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Protein tagging and detection with engineered

Existing protein tagging and detection methods are powerful
but have drawbacks. Split protein tags can perturb protein
solubility! or may not work in living cells>7. Green
fluorescent protein (GFP) fusions can misfold® or exhibit
altered processing®. Fluorogenic biarsenical FLaSH or
ReASH10 substrates overcome many of these limitations but
= require a polycysteine tag motif, a reducing environment and
cell transfection or permeabilization10. An ideal protein tag
would be genetically encoded, would work both in vivo and
in vitro, would provide a sensitive analytical signal and would
not require external chemical reagents or substrates. One way
to accomplish this might be with a split GFP11, but the GFP
fragments reported thus far are large and fold poorly!1:12,
require chemical ligation13 or fused interacting partners

to force their association!1-14, or require coexpression or
co-refolding to produce detectable folded and fluorescent
GFP11.12 we have engineered soluble, self-associating
fragments of GFP that can be used to tag and detect either
soluble or insoluble proteins in living cells or cell lysates.
The split GFP system is simple and does not change fusion
protein solubility.
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@To achieve the split GFP protein tagging and detection scheme out-
=¥ lined in Figure 1a, we first tested several pairs of fragments from either
the folding reporter GFP, which contains the mutations F99S, M153T,
V163A15, F64L and S65T'S, or the exceptionally stable ‘superfolder
GFP, containing the folding reporter GFP mutations and S30R, Y39N,
N105T, Y145EF 1171V and A206V (G.S.W., data not shown). Coex-
pression of the superfolder GFP fragments containing amino acids 1-
214 (GFP 1-10) and 214-230 (GFP 11) gave fluorescent Escherichia
coli colonies. No detectable complementation occurred with the
corresponding folding reporter GFP fragments (Fig. 1b). Superfolder
GFP 1-10 was insoluble, but incubation of refolded inclusion bodies
with soluble sulfite reductase from Pyrobaculum aerophilum”, C-
terminally tagged with wild-type GFP 11 (sulfite reductase-GFP 11)
resulted in a time-dependent increase in fluorescence (Fig. 1b).

We evolved superfolder GFP 1-10 by DNA shuffling!® to improve
its solubility and increase its complementation with sulfite reductase—
GFP 11. After three rounds of shuffling and selection of the brightest
clones, in vitro complementation of the soluble lysate of the best
variant, termed GFP 1-10 OPT, improved 80-fold (Fig. 1b) relative to
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the same amount of refolded superfolder GFP 1-10. In addition to the
folding reporter GFP mutations, GFP 1-10 OPT contains S30R,
Y145F 1171V and A206V substitutions from superfolder GFP and
seven new mutations: N391, T105K, E111V, 1128T, K166T, 1167V and
S205T. This protein is ~50% soluble when expressed in E. coli at
37 °C (data not shown). Ultraviolet-visible spectra of 10 mg/ml
solutions of the nonfluorescent GFP 1-10 OPT lacked the 480 nm
absorption band of the red-shifted GFP!® (data not shown), suggest-
ing that the addition of GFP 11 triggers a folding step required to
generate the cyclized chromophore!®. Purified GFP 1-10 OPT, super-
folder GFP and folding reporter GFP were each studied by analytical
gel filtration loaded at 10 mg/ml. GFP 1-10 OPT eluted as 60% dimer,
35% monomer and 5% higher-order aggregates, whereas the full-
length folding reporter GFP and superfolder GFP both eluted as
>95% monomer, with a trace of dimer and higher-order aggregates
(data not shown).

The C-terminal wild-type GFP 11 fusion tag dramatically reduced
the solubility of several P aerophilum'” test proteins (Table 1).
3-hexulose 6-phosphate synthase (HPS) alone was 60% soluble but
insoluble when fused to wild-type GFP 11 (Fig. 1c, Table 1). We used
HPS as ‘bait’ in a directed evolution schema in E. coli to discover
mutants of GFP 11 for which the HPS-GFP 11 fusion solubility
matched that of HPS alone. Libraries of HPS-GFP 11 variants and
GFP 1-10 OPT were expressed in succession from independently
inducible compatible plasmids (Methods and Supplementary Fig. 1
online) to avoid false positives caused by cotranslational folding and
complementation of insoluble variants of HPS-GFP 11 with GFP 1-10
OPT (Supplementary Fig. 2 online). The best GFP 11 construct
(L221H, F223Y, T225N) (termed GFP 11 M3, Supplementary Table 1
online) balanced reduced perturbation of fusion protein solubility
(Fig. 1c, Table 1) with good complementation (Fig. 1d).

