1355bp) DNA fragments, respectively, were mixed with 20 U of Bsal-HF v2 and 2000
U of T4 ligase (NEB) in 1x ligase buffer in a total of 25 uL total volume. Similarly, 610, 500 and 610 ng
of FrbC (1418bp), FrbD (1127bp) and FrbE (1394bp), respectively, were mixed with the same amounts of
Bsal and T4 ligase in a separate tube. The two reaction mixtures were then incubated in a PCR thermocycler
using the following protocol: Step 1: 37 °C for 5 min, Step 2: 16 °C for 5 min, repeat 15 times. Then, the
two mixtures were combined and the reaction continued as follows: Step 1: 37 °C for 5 min, Step 2: 16°C
for 5 min, repeat 15 times; Step 3: 80 °C 20 min, Step 4: 12 °C 5 min. The ligation mixture was directly
transformed into DH10b cells by electroporation, recovered in SOC for 1 hr and then grown in 2xYT
containing spectinomycin to select for transformants. A small portion of the recovered cells was plated on
LB/agar with spectinomycin, and counted the next day revealing 390,000 transformants were obtained for
approximately 125-fold coverage of the library. DNA from cells grown overnight was miniprepped yielding
the pCDF-FrbABCDE_lib DNA. Plasmid from 10 individual clones was miniprepped and digested with
Ncol and Nhel. Of these, 8 showed the predicted DNA fragment pattern following digestion demonstrating

faithful assembly of the targeted library.

Screening for functional FrbABCDE assemblies. The pCDF-FrbABCDE _lib was screened for assemblies
able to synthesize nhpSer for translational incorporation into sSfGFP-150TAG. Approximately 0.5 pg of
pCDF-FrbABCDE _lib was electroporated with the nhpSer GCE machinery plasmid, pSF-nhpSer (see
below), and the reporter expression plasmid, pRBC-sfGFP-150TAG, into BL21(DE3) AserC cells. The
AserC mutation ensures the expression host cannot biosynthesize pSer, eliminating the chances that pSer
could get incorporated into sSfGFP by the GCE machinery. Thus, in this system cells will fluoresce only if
nhpSer is biosynthesized by the FrbABCDE pathway and then incorporated at the 150TAG codon of sfGFP.
This was confirmed with a negative control transformation in which pCDF-FrbABCDE_lib was replaced
with an “empty” pCDFduet vector. After transformation, cells were recovered for 1 hr in SOC media at 37
°C and plated onto LB/agar plates containing 0.5% glycerol, ImM IPTG, 50 ug/mL ampicillin, 25 ug/mL

kanamycin and 50 pg/ml spectinomycin. Plates were incubated at 37 °C for 18 hrs, and then another 18 hrs
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at room temperature. No fluorescence was observed for colonies containing the “empty” pCDFduet vector.
From cells transformed with pCDF-frbABCDE _lib, 92 fluorescent clones were selected to inoculate 0.5
mL ZY-NIM, which were grown for 16 hrs at 37 °C shaking at 300 rpm. Next, these cells were used to
inoculated 0.5 mL 2xYT + 0.5% glycerol, which were grown at 37 °C for 3 hrs at which time expression
was induced with 1 mM IPTG and temperature lowered to 30 °C. After 24 hr, in-cell fluorescence was
measured and the top 6 clones were selected for follow up analysis. Plasmid DNA was isolated from these
top 6 clones, and the pCDF-FrbABCDE pathway plasmids were isolated by transformation into DH10b
cells, plating on LB/agar with spectinomycin only and selecting single colonies for subsequent plasmid
isolation. T7 promoter identities for these six isolates were determined by sequencing. Pathway

functionality of the six pathways were re-tested in subsequent expressions at 50 mL scale, in triplicate.

General protocol for expression of nhpSer containing proteins

Overview of plasmid architecture. nhpSer incorporation using the Frb-v1 pathway requires three plasmids.
(1) pRBC/pRBCduet: expresses the TAG-codon interrupted target gene of interest with expression driven
by the T7 promoter. Contains p15a origin of replication conferring ampicillin resistance.® (2) pSF-nhpSer
or pERM-nhpSer. The pSF-nhpSer GCE machinery plasmid expresses the SepRS-2* under a constitutive
GInRS promoter with the native GInS terminator, the Sep-tRNA?%cya under a constitutive Ipp promoter
(no terminator),® the EF-Sep under the control of a lac promoter (no terminator),® and E. coli serB under an
oxb18 constitutive recA promoter. The Sep-tRNA'2%ya was used here for its enhanced orthogonality.®
Constitutive expression of serB is used to enhance hydrolysis of intracellular pSer amino acid. Contains
pUC origin of replication conferring kanamycin resistance. A modified form of this plasmid (pERM-
nhpSer, Kan resistance) was built with additional levels of transcriptional insulation to ensure independent
expression of each component: SepRS-2* expression was controlled by a constitutive GInRS promoter and
a rrB T1 transcriptional terminator, the Sep-tRNA"2cya ® is controlled by a constitutive Ipp promoter and

rrnC terminator, the EF-Sep® is controlled of a lac promoter and T7 terminator, and the E. coli serB was
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expressed under a stronger constitutive oxb20 promoter and rrnG terminator. (3) pCDF-FrbABCDE Frb-
v1 plasmid: expresses all five Frb enzymes. Each gene is flanked by its own T7 promoter variant and T7
terminator as indicated in main text. Contains CloDF origin of replication conferring spectinomycin

resistance. BL21(DE3) AserC cells were used for all nhpSer protein expressions.

General protocol for expression of nhpSer containing proteins with Frb-v1. Fresh transformations were
performed for every expression. The pCDF-FrbABCDE Frb-v1.0 pathway, pSF-nhpSer (or pERM-nhpSer)
and appropriate pRBC plasmids were co-transformed simultaneously by electroporation into BL21(DE3)
AserC cells. The cells were recovered for 60-90 min in SOC media at 37 °C, and plated onto LB/agar plates
containing 50 ug/mL ampicillin, 25 ug/mL kanamycin and 50 pg/ml spectinomycin. After overnight
growth at 37 °C, cells were scraped and used to inoculate 2xYT media supplemented with 0.5% glycerol
and the same antibiotics. These cultures were grown for 3-5 hours at 37 °C, at which point they were used
to inoculate Terrific Broth (TB) expression cultures (TB: 12 g/L tryptone, 24 g/L yeast extract, 0.5%
glycerol, 72 mM K;HPO4, 17 mM KHPO,). Baffled flasks were used to ensure high rates of aeration, and
Antifoam B (Sigma #A5757) was used to limit foam buildup. After inoculation, TB expression cultures
were grown at 37 °C until ODsoo reached ~1.0, then 0.5 mM IPTG was added and the temperature was
adjusted to 20-30 °C depending on the target protein. Cultures were harvested 20-24 hrs after the addition

of IPTG.

Expression of nhpSer containing proteins by media supplementation. BL21(DE3) AserC cells were co-
transformed with pRBC-sfGFP-150TAG or pRBC-sfGFP-134/150TAG and pSF-nhpSer, and grown
overnight LB/agar with appropriate antibiotics. After overnight growth, a starter culture of 2xYT was
inoculated with several colonies and grown at 37 °C for 3-4 hrs. 1 mL of this starter culture was used to
inoculate a fresh 50 mL 2xYT culture, which was grown to an OD ~0.6-0.8 at 37 °C, and then expression
was induced with the addition of 1 mM IPTG and 2 mM nhpSer (DL-AP4, Abcam). Cells were harvested

after 18 hrs of expression at 37 °C.
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General protocol for expression of pSer containing proteins.

Overview of plasmid architecture. pSer incorporation requires two plasmids. (1) pRBC/pRBCduet: as
described above. (2) pPKW2-EFSep: expresses the SepRS-2 under a constitutive GINnRS promoter, the Sep-
tRNAcua G4 under a constitutive Ipp promoter, and the EF-Sep under the control of a lac promoter.*
Contains a pBR322 origin of replication and confers chloramphenicol resistance. Proteins were expressed
in either BL21(DE3) AserB or B95(DE3) AA AfabR AserB.2 The latter, which is a partially recoded

derivative of BL21(DE3),’ lacks Release Factor-1 and therefore was used to avoid truncated protein.

General protocol for expression of pSer containing proteins. Fresh transformations were performed for
every expression. Proteins were expressed exactly as described previously. Briefly, BL21(DE3) AserB or
B95(DE3) AA AfabR AserB cells were co-transformed with the appropriate pRBC/pRBCduet vector and
the pKW2-EFSep vector, grown overnight on LB/agar plates with ampicillin and chloramphenicol, and
then multiple colonies were used to inoculate an overnight ZY-non inducing media culture. After overnight
growth at 37 °C, these non-inducing cells were used to inoculate a ZY-auto inducing culture, which was
grown to an OD ~1.0 at 37 °C, at which point the temperature was adjusted as needed for target protein

expression. Cells were harvested ~18-24 hrs later after temperature adjustment.

Expression and purification details of specific target proteins.

sfGFP: The pRBC-sfGFP wt, 150TAG and 134/150TAG plasmids containing C-terminal Hiss affinity
purification tags were as previously described.® pSer and nhpSer containing proteins were expressed as
described above at 37 °C. Cells were lysed in Wash Buffer (50 mM Tris, 500 mM NaCl, 5% glycerol, 5
mM imidazole pH 7.4) containing a phosphatase inhibitor mixture (50 mM NaF, 5 mM sodium
pyrophosphate and 0.5 mM sodium orthovanadate). Protein was bound to TALON metal affinity resin,
washed with 20-50 column volumes of Wash Buffer, and eluted with Wash Buffer + 300 mM imidazole.
Proteins were desalted using a PD-10 column (GE Healthcare) into 50 mM Tris pH 7.4, 150 mM NacCl,

frozen in liquid N2 and stored at -80 °C.
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bdSUMO-HSPB6'?° peptide fusion protein: A codon optimized HSPB6 gene fragment (residues 11-20)
containing either a codon for Ser or a TAG codon at S16 were cloned into pRBC with an N-terminal
flanking bdSUMO fusion tag (residues 19-97)% and a C-terminal, TEV cleavable flanking sfGFP-Hiss
fusion tag. Wildtype, pSer and nhpSer variants were expressed as described above at 30 °C. bdSUMO-
HSPB6!-20-sfGFP-Hisg proteins were purified as described above for sfGFP, eluted with 300 mM imidazole
and desalted into 25 mM Tris pH 7.4, 25 mM NaCl. Desalted proteins were then treated with Hiss tagged
TEV protease overnight at 4 °C at a 1:100 molar ratio protease:substrate and the bdSUMO-HSPB62
protein was isolated by reverse affinity. Proteins were concentrated to 55 mg/mL (~5 mM), flash frozen in
liquid N2 and stored at -80 °C. Total bdSUMO-HSPB6'2-sfGFP-Hiss yields after purification were ~ 100
mg/L culture for pSer and ~70 mg/L culture for nhpSer containing proteins.

14-3-3¢ / HSPB6 complexes. The genes for human 14-3-3C (residues 2-229) and HSPB6 (2-153) were
codon optimized, synthesized and cloned into orfl and orf2, respectively, of pRBCduet. HSPB6 was fused
at its N-terminus with a Hise-bdSUMO tag while the 14-3-3( protein had no purification or solubility tag.
Mutations S16D and S16TAG were introduced into HSPB6 using SLiCE. Expressions were performed as
described above, but at 25 °C, and purified similarly as sfGFP, except that protein complexes were eluted
by proteolytic on-column cleavage with 30 nM bdSENP1 for 1 hr at 4 °C.° Proteins were gel-filtered on a
Superdex-75 column (GE Healthcare) in 25 mM Tris and 150mM NaCl pH 7.4, flash frozen with liquid N2
and stored at -80 °C. Total protein yields after purification were ~ 10 mg/ L culture for the pSer dependent

complex and ~ 8 mg/ L culture for the nhpSer dependent complex.

14-3-3¢ variants: The same codon optimized 14-3-3¢ gene (residues 2-229) used for generating complexes
with HSPB6 was cloned into pRBC with an N-terminal Hise-bdSUMO fusion tag. Mutations S58E and
S58TAG were introduced using SLICE. Proteins were expressed at 25 °C, purified as done for the 14-3-3¢
/ HSPB6 complexes, eluted using the same bdSENP1 on-column cleavage method, and then gel-filtered on
a Superdex S-75 column in 25 mM Tris and 150 mM NaCl pH 7.4. Total protein yields after purification

were ~ 12 mg/L culture for the pSer variant and ~ 8 mg/L culture for the nhpSer variant.
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SARS-CoV-2 Nucleocapsid protein: Linker Np-sfGFP fusion proteins: A codon optimized SARS-CoV-2
Nucleocapsid Protein gene corresponding to residues 175-245 containing either a codon for Ser or a TAG
codon at either S188 or S206 were cloned into pRBC with an N-terminal flanking bdSUMO fusion tag
(residues 19-97) and a C-terminal, TEV cleavable flanking sfGFP-Hisg fusion tag. Proteins were expressed
at 25 °C and purified similarly, except that untagged 0.5 uM bdSENP1 was added to the lysate while
proteins bound to Ni-NTA resin for 1 hr to cleave off the bdSUMO tag. After sufficient washing to remove
the cleaved bdSUMO and bdSENP1, Linker Np-sfGFP-Hiss protein was eluted with 300 mM imidazole
and desalted into 50 mM Tris pH 7.4, 350 mM NaCl prior to GSK3[ reactions. pSer variants at both sites
yielded ~ 90 mg/L culture and nhpSer variants at both sites yielded ~ 70 mg/L culture. For mass
spectrometry analysis, Linker Np-sfGFP-Hiss proteins were proteolyzed by TEV (1:100 ratio) overnight at

4 °C, and the Linker Np peptides were isolated by reverse affinity chromatography.