We measured fluorescence progress curves for complementation of
purified sulfite reductase~-GFP 11 M3 in 200 ul reactions in a
microtiter plate (Fig. 2). We avoided potential higher-order kinetic
effects by initiating the complementation using a high concentration
and large molar-excess of GFP 1-10 OPT (800 pmol). Complementa-
tion fluorescence was a linear function of analyte concentration
(Fig. 2a), and progress curves over a wide concentration range
could be superimposed by linear scaling (Fig. 2b). 0.1 — 200 pmol
sulfite reductase-GFP 11 M3 could be accurately quantified within 1 h
after the addition of GFP 1-10 OPT (Fig. 2a), and greater than
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Figure 1 Principle of split GFP complementation
and engineering fragments for improved solubility
and complementation. (a) Split GFP fragment
complementation. A protein of interest (X) is
fused to a small GFP fragment (B-strand 11,
residues 215-230) via a flexible linker (L). The
complementary GFP fragment (B-strands 1-10,
residues 1-214) is expressed separately. Neither
fragment alone is fluorescent. When mixed, the
small and large GFP fragments spontaneously
associate, resulting in GFP folding and formation
of the fluorophore. Processes that make the small
GFP tag inaccessible, such as misfolding or
aggregation, can prevent complementation.

(b) In vitro complementation efficiency of GFP
1-10 variants. Fluorescence progress curves for
complementation of 20 pl of 1 mg/ml refolded
superfolder GFP 1-10 (lower trace) or an equal
amount of soluble optimized GFP 1-10 OPT
fragment (upper trace) after addition of 180 pl
buffer containing 1 mg/ml soluble sulfite
reductase fused to wild-type GFP 11.

Arbitrary fluorescence units (A.U.). In vivo
complementation of GFP 1-10 variants (inset).
Fluorescent images of E. coli BL21(DE3) colonies on nitrocellulose membranes coexpressing GFP 1-10 from superfolder GFP (top), or folding reporter GFP
(bottom), along with sulfite reductase fused with wild-type GFP 11. (c) Engineering the split GFP fragments for improved performance. SDS-PAGE of soluble
(S) and pellet fractions (P) of E. coli BL21(DE3) cells expressing the protein hexulose phosphate synthase (HPS) alone, HPS fused to GFP 11 (WT) or HPS
fused to the three GFP 11 optima (M1, M2, M3). (d) Fluorescence complementation kinetic traces for the three GFP 11 mutants fused to sulfite reductase
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(50 pmol) after the addition of excess GFP 1-10 OPT (800 pmol) in vitro. The final volume of each assay was 200 pl. Arbitrary fluorescence units (A.U.).

10 pmol protein required only 15 min before quantification (data not
shown). Fluorescence assays showed that folding reporter GFP bearing
a C-terminal GFP 11 M3 tag rapidly bound to 6-His—GFP 1-10 OPT
immobilized on Talon resin (Novagen). The washed beads gained
additional fluorescence at a rate comparable to that observed in
solution (Fig. 2¢), indicating that the kinetics of fluorescence forma-
tion was not limited by the rate of association of the GFP fragments.

Next, we tested the effect of chemical adjuvants. In vitro comple-
mentation was improved ~ 30% by 5 mM dithiothreitol but quenched

of 7.3 at 25 °C. (Supplementary Fig. 4 online). After complementa-
tion, the fluorescent GFP moiety displayed a slow time-dependent
decrease in fluorescence in >5 M urea (t;; & 20 h). Complemented
split GFP had an apparent pK, of 5.5 at 25 °C, similar to that of
‘enhanced’ GFP'® (data not shown).