SARS-CoV-2 Nucleocapsid protein: Full-length: A codon optimized SARS-CoV-2 nucleocapsid protein
(residues 2-420) gene containing either a codon for Ser or a TAG codon at either S188 or S206 were cloned
into pRBC containing an N-terminal His6-bdSUMO using SLiCE. Protein variants were expressed as
described above at 25 °C, and then purified by Ni-NTA affinity chromatography. Prior to elution, the resins
were washed with 50 bed volumes of High Salt Wash Buffer (50 mM Tris pH 7.4, 3 M NaCl, 20 mM
imidazole, 50 mM NaF, 5 mM sodium pyrophosphate and 0.5 mM sodium orthovanadate) to remove bound
nucleic acids.* Proteins were then eluted by proteolysis from Ni-NTA using bdSENP1 in 50 mM Tris pH
7.4, 150 mM NaCl, 20 mM imidazole, 50 mM NaF, 5 mM sodium pyrophosphate and 0.5 mM sodium
orthovanadate. Dimeric proteins were purified by gel-filtration in 50 mM Tris pH 7.4, 150 mM NaCl and
concentrated to 100 uM in preparation for GSK3p reactions. Concentrated proteins were flash frozen in
liquid N and stored at -80 °C until use. pSer variants at both sites yielded ~ 12 mg/L culture and nhpSer

variants at both sites yielded ~ 7 mg/L culture.

GSK3/4. A codon optimized gene containing GSK3p (residues 2-420) containing the S9A mutation (to
prevent auto-inhibition) was cloned into a pET28 vector harboring an N-terminal Hiss-bdSUMO using
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SLIiCE. Proteins were expressed in E. coli BL21(DE3) in TB medium supplemented with 50 pg/mL
Kanamycin; expression of the GSK3p fusion protein was induced by 0.3 mM IPTG at OD 0.6-0.8 and
continued at 18 °C for 16 h. Protein was purified by Ni-NTA and eluted with bdSENP1 cleavage in 50 mM

Tris pH 7.4, 150 mM NaCl, 10% glycerol. Protein was frozen in liquid N> and stored at -80 °C until use.

FLAG- or Myc-14-3-3¢ variants: The FLAG- or Myc- tags were cloned into the region between the C-
terminal cleavage site of bdSUMO (GG), and the N-terminus Met of 14-3-3C in our original expression
constructs for the 14-3-3( variants using SLICE. Proteins were expressed and purified similarly to the 14-

3-3¢ variants described above.
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SUPPORTING TABLES

Table S1. SEC-MALS statistics for 14-3-3 AC/HSPB6 complexes shown in Main Text Figure 5C.
Theoretical masses: 14-3-3C AC dimer = 52.4 kDa, HSPB6 dimer = 33.0 kDa, 14-3-3C AC dimer +
HSPB6 dimer complex = 85.4 kDa.

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

WT_1433 runl 51.7 0.20% 106.76 100
WT_1433 run2 51.5 0.30% 96.33 100
Average 51.6 101.55 100
Standard deviation 0.1 7.38 0

% Standard deviation 0.2 7.26 0

Minimum 51.5 96.33 100
Maximum 51.7 106.76 100

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

HSPB6 WT run 1 34.4 0.30% 108.17 100
HSPB6 WT run 2 34.5 0.30% 98.02 100
Average 344 103.1 100
Standard deviation 0.1 7.18 0

% Standard deviation 0.3 6.96 0

Minimum 34.4 98.02 100
Maximum 34.5 108.17 100

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

pSer Complex run 1 79.1 0.90% 393.4 100
pSer Complex run 2 78.9 0.90% 358.77 100
Average 79 376.09 100
Standard deviation 0.1 24.49 0

% Standard deviation 0.2 6.51 0

Minimum 78.9 358.77 100
Maximum 79.1 3934 100

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

nhpSer Complex run 1 80.1 1.00% 389.63 100
nhpSer Complex run 2 80.2 1.00% 384.83 100
Average 80.1 387.23 100
Standard deviation 0 3.4 0

% Standard deviation 0.1 0.88 0

Minimum 80.1 384.83 100
Maximum 80.2 389.63 100
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Table S2. SEC-MALS statistics for 14-3-3C S58 variants showin in Main Text Figure 6C. Theoretical
masses: 14-3-3C AC dimer = 52.4 kDa, 14-3-3C AC monomer = 26.2 kDa

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)
WT_runl 51.4 1.30% 88.82 96.2
WT_run2 51.1 1.40% 83.89 95.9
Average 51.2 86.36 96
Standard deviation 0.3 3.49 0.2
% Standard deviation 0.5 4.04 0.2
Minimum 51.1 83.89 95.9
Maximum 514 88.82 96.2

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

S58E_runl 50.4 0.20% 95.61 100
S58E_run2 50 0.30% 94.32 100
Average 50.2 94.96 100
Standard deviation 0.3 0.92 0

% Standard deviation 0.5 0.97 0

Minimum 50 94.32 100
Maximum 50.4 95.61 100

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

pSer58 runl 253 2.00% 85.76 100
pSer58 run2 25.9 2.30% 106.09 100
Average 25.6 95.92 100
Standard deviation 0.5 14.38 0

% Standard deviation 1.8 14.99 0

Minimum 25.3 85.76 100
Maximum 25.9 106.09 100

Mw (kDa) Uncertainty Calculated mass (ug) Mass fraction (%)

nhpSer58_runl 26.5 1.40% 107.23 100
nhpSer58_run2 26.6 1.00% 101.02 100
Average 26.5 104.13 100
Standard deviation 0 4.39 0

% Standard deviation 0.1 4.22 0

Minimum 26.5 101.02 100
Maximum 26.6 107.23 100
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SUPPORTING FIGURES
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Figure S1. Phosphoserine containing proteins can be hydrolyzed during expression in E. coli. (A)
Construct of human TAK1 (also known as Mitogen-activated protein kinase kinase kinase 7; Uniprot no.
043318) with residues 418-444 fused to sfGFP. Ser439 of TAKL1 is a well-established site of
phosphorylation.’ (B) SDS-PAGE gel of TAK14844_sfGFP with Ser (WT), pSer and nhpSer
incorporated at site S439 via GCE. pSer incorporation was achieved as previously described by Zhu et
al.3, while nhpSer incorporation was achieved using PermaPhos Frb-v1 as described in this manuscript.
(C) Phos-tag gel of the same proteins shown in panel B. In Phos-tag gel electrophoresis, phosphorylated
proteins migrate slower than the non-phosphorylated counter-parts.}? NhpSer-containing proteins migrate
slower than the equivalent pSer-containing proteins.'® Phos-tag electrophoresis of the pSer-incorporated
protein shows ~50% of the protein was hydrolyzed during expression/purification.
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Figure S2. Efficiency of nhpSer incorporation into sSfGFP using the previously published GCE system.
(A) sfGFP fluorescent reporter constructs containing one (1x, 150TAG) and two (2x, 134/150TAG)
amber stop codons. (B) sfGFP expression yields based on in-cell fluorescence measurements using the
current nhpSer GCE in which nhpSer is supplemented to the media at 2 mM final concentration.
Expressions were performed in BL21(DE3) AserC cells using 2xYT media and 1 mM IPTG to induce
expression. Cells were cultured for 18 hrs at 37 °C prior to fluorescence measurements. Yield of sfGFP
per liter culture was calculated by subtracting the contribution of auto-fluorescence from cells not
expressing any sfGFP construct from the fluorescence of the indicated cultures, and then fluorescence
values were converted to sfGFP concentration based on a standard curve of purified sfGFP. Error bars
represent standard deviations of expressions performed in triplicate. (C) SDS-PAGE and Phos tag gels of
purified sfGFP wild-type, pSer150 and nhpSer150 (produced via media supplementation). The slower
electrophoretic mobility of sSfGFP-nhpSer150 compared to sfGFP-pSer150 is consistent with previous
reports.®® The same data are shown in the main text Fig. 3B.
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Figure S3. Generating T7 promoter variants with attenuated transcriptional strengths. (A) Sequence of
the T7 transcriptional promoter highlighting the region regulating transcription initiation strength.*
Nucleotides highlighted in red were randomized to all four nucleotides and placed in front of an sfGFP
reporter gene. (B) After screening the library for promoter variants conferring attenuated sfGFP
expression, four were identified displaying end point yields spanning two orders of magnitude. Error bars
represent standard deviation from three replicate cultures. (C) Sequences of the randomized region (red,
panel A) for five T7 promoters used in this study to generate the FrbABCDE library.
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Figure S4. Bottom-up MS/MS fragmentation of trypsin digested peptides confirming incorporation of
(A) pSer at site D134 of 2x-TAG sfGFP made using the pSer GCE system and (B) nhpSer at site D134 of

the 2x-TAG sfGFP using the nhpSer Frb-v1l GCE system.
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Figure S5. Bottom-up MS/MS fragmentation of trypsin digested peptides confirming incorporation of
(A) pSer at site N150 of 2x-TAG sfGFP made using the pSer GCE system and (B) nhpSer at site N150 of
the 2x-TAG sfGFP using the nhpSer Frb-v1 GCE system.
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Figure S6. nhpSer protein made via Frb-v1 GCE is resistant to phosphatase activity. (A) pSer or nhpSer
(as well as Ser) was incorporated into site S16 of a HSPB6 peptide consisting of residues 11-20, which
was fused at its N-terminus to bdSUMO. (B) SDS-PAGE (top) and Phos-tag (bottom) of purified
bdSUMO-HSPB6? proteins with Ser16, pSer16 and nhpSer16 are shown in the first three lanes. Upon
incubation with A-phosphatase (PPase), the pSer16 containing protein was hydrolyzed as evidenced by it
migrating with the electrophoretic mobility of wild-type protein, while the nhpSer protein mobility
remained constant. Interestingly, the phospho-proteins migrate more slowly on SDS-PAGE compared to
wild-type. Slower electrophoretic mobility of phospho-proteins compared to non-phosphorylated proteins
in SDS-PAGE has been well-documented previously.® Reasons for this are not well understood but
presumably the negatively charged phospho-group limits SDS binding capacity to the protein, lowering
its charge to mass ratio and causing it to migrate more slowly.

518



A 23.69 23.58 23.19 22.65 22.08 21.18 20.70 20.35 20.30

S I

pH nhpSer s
10.0

T T
20

7.5 o
7.0 -

6.5 - A r
6.0

5.0 /_MWZ
4.0 Lo

T T T T T T T T T T T T T T T T T T T
24 23 22 21 20 [ppm]

10

B 405 4.00 3.97 3.79 3.54 294 1.92 1.05 1.03

—l | | | aln

pH pSer |
10.0 k___\'wl
9.0 1

8.0 I
7.0 I
6.5 Lo
6.0 1
5.5

so———__— T — "\
4.0 o

4 3 2 1 [ppm]

*1P ppm

Ajsuaju| anine|ay

10

Figure S7. *'P NMR spectra of bdSUMO-HSPB62° containing (A) nhpSer and (B) pSer at site S16 of
HSPB62° at pH’s ranging from 4.0 to 10.0. Chemical shifts are indicated above each peak.
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Figure S8. Mechanism of GSK3p activation upon binding to pSer-containing substrates. (A) Overlayed
structures of apo GSK3p (PDB 1pyx) and GSK3p bound to a phosphorylated pseudo-substrate (PDB
4nm3) showing that binding of the peptide (yellow) induces conformational changes in the C-loop (pink)
and glycine rich loop (purple). (B) Zoom in showing that the movement of the C-loop upon pSer-
substrate binding positions Arg96 to coordinate the phospho group of the substrate peptide, and places the
-4 residue (not resolved in crystal structure) in the proximity of the active site where magnesium (green
spheres) coordinates ATP.
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Figure S9. nhpSer can mimic pSer-dependent GSK3p phosphorylation of full-length SARS-CoV-2
nucleocapsid protein. (A) The SARS-CoV-2 Nucleocapsid Phosphoprotein (Np) contains a Serine-
Arginine rich region (SR) in its linker region (Linker-Np, residues 175-247) that connects the N-terminal
RNA binding domain and the C-terminal dimerization domain. (B) Ser, Asp, pSer and nhpSer were
incorporated at sites S188 and S206 in full-length Np, purified, and mixed with ATP, Mg?*, and GSK3p
as described in the Methods. SDS-PAGE and Phos-tag gels of reaction products confirm phosphorylation
of Linker-Np by GSK3p only in the pSer and nhpSer primed Linker-Np proteins, and not the Ser or Asp
proteins, as evidenced by the gel-shifts observed in the Phos-tag gel.
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Figure S10 MS/MS analysis of wild-type Linker-Np protein. (A) Sequence map depicting the detected
ion fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown
on the left. Ser188 and Ser206 are labeled accordingly. Block dots represent every 10 residues. The last
six residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after removal of
sfGFP (Fig. 5C). The top-down analysis yielded an overall sequence coverage of 91%. (B-C). MS/MS
fragmentation mass spectra with peaks labeled according to their assigned identity.
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Figure S11. MS/MS analysis of S188D Linker-Np protein. (A) Sequence map depicting the detected ion
fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown on
the left. Asp188 and Ser206 are labeled accordingly. Block dots represent every 10 residues. The last six
residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after removal of sSfGFP
(Fig. 5C). The top-down analysis yielded an overall sequence coverage of 87%. Black arrow points to the
fragmented peptide ion shown in panel D. (B-C). Representative MS/MS fragmentation mass spectra with
peaks labeled according to their assigned identity. (D) Zoom in of the ¢?*/15 fragmented peptide ion
confirms the location of Asp at position 188.
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Figure S12. MS/MS analysis of pSer188 Linker-Np protein. (A) Sequence map depicting the detected ion
fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown on

the left. Ser188 and Ser206 positions are labeled accordingly. Block dots represent every 10 residues. The
last six residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after removal of
sfGFP (Fig. 5C). The top-down analysis yielded an overall sequence coverage of 87%. Black arrow points