To test whether the split GFP system could accurately quantify
different proteins in vitro, we expressed 18 P. aerophilum proteins as
pET vector constructs with C-terminal GFP 11 M3 tags in liquid
culture and then analyzed the soluble and pellet fractions using SDS-

PAGE (Fig. 3a) and the split GFP complementation system. Aliquots

of the soluble fraction were assayed by adding excess GFP 1-10 OPT to

=Ye» Dy 0.1% wt/vol SDS or >2 M urea (Supplementary Fig. 3 online).
@Complementation was inefficient below pH 6.5, with an apparent pK,
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Figure 2 /n vitro characterization of split GFP complementation reaction. (a) Sensitivity of split GFP complementation. 20 pl aliquots containing 0.1 to

200 pmol of GFP 11 M3-tagged sulfite reductase were mixed with 180 pl aliquots containing 800 pmol GFP 1-10 OPT to start complementation.
Fluorescence measured for each solution 1 h after addition of GFP 1-10 OPT. Arbitrary fluorescence units (A.U.). (b) Superimposition of progress curves for
complementation of 50, 25, 12.5, 6.25, 3.13 and 1.56 pmol samples. The data were fit to the 50 pmol progress curve by subtracting a small constant and
applying a scaling factor, calculated by nonlinear least-squares using the Excel data analysis tool Solver. Scaling factors are: 1.00, (50 pmol); 1.96, (25
pmol); 4.02, (12.5 pmol); 8.15, (6.25 pmol); 15.64, (3.13 pmol); 36.52, (1.56 pmol). The excellent superposition indicates that the shape of the progress
curve does not depend on the concentration of the tagged protein, or depletion of the pool of unbound GFP 1-10 OPT fragment. Arbitrary fluorescence units
(A.U.). (c) Complementation of Talon resin-bound 6-His GFP 1-10 OPT by folding reporter GFP tagged with C-terminal GFP 11 M3. (1) Talon resin with
bound 6-His GFP 1-10 OPT, (2) rapid increase in bead-bound fluorescence by binding of folding reporter GFP via fused C-terminal GFP 11 M3, (3) slow

fluorescence formation due to complementation. Arbitrary fluorescence units (A.U.).
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initiate complementation. Even though Coomassie dye exhibits
protein-dependent variations in staining efficiency?’, after the com-
pletion of complementation and folding (~6 h), there was a strong
correlation between the measured fluorescence values and the amount
of protein as visualized by SDS-PAGE (Fig. 3a). Insoluble proteins
dissolved in 9 M urea and diluted 20-fold with buffer containing excess
GFP 1-10 OPT gave fluorescence that correlated well with the amount
of insoluble protein visualized by SDS-PAGE (Fig. 3a). In contrast,
when solubilized pellets were diluted with fresh buffer before the
addition of an aliquot of concentrated GFP 1-10 OPT, several of the
well-expressed insoluble proteins (that is, polysulfide reductase and
nucleotide diphosphate kinase, Table 1 and Fig. 3a) gave no detectable
complementation (data not shown). These proteins had probably
misfolded and aggregated upon dilution, making the GFP 11 M3 tag
inaccessible before the addition of the GFP 1-10 OPT moiety (Fig. 1a).

A practical split protein tagging system could be used in vivo to
label and detect either soluble or insoluble proteins. We theorized that
soluble protein could be assayed in living E. coli cells by first expressing
the tagged protein for a limited time and then shutting off the
expression to allow the tagged protein to develop its intrinsic solubility
phenotype before expression of the complementary GFP fragment in
the same cellular compartment. From the results of our co-refolding in
vitro pellet assays, we expected that coexpressing the GFP 11 M3
tagged protein and GFP 1-10 OPT would lead to structural comple-
mentation and commitment to the development of GFP fluorescence
before the aggregation of the test protein in vivo, enabling an estimate
of the total expressed protein.

We expressed each of the 18 P aerophilum test proteins with
N-terminal 6-His and C-terminal GFP 11 M3 tags using the modified
pTET plasmid (Supplementary Table 2 and Supplementary Fig. 1
online) in an E. coli BL21(DE3) strain bearing GFP 1-10 OPT on a
pET plasmid. The fluorescent colonies were imaged after coexpression
or after sequential expression, and soluble and pellet fractions of the
same constructs were analyzed by SDS-PAGE (Fig. 3b) after sequential
induction in liquid culture. We assessed the amount of useful,
nonaggregated 6-His-tagged protein by binding soluble fractions to
an excess of Talon resin (Novagen) before the SDS-PAGE analyses. The
la.l in vivo colony fluorescence assay after coinduction reported total
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rotein in agreement with SDS-PAGE, whereas colony fluorescence
= of cells subjected to sequential induction agreed with SDS-PAGE of
Talon-bound soluble protein (Fig. 3b). Colonies expressing highly
soluble proteins were bright both when GFP 1-10 was coinduced and
sequentially induced (proteins 2, 4 and 5; Fig. 3b). Colonies expres-
sing insoluble proteins were much brighter when GFP 1-10 was
coinduced (proteins 8, 11, 15, 16 and 18; Fig. 3b). Proteins 1, 4, 5,
7,9, 12 and 14 were each less soluble when expressed from the very
strong T7 promoter?! of the pET system (Table 1 and Fig. 3a) than
from the weaker tet promoter?? of the pTET plasmid (Fig. 3b). The
influence of promoter strength on protein expression levels and
solubility has been noted previously?>2426:27,

Until this work, no split protein fragment complementation systems
had been specifically engineered to minimize perturbation of reporter
tags on fusion protein folding or solubility. Our methods could be
used to improve the solubility and complementation of other protein
fragments derived from GFP!"!2 or from enzymes such as B-galacto-
sidase (LacZ) or dihydrofolate reductase (DHFR). Proteins can be
tagged and detected in vivo using the split lacZ system!>%, but the
lacZo tag can decrease protein solubility. Maltose binding protein-
lacZo. fusions were reported as ~60% soluble?, even though maltose
binding protein expressed alone is fully soluble?®. Our method could
be used to engineer versions of the lacZa. tag that do not reduce fusion
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Figure 3 /n vitro protein quantification and /n vivo protein expression and
solubility screens. (a) Protein quantification of eighteen P. aerophilum test
proteins (see Legend, Table 1) expressed as N-terminal fusions with GFP 11
M3. The GFP fragment complementation assay fluorescence of soluble
(black bars) and unfolded pellet fractions (gray bars) using GFP 1-10 OPT
(top). SDS-PAGE of the corresponding soluble (S), and pellet fractions (P)
(bottom). Note that protein #8, tartrate dehydratase B-subunit, shows a
second lower band at ~ 13 kDa. Arbitrary fluorescence units (A.U.). (b) /n
vivo solubility and expression screen using split GFP. Eighteen P. aerophilum
test proteins (see Table 1) expressed with an N-terminal 6-His tag and a C-
terminal GFP 11 M3 tag from a tet promoter plasmid, were cloned into an
E. coli BL21 (DE3) strain containing a pET plasmid expressing GFP 1-10
OPT. Fluorescence images of colonies on plates after coinduction of the
tagged constructs and GFP 1-10 OPT (top), or transient expression of the
tagged constructs followed by expression of the GFP 1-10 OPT (middle).
Scale of colony images as in Fig. 1b. SDS-PAGE of Talon resin bead-bound
soluble (B) and pellet fractions (P) from cells sequentially induced in liquid
culture (bottom). Adventitiously-bound GFP 1-10 OPT (apparent molecular
weight ~29 kDa) is indicated by arrow. Note that nucleoside diphosphate
kinase (protein #7) is partially soluble (see band slightly below band
corresponding to GFP 1-10 OPT in Talon resin-bound fraction). Polysulfide
reductase-GFP 11 M3 fusions (Table 1) produced intensely red-colored
colonies, absorbing the 488 nm excitation light and reducing whole-cell
fluorescence during coexpression despite the good expression of the protein.

protein solubility. Fragments of split DHFR used to detect protein-
protein interactions are poorly folded and mostly insoluble (USPTO
6270964). Our approach could be used to engineer DHFR fragments
with improved solubility and reduced auto-association?*°, making
them more suitable for detecting protein-protein interactions.

The split GFP has many practical applications. Obtaining soluble,
well-folded recombinant proteins for downstream applica-
tions?3-273132 requires screening large numbers of protein variants
(mutants, fragments, fusion tags, folding partners) and testing many
expression or refolding conditions?»*3, Recently, several methods for
screening soluble protein expression have been described®, including
antibody-based detection of polyhistidine-tagged proteins using dot