to the fragmented peptide ion shown in panel D. (B-C). Representative MS/MS fragmentation mass
spectra with peaks labeled according to their assigned identity. (D) Zoom in of the c*/15 fragmented
peptide ion confirms the location of pSer at position 188.
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Figure S13. MS/MS analysis of pSer188 Linker-Np protein after reaction with GSK3p. (A) Sequence
map depicting the detected ion fragments. The blue circles indicate ¢ and z ions, and the green circles
indicate b and y ions as shown on the left. Ser188 and Ser206 positions are labeled accordingly. Block
dots represent every 10 residues. The last six residues (ENLYFQ) are part of the TEV protease
recognition sequence remaining after removal of sfGFP (Fig. 5C). The top-down analysis yielded an
overall sequence coverage of 80%. Black arrow points to the fragmented peptide ions shown in panels D-
G. (B-C). Representative MS/MS fragmentation mass spectra with peaks labeled according to their
assigned identity. (D-G) Zoom in of the z**/78, z**/74, z**/70, z5*/66 fragmented peptide ion confirms the
location of pSer at position 176, 180, 184 and 188, respectively.
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Figure S14. MS/MS analysis of nhpSer188 Linker-Np protein. (A) Sequence map depicting the detected
ion fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown
on the left. Ser188 and Ser206 positions are labeled accordingly. Block dots represent every 10 residues.
The last six residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after
removal of sSfGFP (Fig. 5C). The top-down analysis yielded an overall sequence coverage of 87%. Black
arrow points to the fragmented peptide ion shown in panel C. (B). Representative MS/MS fragmentation
mass spectra with peaks labeled according to their assigned identity. (D) Zoom in of the z%'/66
fragmented peptide ion confirms the location of nhpSer at position 188.
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Figure S15. MS/MS analysis of nhpSer188 Linker-Np protein after reaction with GSK3p. (A) Sequence
map depicting the detected ion fragments. The blue circles indicate ¢ and z ions, and the green circles
indicate b and y ions as shown on the left. Ser188 and Ser206 positions are labeled accordingly. Block
dots represent every 10 residues. The last six residues (ENLYFQ) are part of the TEV protease
recognition sequence remaining after removal of sfGFP (Fig. 5C). The top-down analysis yielded an
overall sequence coverage of 82%. Black arrow points to the fragmented peptide ions shown in panels D-
G. (B-C). Representative MS/MS fragmentation mass spectra with peaks labeled according to their
assigned identity. (D-G) Zoom in of the z°*/78, c*/7, ¢'*/12, z**/66 fragmented peptide ion confirms the
location of pSer at position 176, 180, and 184, and nhpSer at188, respectively.
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Figure S16. MS/MS analysis of S206D Linker-Np protein. (A) Sequence map depicting the detected ion
fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown on
the left. Ser188 and Asp206 are labeled accordingly. Block dots represent every 10 residues. The last six
residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after removal of sSfGFP
(Fig. 5C). The top-down analysis yielded an overall sequence coverage of 92%. Black arrow points to the
fragmented peptide ion shown in panel D. (B-C). Representative MS/MS fragmentation mass spectra with
peaks labeled according to their assigned identity. (D) Zoom in of the z**/48 fragmented peptide ion
confirms the location of Asp at position 206.
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Figure S17. MS/MS analysis of pSer206 Linker-Np protein. (A) Sequence map depicting the detected ion
fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown on
the left. Ser188 and Ser206 positions are labeled accordingly. Block dots represent every 10 residues. The
last six residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after removal of
sfGFP (Fig. 5C). The top-down analysis yielded an overall sequence coverage of 96%. Black arrow points
to the fragmented peptide ion shown in panel D. (B-C). Representative MS/MS fragmentation mass
spectra with peaks labeled according to their assigned identity. (D) Zoom in of the z**/48 fragmented
peptide ion confirms the location of pSer at position 206.
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Figure S18. MS/MS analysis of pSer206 Linker-Np protein after reaction with GSK3p. (A) Sequence
map depicting the detected ion fragments. The blue circles indicate ¢ and z ions, and the green circles
indicate b and y ions as shown on the left. Ser188 and Ser206 positions are labeled accordingly. Block
dots represent every 10 residues. The last six residues (ENLYFQ) are part of the TEV protease
recognition sequence remaining after removal of sfGFP (Fig. 5C). The top-down analysis yielded an
overall sequence coverage of 78%. Black arrow points to the fragmented peptide ions shown in panels D-
H. (B-C). Representative MS/MS fragmentation mass spectra with peaks labeled according to their
assigned identity. (D-H) Zoom in of the ¢3*/18, ¢3*/21, c**/24, ¢*/29, and c°*/35 fragmented peptide ion
confirms the location of phosphorylation at positions 190, 194, 198, 202 and 206 respectively.
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Figure S19. MS/MS analysis of nhpSer206 Linker-Np protein. (A) Sequence map depicting the detected
ion fragments. The blue circles indicate ¢ and z ions, and the green circles indicate b and y ions as shown
on the left. Ser188 and Ser206 positions are labeled accordingly. Block dots represent every 10 residues.
The last six residues (ENLYFQ) are part of the TEV protease recognition sequence remaining after
removal of sfGFP (Fig. 5C). The top-down analysis yielded an overall sequence coverage of 94%. Black
arrow points to the fragmented peptide ion shown in panel D. (B-C). Representative MS/MS
fragmentation mass spectra with peaks labeled according to their assigned identity. (D) Zoom in of the
z*'/149 fragmented peptide ion confirms the location of nhpSer at position 206.
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Figure S20. MS/MS analysis of nhpSer206 Linker-Np protein after reaction with GSK3p. (A) Sequence
map depicting the detected ion fragments. The blue circles indicate ¢ and z ions, and the green circles
indicate b and y ions as shown on the left. Ser188 and Ser206 positions are labeled accordingly. Block
dots represent every 10 residues. The last six residues (ENLYFQ) are part of the TEV protease
recognition sequence remaining after removal of sfGFP (Fig. 5C). The top-down analysis yielded an
overall sequence coverage of 78%. Black arrow points to the fragmented peptide ions shown in panels D-
H. (B-C). Representative MS/MS fragmentation mass spectra with peaks labeled according to their
assigned identity. (D-H) Zoom in of the c?*/17, ¢3*/21, z**/56, c?*/29 and z**/48 fragmented peptide ion
confirms the location of phosphorylation at positions 190, 194, 198, and 202, and nhpSer at 206,
respectively.
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Figure S21. SDS-PAGE and Phos-tag gel analyses of 14-3-3(/HSPB6 (full-length) pull down
experiments shown in Fig. 6B. (A) SDS-PAGE of soluble cell lysates confirm expression of 14-3-3¢ in all
expressions with HSPB6, indicating that the lack of 14-3-3C in the purified wild-type (Ser) and S16D
(Asp) HSPB6 samples was due to their inability to complex with 14-3-3C. (B) Phos-tag gel of the same
samples shown in panel A, confirming pSer and nhpSer incorporation as shown in Fig. 6B.
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Figure S22. SEC-MALS analyses of wild-type and S16D HSPB6 with 14-3-3¢ confirm they do not form
a stable complex. (A) wild-type 14-3-3C only, (B) full-length HSPB6 wt only, (C) HSPB6 S16D only, (D)
an equimolar mixture of 14-3-3C and HSPB6 wt, (E) and an equimolar mixture of 14-3-3¢ and HSPB6
S16D. Dotted lines from top to bottom in each panel correspond to the theoretical molecular weights of
the 2:2 complex, the 14-3-3¢ dimer and the HSPB6 dimer.
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Figure S23. Equilibrium analytical ultracentrifugation analyses of the (A) pSer16- and (B) nhpSer16-
HSPB6/14-3-3 complexes at 14.3 uM concentration (left column), 7.2 uM (middle column) and 3.6 uM
(right column) at 15k (red), 10k (green) and 8k (blue) rpm. Residuals from fitting the equilibrium data to
a two-state A+B <-->AB model are shown in the bottom row of each panel, in which the pSer and nhpSer
complexes fit with dissociation constants of 92 + 13 and 120 + 26 nM (errors represent 95% confidence
intervals).
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Figure S24. HSPB6/14-3-3( protein sample integrity before and after equilibrium analytical
ultracentrifugation (AUC) analysis. Each sample shown in Supporting Fig. S23 was run after AUC
analysis (“Out”) along side the starting protein sample (“In”). A mixture of purified 14-3-3C and wild-
type HSPBG6 were loaded in the left lane for Phos-tag mobility comparison.
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Figure S25. 14-3-3¢ phosphorylated at Ser58 with pSer and nhpSer retain a functional phospho-peptide
binding groove. (A) Construct design for Hise-sfGFP and and Hisg-sfGFP fused with R18; R18 is an
engineered peptide that binds specifically to all 14-3-3 isoforms in the same amphipathic binding grove
that phosphorylated peptides of 14-3-3 clients bind'* (B) Hisg-sfGFP and (C) Hiss-sfGFP-R18 proteins
were mixed with un-tagged 14-3-3C WT, pSer58 and nhpSer58 variants in equal molar ratios. Protein
mixtures were then incubated with TALON metal affinity resin, which was washed extensively to remove
unbound proteins. Bound proteins were eluted with imidazole and run on SDS-PAGE. When Hise-sfGFP
was used as bait (panel B), none of the 14-3-3¢ forms co-eluted indicating no interaction as expected.
When Hisg-sFGFP-R18 was used as bait (panel C), 14-3-3C WT, pSer58 and nhpSer58 forms co-eluted,
indicating a specific interaction between 14-3-3C and R18 in all cases, though the interaction of R18 with
the pSer58 and nhpSer58 forms of 14-3-3¢ was weaker than with WT.
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Figure S26. 14-3-3¢ pSer58 is hydrolyzed back to wild-type 14-3-3C in cell lysates. FLAG-tagged 14-3-
3C WT, pSer58 and nhpSer58 expressed and purified from E. coli were incubated in buffer (no lysate) or
HEK?293T cell lysates for 120 min with calyculin A. Samples were run on SDS-PAGE (top) and Phos-tag
(bottom) gels and probed with an a-FLAG antibody. Phos-tag electrophoresis confirmed the pSer58
variant was fully dephosphorylated in cell lysates during the course of incubation, while the nhpSer58
variant was unmodified.
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Figure S27. Volcano plots comparing the pool of proteins identified in two biological replicates for (A
and C) 14-3-3C WT and nhpSer58 pulldowns and the (B and D) 14-3-3C WT and pSer58 pulldowns.
Proteins identified in red as statistically “enriched” were at least 2.8-fold (log, 1.5) (p-value < 0.05) more
abundant in the 14-3-3¢ nhpSer58 or pSer58 pools compared to that of 14-3-3¢ WT. Similarly, proteins
identified in blue as statistically “depleted” were at least 2.8-fold (log2 1.5) (p-value < 0.05) less abundant
in the 14-3-3C nhpSer58 or pSer58 pools compared to that of 14-3-3C WT. Protein IDs, enrichment values
and associated p-values, as well as raw peptide intensities from both biological replicates, can be found in

the Supporting Dataset 1.
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A 14-3-3 B BRCT C ww

A

Figure S28. Prominent phospho-serine binding protein families do not use the bridging y-oxygen as a
recognition element. Representative structures of (A) 14-3-3 bound to a phosphoserine peptide (PDB
3mhr), (B) a BRCT domain bound to a phosphoserine peptide (PDB 3c0j) and (C) a WW domain bound
to a doubly phosphorylated peptide (PDB 1f8a). Each case depicts the structural basis of phosphate-
binding specificity for each domain but the pSer bridging y-oxygen does not make a hydrogen bond with
the pSer binding protein. Dotted black lines represent hydrogen bonds.
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SUPPORTING SEQUENCES

>FrbA
MGRDLLRDLRLPDRNARYVSLAAAEEMGLVGISSAPRSLRVLVENTLRAAAAAKAGSTGDSLR
QAVLSANSLIAAATANGPVSEVEFRPTRLVLQDHSGIPVLADLASLRSIMADRGLDPRLARPALP
VDLVVDHSVEVASWARPDALSLNMRREYELNGERYRFLRWAQQEISGLRVVPPGRGIVHQMHL
EHLARVVLPDGDGLIAPDTVLGTDSHTPMVGALGVLGWGVGGIEAETVLLGHSVSLLSPQVIGV
RLTGELPVGSTATDLALTMTEFLRNVGVVGRFVEFFGPGVCALSVPDRATLSNMAPEYGCTVAF
FPVDDTTLRYLELTGRGAEEIRLVEAYCKEQGLFAGADASADPEFARVLDFDLSAVEPSAAGPRR
POQDRLPLGTVPASFPEPSGAALAGAAEGRRELADGAVAIAAITSCTNTANPHSMVTAGLVARKA
VORGLAVPSWVKTSLAPGSRAVVHYLEAAGLLPDLEKLGFSVAGFGCTTCIGNSGGLAPEAEER
ARTEGVRLAAVLSGNRNFEGRIHPDVAAAYLASPALVVAYALAGTVLTDLTARPVGTDPDGAE
VFLADLWPTPEEIDAAVGLVAREHFASEKESLFTGGPEWTSLEHPSGPVYDWPAESDYLLRSPFF
DGLTHAPLSDLSGARVLVLTGDSTTTDHISPAGAIGADSPAGRYLRALGVEPALFNSYGCRRGNH
EVLVRGTFANPKFRNLLTPDVQGSSTLHVPTGERMSVHEAALAYAAEQVPVVVVGGRDYGFGS
SRDWAAKGPALLGVRAVLAKSFERIHRSNLIGMGIVPLEFLPDQDAGTLGLTGHEALDVIGLDGL
VPRGTVTVRARSAEGEPVAEWRMLARVDTAGELEYVRRGGFLRSVASDLLDAEA

>FrbB
MGTVSQYPDVAVRSDSPRPEASVLPAALELLESAGLTANWRIVAGQAPDGDGGRKPEAGLLPPF
AEPGASAYGLARAARRAWGGTFSVIERRGPLVRSDGTVNVLLFRYELDMSDTGMEFESNSGEQL
ALVKTAAELGPREIPEQAALGIQAIAPDRVSEFVRTAVGMCRRLDVDDLVVAHKGNSIKHTDGL
FALTAAETLESLAGAAGIAWRSLIIDHMAAELVRNPLDYRAILTHSSFADLLAAALAGQMTTDQL
GVCTTYDPAGRPLFGHDPALDTSAPDADPERWRVRRLASTLAAGAALAEHLRLPPAGRALRRA
AAELVRRDGGPIGWDQAVTTARKSLRAEGPARS