VOLUME 23 NUMBER T JANUARY 2005 NATURE BIOTECHNOLOGY



LETTERS

Table 1 Effect of GFP 11 tags on the solubility of eighteen proteins from Pyrobaculum aerophilum

aFraction soluble

# bProtein MW dNF SWT M1 M2 M3
1 DNA-directed RNA polymerase 12.5 0.05 0.00 0.00 0.35 0.10
2 Sulfite reductase (dissimilatory subunit) 12.7 1.00 1.00 1.00 1.00 1.00
3 c-type cytochrome biogenesis factor 14.4 0.77 0.28 0.59 0.86 0.65
4 Translation initiation factor 154 0.40 0.30 0.80 0.70 0.45
5 Ribosomal protein S9p 16.4 0.70 0.50 0.75 0.80 0.75
? 6 Polysulfide reductase subunit 21.0 0.00 0.00 0.00 0.00 0.00
E 7 Nucleoside diphosphate kinase 21.6 0.00 0.00 0.00 0.15 0.10
5 8 Tartrate dehydratase B-subunit 23.8 0.00 0.00 0.00 0.00 0.00
% 9 3-hexulose 6-phosphate synthase 23.1 0.65 0.00 0.30 0.85 0.60
% 10 Hydrogenase formation protein hypE 26.8 0.35 0.05 0.40 0.70 0.55
§ 11 Methyltransferase 29.3 0.00 0.00 0.00 0.05 0.05
g 12 Chorismate mutase 29.3 0.70 0.00 0.35 0.65 0.70
g 13 Tyrosine t-RNA synthetase 36.0 0.95 0.70 0.90 0.90 0.95
; 14 nirD protein 36.7 0.70 0.15 0.40 0.65 0.45
§ 15 Soluble hydrogenase 37.3 0.00 0.00 0.00 0.05 0.00
g 16 Aspartate-semialdehyde dehydrogenase 37.4 0.00 0.00 0.00 0.05 0.00
§ 17 Phosphate cyclase 37.4 0.80 0.30 0.85 0.95 0.90
S 18 Purine-nucleoside phosphorylase 41.7 0.05 0.00 0.00 0.10 0.00
,% aThe fraction soluble is given, as determined by SDS-PAGE densitometry (Fraction soluble). Relative uncertainty is ~5%, average of three replicates. "Eighteen proteins from the
<

hyperthermophilic archaeon P. aerophilum!’ were expressed in E. coli BL21(DE3) at 37 °C. “Theoretical molecular weight in kDa was calculated from amino acid sequence (MW).

dNonfusion (NF) solubility. eSolubility of C-terminal fusions with wild-type GFP 11 (WT). fSolubility of C-terminal fusions with GFP 11 optima (M1, M2, M3).

blots*> and a commercial system for detecting proteins labeled with
the S-peptide (FretWorks, Novagen), but these assays require multiple
steps and do not work in living cells.

Split GFP is a simple, genetically encoded, nonperturbing reporter
of protein solubility and aggregation in vivo and in vitro, making it
well suited for high-throughput solubility screens of libraries of
protein domains, fragments and mutants. About 10°-10° clones can
be readily screened by colony fluorescence. Larger libraries of up to 10°
variants can be screened by flow cytometry. GFP 11 M3 balances good
complementation with minimal perturbation of fused protein solu-
l, .I bility, whereas the more perturbing GFP 11 wild-type or GFP 11 M1

© 2005 Nature Publishing Group
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ags could be used during in vivo solubility screens to favor the
=" selection of exceptionally soluble proteins. The GFP 11 tag could be
randomly inserted into protein scaffoldings, and then complemented
with GFP 1-10 to search for internal permissive sites and to create new
fluorescent protein adducts. Protein trafficking into mitochondria has
been monitored using a split intein-split GFP fusion tag, using
structural complementation of the intein fragments to covalently
splice the fused GFP fragments. Our split GFP requires no accessory
proteins or splicing, and the GFP 11 tag is less likely to perturb protein
folding and solubility compared to large split intein-split GFP fusion
tags®®. Recently split GFP was used to monitor combinatorial pro-
moter activity of several genes in specialized cells of Caenorhabditis
elegans®”. The split GFP fragments used required fused interacting
coiled-coils for association!! and appeared unstable in C. elegans.
Complementation was efficient only when the fragments were coex-
pressed37. Our self-associating, soluble, stable engineered split GFP
domains are simpler to use and would likely provide increased
sensitivity, especially when monitoring weak promoter activity.

The split GFP system is not perfect. Apparently soluble proteins
might nonetheless be aggregated?»2%3%, or the tag might be buried in
correctly folded protein, making the GFP 11 M3 tag inaccessible.
Proteins soluble in vivo might become insoluble in vitro. Split GFP is
not a dynamic reporter of solubility. Once formed, the fluorescence is

NATURE BIOTECHNOLOGY VOLUME 23 NUMBER 1 JANUARY 2005

stable under physiological conditions. Split GFP complementation
would be inefficient in acidic cellular compartments, and the system
lacks the signal amplification characteristic of enzymes such as lacZ>*
or RNase A7, Tagged gene products that are cytotoxic or inhibitors of
translation might interfere with the subsequent expression of GFP
1-10 OPT in living cells, but this limitation could likely be overcome in
mammalian cells by using protein transfection reagents®® to import the
GFP 1-10 moiety. Despite these potential caveats, the split GFP offers a
simple, nonperturbing alternative to fusions with full-length GFP,
greatly expanding the spatiotemporal options for monitoring promo-
ter activity and in situ protein tagging and localization experiments.

METHODS

Finding a feasible split GFP fragment pair and construction reporter
plasmids. Test genes from P. aerophilum were cloned in pET28a alone and in
fusion with C-terminal GFP 11 tags using a linker sequence encoding (GGGS),.
For evolution and in vivo solubility screening of test proteins, the GFP 11
cassette was amplified from the pET vector using vector-specific primers and
moved to the modified pTET-Spec® vector (see Supplementary Methods
online) via the Ncol/Xbal restriction sites. The 1-10 cassette was moved to a
non-polyhistidine-tagged pET vector. We separately coexpressed several pairs
of GFP fragments on compatible plasmids in E. coli, including amino acids
1-145 and 145-238, 1-155 and 156-238, 1-171 and 171-238, 1-195 and
196-238, 1-214 and 214-238. The junction points corresponded to loops or
turns between B-strands'®*°. Fragment pairs from superfolder GFP consistently
produced much brighter colonies than the same pairs from folding reporter
GFP. Our objective was to minimize the size of one of the fragments for use as
a protein tag, so we focused on the feasible pair with the smallest fragment
(1-214 and 214-238). To further reduce the size of the tagging domain, we also
tested 1-214 (GFP 1-10) for complementation with 214-230 (GFP 11),
eliminating the residues that were disordered in the crystal structure
(231-238)" from the small fragment (Supplementary Table 1 online).

Engineering GFP 1-10. Superfolder GFP 1-10 PCR amplicons were

subjected to DNA fragmentation and shuffling using published protocols'.
The 1-10 cDNA library plasmid was transformed into an E. coli BL21 (DE3)
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PRO expression strain (Clontech) containing the sulfite reductase—-GFP 11
wild-type tagged protein on a pPROTET vector (Clontech). The expression
library was plated on nitrocellulose membrane using two successive 400-fold
dilutions of the stock at 1.0 ODgg n, frozen in 20% glycerol/Luria-Bertani (LB)
medium. After overnight growth at 37 °C, the membrane was transferred to an
LB/Agar plate containing 50 pg/ml kanamycin, 35 pg/ml chloramphenicol and
50 pg/ml spectinomycin, plus 1 mM IPTG for 3 h at 37 °C and then moved
onto a new plate containing the above antibiotics plus 600 ng/ml anhydrote-
tracycline (AnTET). Clones exhibiting the most rapid development of fluo-
rescence were picked and stored as freezer stocks at —80 °C in 20% glycerol/LB
medium. The clones were grown and induced with ImM IPTG, and the soluble
lysates were screened for complementation efficiency in an in vitro assay with
an excess of purified sulfite reductase-GFP 11. The best candidates were pooled
and subjected to another round of evolution. Mutations were confirmed by
fluorescent dye terminator DNA sequencing.