>FrbC
MGRNDLVLEDTTLRDGEQTPGVAFSKETKTAILNALIEAGVTSIEIGIPAMGGEELDFIKSVVDRQ
DEARLVVWHRGVREDVERSLDLGFTSVHVGLPTSAGHLKASVRKDRTWLLATARDMVKMAK
DRGAFVSISAEDIARTEISFLQEYAGVVAEAGADRLRLSDTVGLLGPEAYGERVAAVLSAADIDV
QCHAHNDFGLATANTLAGLKAGARYFHVTVNAIGERAGMADLAQVVVALKKLYDRDLGIDLT
KLKKVSRLVAEAAGHQVLPWQPITGDNVFAHESGIHANGMFRDTSSFEPFPPEHVGGERRYVLG
KHSGRALVAWALEQEGITPREELLPHCLEEVRALSIRIGGAVSHEQLVEIYNKAAA

>FrbD
MGTKRTMLRRAIARGGMSIAAGVHDGLSARIAQDAGFDVLWASGLGISAAHAVPDDSILTMTEF
LEAARVMNDSTDLPVLADCDTGFGDERNVARMVERYERAGIAGVCIEDKVFPKRNSLGDGAQD
QETIEGFAAKLAAAKKAQQTDDFVVVARIETFIAGGVKEDAIARADAYVAAGADAILIHSKSRD
GLEILDFGRSWQRKDVPLVAVPTTYPAVTADDLHEAGFSLAIYANQALRASITSMRESLRQITHD
RSSLRIEPKVAKLSEVFELQR

>FrbE

MGRKHTVTLIAGDGSGPELVAAARTVLDTAAGSAGFHLDWDVRPAGQGALRSVGELLPASTLD
SIRRNGVALKGPTTTPIGVGHRSVNITIRRELDLYACVRPVRVWPGAGAVDSGIDVVVVRENTED
VYSGLEYPADSDGAAVVSATLSEFGHADPGIAFSLKPITPGGSRRIVAFALDHARKNGRRKVEVG
ADVYRYPRTEGLFFEAARELGPEYPDIVTATVPVTVLCDSLVRDPADRDVLVLPNLYGDVISDVT
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AALVGGLGMAPGANIGDRTAVFEATHGSAPEFAGSNRLNPTALILSGCMLLDHLGEAPTAARIR
AAVRSVLEEGRSVTFDLLPPDRAARAVTTTAYAEAVIERLRDIG

>sfGFP-Hisg
MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTT
LTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKG
IDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQONTPIGDGP
VLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSHHHHH

Note: D134 and N150 in bold/underline, black bold = Hisg

>ANi-bdSUMO-HSPB6[11-20]-sfGFP-Hiss
MAHINLKVKGQDGNEVFFRIKRSTQLKKLMNAYCDRQSVDMTAIAFLFDGRRLRAEQTPD
ELEMEDGDEIDAMLHQTGGSGWLRRASAPLPGTENLYFQGGSVSKGEELFTGVVPILVELDG
DVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFF
KSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHN
VYITADKQKNGIKANFKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSVLSKDPNE
KRDHMVLLEFVTAAGITHGMDELYKGSHHHHHH

Note: blue = bdSUMO residues 19-97, gray = human HSPB6 residues 11-20, purple = TEV cut site,
green = sfGFP, black bold = Hiss, underlined = S16 of HSPB6.

>14-3-3C AC; (untagged in duet vector)
MDKNELVQKAKLAEQAERYDDMAACMKSVTEQGAELSNEERNLLSVAYKNVVGARRSSWRV
VSSIEQKTEGAEKKQQMAREYREKIETELRDICNDVLSLLEKFLIPNASQAESKVFYLKMKGDYY
RYLAEVAAGDDKKGIVDQSQQAYQEAFEISKKEMQPTHPIRLGLALNFSVFYYEILNSPEKACSL
AKTAFDEAIAELDTLSEESYKDSTLIMQLLRDNLTLWT

>Hiss-bdSUMO-14-3-3C AC;
MGSSHHHHHHSGSAAGGEEDKKPAGGEGGGAHINLKVKGQDGNEVFFRIKRSTQLKKLM
NAYCDRQSVDMTAIAFLFDGRRLRAEQTPDELEMEDGDEIDAMLHQTGGSGMDKNELVQK
AKLAEQAERYDDMAACMKSVTEQGAELSNEERNLLSVAYKNVVGARRSSWRVVSSIEQKTEG
AEKKQQMAREYREKIETELRDICNDVLSLLEKFLIPNASQAESKVFYLKMKGDYYRYLAEVAAG
DDKKGIVDQSQQAYQEAFEISKKEMQPTHPIRLGLALNFSVFYYEILNSPEKACSLAKTAFDEAIA
ELDTLSEESYKDSTLIMQLLRDNLTLWT

Note: blue = bdSUMO residues 2-97, underlined = S58 of 14-3-34

>Hisg-bdSUMO-HSPB6
MGSSHHHHHHSGSAAGGEEDKKPAGGEGGGAHINLKVKGQDGNEVFFRIKRSTQLKKLM
NAYCDRQSVDMTAIAFLFDGRRLRAEQTPDELEMEDGDEIDAMLHQTGGSGEIPVPVQPS
WLRRASAPLPGLSAPGRLFDQRFGEGLLEAELAALCPTTLAPYYLRAPSVALPVAQVPTDP
GHFSVLLDVKHFSPEEIAVKVVGEHVEVHARHEERPDEHGFVAREFHRRYRLPPGVDPAAV
TSALSPEGVLSIQAAPASAQA

Note: blue = bdSUMO residues 2-97, gray = Human HSPB6 2-153, black bold = Hiss, underlined = S16

>Hise-bdSUMO-SARS-CoV-2 Nucleocapsid protein (full-length)

MGSSHHHHHHSGSAHINLKVKGQDGNEVFFRIKRSTQLKKLMNAYADRQSVDMTALAFLF
DGRRLRAEQTPDELEMEDGDEIDAMLHQTGGSGSDNGPQNQRNAPRITFGGPSDSTGSNQNG
ERSGARSKQRRPQGLPNNTASWFTALTQHGKEDLKFPRGQGVPINTNSSPDDQIGYYRRATRRIR
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GGDGKMKDLSPRWYFYYLGTGPEAGLPYGANKDGIIWVATEGALNTPKDHIGTRNPANNAAIV
LOQLPQGTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNGGDAALALLL
LDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKAYNVTQAFGRRGPEQTQGN
FGDQELIRQGTDYKHWPQIAQFAPSASAFFGMSRIGMEVTPSGTWLTYTGAIKLDDKDPNFKDQ
VILLNKHIDAYKTFPPTEPKKDKKKKADETQALPQRQKKQQTVTLLPAADLDDFSKQLQQSMSS
ADSTQA

Note: blue = bdSUMO residues 19-97, orange = Np full-length, purple = TEV cut site, black bold = Hisg,
underlined = S188 and S206 of the Np.