Engineering GFP 11. Hexulose phosphate synthase-GFP 11 (HPS-GFP 11)
fusions were amplified by PCR and shuffled using published protocols'®. The
GFP 11 mutant library was expressed as a C-terminal fusion with the bait
protein HPS bearing an N-terminal 6-His tag, from a modified pTET plasmid
with an AnTET-inducible fet promoter?? (Supplementary Table 2 and Sup-
plementary Fig. 1 online) and transformed into a BL21(DE3) strain expressing
GFP 1-10 OPT from a modified pET vector containing a p15 replicon. Optima
were screened using a sequential induction protocol as follows. After overnight
growth at 37 °C, the nitrocellulose membrane bearing colonies was moved onto
a selective LB/Agar Bauer plate containing 300 ng/ml AnTet for 3 h at 37 °C to
express the HPS-GFP 11 library, transferred to a selective resting plate for 1 h to
allow the AnTet to diffuse out of the colonies to shut off expression of the HPS-
GFP 11, and finally moved to a selective LB/agar plate containing 1 mM IPTG
for 2 h to induce expression of the complementary GFP 1-10 OPT from the
pET plasmid. Since the HPS-GFP 11 wild-type construct was entirely insoluble,
colonies expressing the HPS-GFP 11 wild type and GFP 1-10 OPT according to
the sequential expression protocol were only faintly fluorescent. Brighter clones,
ostensibly associated with more soluble HPS-GFP 11 optima, were picked into
selective liquid culture 96-well tissue culture plates and saved at —80 °C as 20%
glycerol stocks. The clones were grown in 1 ml liquid cultures and induced with
300 ng/ml AnTET. The soluble fractions were screened for complementation
efficiency in an in vitro assay with an excess of purified GFP 1-10 OPT. Clones
with the fastest complementation rates were selected and pooled for an
additional round of evolution and screening. Two rounds of evolution yielded
two separate GFP 11 mutants, L221H and T225N. We initially focused on the

IO\ 1.221H variant, termed GFP 11 M1. This mutation did not entirely eliminate

he deleterious effect of GFP 11 on fusion protein solubility. GFP 11 M2 was
engineered by combining F223S, a mutation that substantially increased the
solubility of a different split GFP fragment (G.S.W., unpublished data) with
T225N (Supplementary Table 1 online). HPS-GFP 11 M2 solubility was
greatly improved relative to either HPS-GFP 11 M1 or HPS-GFP 11 wild type.
The complementation rate of HPS-GFP 11 M2 with GFP 1-10 OPT had
decreased about fivefold relative to HPS-GFP 11 M1 for comparable amounts
of soluble fusion protein. To increase the complementation rate, we removed
K214, a duplicate of the C-terminal residue of GFP 1-10 OPT and screened a
64-fold degeneracy library at the hotspot position 223 using a degenerate
primer set and cloned the resulting variants of GFP 11 M2 as C-terminal
fusions with HPS to search for more conservative mutations. The soluble
fractions of ~200 clones were screened in an in vitro assay with GFP 1-10 OPT.

Expression and refolding of the large GFP 1-10 fragment. Pellets containing
superfolder GFP 1-10 and GFP 1-10 OPT from 500 ml cell culture were
separately resuspended in 15 ml 50 mM Tris pH 7.4, 0.1 M NaCl, 10% glycerol
(TNG buffer) and washed three times with 5 ml of B-PER reagent (Pierce),
then twice with 5 ml of TNG. 70 mg of the washed pellet was unfolded with
1 ml of 9 M urea and refolded by adding 10 volumes of TNG buffer. The
soluble solutions were filtered through a 0.2 pum syringe filter. Protein
quantification was performed using the Bio-Rad Protein Assay reagent (Bio-
Rad). To make the GFP 1-10 OPT assay reagent solution, a 1 ml aliquot of the
refolded GFP 1-10 OPT was diluted ~20-fold with TNG. Even though the
engineered GFP 1-10 OPT was ~ 50% soluble, the pellet fraction was processed
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to take advantage of the enrichment and partial purification afforded by using
inclusion bodies.

Metal affinity resin purification of soluble sulfite reductase-GFP 11 fusion
proteins. The soluble P. aerophilum'” protein sulfite reductase was cloned as an
N-terminal fusion with GFP 11, GFP 11 M1, M2 or M3 fragments, in an
N-terminal 6-His pET vector. A 200 ml culture of BL21(DE3) cells expressing
each fusion was grown to ODggg n ~ 0.5, induced with 1 mM IPTG for 4 h at
37 °C, pelleted by centrifugation, resuspended in 2 ml TNG and sonicated. The
soluble fractions were loaded onto Talon metal affinity resin (Clontech). After
two washes with TNG loading buffer supplemented with 10 mM imidazole,
6-His—tagged proteins were eluted with 150 mM imidazole in TNG buffer, then
dialyzed twice against 500 ml TNG to remove the imidazole. The proteins
(~95% purity as determined by SDS-PAGE) were quantified using the Bio-
Rad Protein Assay reagent (Bio-Rad) and diluted to 0.0325 mg/ml.