>ANi-bdSUMO-Np Linker [175-247]-sfGFP-Hiss
MAHINLKVKGQDGNEVFFRIKRSTQLKKLMNAYCDRQSVDMTAIAFLFDGRRLRAEQTPD
ELEMEDGDEIDAMLHQTGGSGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNGG
DAALALLLLDRLNQLESKMSGKGQQQQGQTGTENLYFQGGSVSKGEELFTGVVPILVELDG
DVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFF
KSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHN
VYITADKQKNGIKANFKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSVLSKDPNE
KRDHMVLLEFVTAAGITHGMDELYKGSHHHHHH

Note: blue = bdSUMO residues 19-97, orange = Np linker residues 175-247, purple = TEV cut site,
green = sfGFP, black bold = Hiss, underlined = S188 and S206 of the Np.

>Hiss-TEV-bdSENP1
MGSSHHHHHHSSENLYFQGGKEEVPEPFVPLTDEDEDNVRHALGGRKRSETLSVHEASNIVITR
EILQCLNDKEWLNDEVINLYLELLKERELREPNKFLKCHFFNTFFYKKLINGGYDYKSVRRWTTK
RKLGYNLIDCDKIFVPIHKDVHWCLAVINIKEKKFQYLDSLGYMDMKALRILAKYLVDEVKDKS
GKQIDVHAWKQEGVQNLPLQENGWDCGMFMLKYIDFYSRDMELVFGQKHMSYFRRRTAKEIL
DLKAG

Note: red = bdSENP1 residues 242-481, black bold = Hisg, purple = TEV cut site

>Hiss-AN- bdSUMO-GSK3p S9A
MGSSHHHHHHSGSAHINLKVKGQDGNEVFFRIKRSTQLKKLMNAYCDRQSVDMTAIAFLF
DGRRLRAEQTPDELEMEDGDEIDAMLHQTGGSGSGRPRTTAFAESCKPVQQPSAFGSMKVSR
DKDGSKVTTVVATPGQGPDRPQEVSYTDTKVIGNGSFGVVYQAKLCDSGELVAIKKVLQDKRF
KNRELQIMRKLDHCNIVRLRYFFYSSGEKKDEVYLNLVLDYVPETVYRVARHYSRAKQTLPVIY
VKLYMYQLFRSLAYIHSFGICHRDIKPQNLLLDPDTAVLKLCDFGSAKQLVRGEPNVSYICSRYY
RAPELIFGATDYTSSIDVWSAGCVLAELLLGQPIFPGDSGVDQLVEIKVLGTPTREQIREMNPNYT
EFKFPQIKAHPWTKVFRPRTPPEAIALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVKLPNGRD
TPALFNFTTQELSSNPPLATILIPPHARIQAAASTPTNATAASDANTGDRGQTNNAASASASNST
Note: blue = bdSUMO residues 19-97, yellow = GSK34 (human), black bold = Hiss, underlined = S9A
mutation
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Primers Table: Primers used for generating the FrboABCDE library

Making T7 promoter library

P1
P2
P3
P4

ACCTGTGGCGCCGGTGATGC
TAGAGGGGAATTGTTATCCGCTCACAATTCNNNNNNAGTGAGTCGTATTAATTTCGC
GAATTGTGAGCGGATAACAATTCCCCTCT

TTCCACCAGAATCGGCACAACGC

Making fragments for FrbABCDE library

P5
P6

P7
P8
P9
P10
P11
P12

P13
P14
P15
P16
P17
P18

P19
P20
P21
P22
P23
P24

P25
P26
P27
P28
P29
P30

CDF-SpecR
ttatggcGGTCTCaatctCACACGGTCACACTGCTTCCGG
actggagaGGTCTCgccagAGGGAGAGCGTCGAGATCCC

FrbA (orfl)
cgGGTCTCtCTGGcegtctcaacacgaaattaatacgactcactataggggaattgtgage
cgGGTCTCtCTGGcegtctcaacacgaaattaatacgactcactaaggeggaattgtgage
cgGGTCTCtCTGGcegtctcaacacgaaattaatacgactcactctaccagaattgtgagce
cgGGTCTCtCTGGcegtctcaacacgaaattaatacgactcactattattgaattgtgagce
cgGGTCTCtCTGGcegtctcaacacgaaattaatacgactcactttgaccgaattgtgage
cttgagGGTCTCaACTCcgtctcacgaactcctttcagcaaaaaacccctcaag

FrbB (orf2)
cgGGTCTCtGAGTcgtctcaacacgaaattaatacgactcactataggggaattgtgage
cgGGTCTCtGAGTcgtctcaacacgaaattaatacgactcactaaggeggaattgtgage
cgGGTCTCtGAGTcgtctcaacacgaaattaatacgactcactctaccagaattgtgage
cgGGTCTCtGAGTcgtctcaacacgaaattaatacgactcactattattgaattgtgage
cgGGTCTCtGAGTcgtctcaacacgaaattaatacgactcactttgaccgaattgtgage
cttgagGGTCTCaAGCGcegtctcacgaactcctttcagcaaaaaacccctcaag

FrbC (orf3)
cgGGTCTCtCGCTcgtctcaacacgaaattaatacgactcactataggggaattgtgage
cgGGTCTCtCGCTcgtctcaacacgaaattaatacgactcactaaggeggaattgtgage
cgGGTCTCtCGCTcgtctcaacacgaaattaatacgactcactctaccagaattgtgage
cgGGTCTCtCGCTcgtctcaacacgaaattaatacgactcactattattgaattgtgage
cgGGTCTCtCGCTcgtctcaacacgaaattaatacgactcactttgaccgaattgtgage
cttgagGGTCTCaATGAcgtctcacgaactcctttcagcaaaaaacccctcaag

FrbD (orf4)
cgGGTCTCtTCATcgtctcaacacgaaattaatacgactcactataggggaattgtgage
cgGGTCTCtTCATcgtctcaacacgaaattaatacgactcactaaggeggaattgtgage
cgGGTCTCtTCATcgtctcaacacgaaattaatacgactcactctaccagaattgtgage
cgGGTCTCtTCATcgtctcaacacgaaattaatacgactcactattattgaattgtgage
cgGGTCTCtTCATcgtctcaacacgaaattaatacgactcactttgaccgaattgtgage
cttgagGGTCTCaTCCAcgtctcacgaactcctttcagcaaaaaacccctcaag
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P31
P32
P33
P34
P35
P36

FrbE (orf5)
cgGGTCTCtTGGAcgtctcaacacgaaattaatacgactcactataggggaattgtgage
cgGGTCTCtTGGAcgtctcaacacgaaattaatacgactcactaaggeggaattgtgage
cgGGTCTCtTGGAcgtctcaacacgaaattaatacgactcactctaccagaattgtgage
cgGGTCTCtTGGAcgtctcaacacgaaattaatacgactcactattattgaattgtgage
cgGGTCTCtTGGAcgtctcaacacgaaattaatacgactcactttgaccgaattgtgage
cttgagGGTCTCaAGATcgtctcacgaactcctttcagcaaaaaacccctcaag
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