Complementation of bead-bound GFP 1-10 OPT. A 100 pl aliquot of 50% v/v
slurry of Talon resin was saturated with GFP 1-10 OPT bearing an N-terminal
6-His affinity tag (200 pl of 2 mg/ml protein). The beads (50 pl bed volume)
were washed three times with 300 pl of TNG buffer to remove unbound GFP
1-10 OPT. The remaining buffer was aspirated and discarded, and the
fluorescence was measured in a 96-well microtiter plate. Excess folding reporter
GFP-GFP 11 M3 fusion protein (200 pl of 5 mg/ml protein) was added to the
beads, mixed by pipetting for 15 s, rapidly transferred to a small 0.2 pm spin
filtration column and washed three times with 0.5 ml aliquots of TNG to
remove unbound folding reporter GFP-GFP 11 M3 protein. This procedure
required approximately 5 min. Beads were transferred to a fresh well of the
microtiter plate and the fluorescence measured at 3 min intervals for 12 h.

In vitro complementation assays. For sensitivity experiments, a 96-well
microplate was first blocked with a solution of 0.5% bovine serum albumin
(BSA) in TNG for 10 minutes. Twofold serial dilutions of Talon resin-purified
(Clontech) 6-His-SR-GFP 11 M3 fusion protein were performed in the same
buffer. The dilutions spanned the range 0. 1 to 200 pmol per 20 pl aliquot; the
aliquots were added to 96-well plates, and then complementation was
performed using a large excess (800 pmol) of GFP 1-10 OPT (~0.5 mg/ml)
added in a 180 pl aliquot such that the concentration of the large fragment was
not limiting. To test the effect of crude E. coli lysate on the sensitivity of the
reaction, in a separate experiment, samples were also spiked by addition of 20 pl
of lysate from E. coli BL21 (DE3) expressing an irrelevant nontagged protein,
before the addition of the GFP 1-10 OPT. Fluorescence kinetics (Aexc = 488 nm
/Aem = 530 nm) were monitored with a FL600 Microplate Fluorescence Reader
(Bio-Tek), at 3 min intervals for 15 h. The background fluorescence of a blank
sample (20 pl of E. coli lysate expressing an irrelevant protein, 100 pl of 0.5 mg/
ml GFP 1-10 OPT and 100 pl of 0.5% BSA in TNG buffer) was subtracted from
final fluorescence values. The blank was less than 30% the signal from the
lowest target concentration (0.1 pmol sulfite reductase-GFP 11). To assay
soluble fractions of the eighteen P. aerophilum proteins for pET-expressed
protein quantification tests and to perform assays on optima during directed
evolution of the GPF 11 and GFP 1-10 variants, 20 pl of target protein soluble
fractions were mixed with 180 pl of 0.35 mg/ml refolded GFP 1-10 OPT
(~600 pmol) in a 96-well microplate (Nunc-Immuno plate, Nunc). To assay
insoluble pellets, 50 pl of each resuspended insoluble fraction was centrifuged,
the dried pellets were dissolved by addition of 50 pl of 9 M urea, and then
10 pl of the unfolded samples were assayed by rapid addition of 190 ul of
0.35 mg/ml GFP 1-10 OPT in TNG. The fluorescence values of the pellet assays
were scaled by a factor of two to compensate for the lower volume relative to
the soluble assays, allowing direct comparison with the soluble fraction assays.
The final concentration of urea in the assay was ~0.4 M (see Supplementary
Fig. 4 online).

SDS-PAGE and solubility determinations. 15 pl of the soluble and pellet
fractions were mixed with 15 pl of 2x SDS denaturing buffer containing
100 mM TRIS, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue and
20% glycerol and were heated for 15 min at 100 °C. The denatured samples
were resolved on a 4-20% gradient Criterion SDS-PAGE (Biorad). The protein
samples were stained using Gel Code Blue stain reagent (Pierce) and imaged
using a GS-800 Calibrated Densitometer (Biorad).
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In vivo whole-cell plate complementation assays. E. coli BL21 (DE3) cells
coexpressing test proteins with an N-terminal 6-His and C-terminal GFP11 M3
tag from pTET-Spec® plasmids (Supplementary Fig. 1 online) and GFP 1-10
OPT from pET, were grown to saturation in LB containing 50 pg/ml
kanamycin and 70 pg/ml spectinomycin and diluted in 20% glycerol at
ODgpo nm = 1.0 for —80 °C freezer stocks. Cells were diluted successively with
two 400-fold dilutions in LB and plated on nitrocellulose membranes. After
overnight growth at 32 °C, the cells were either induced sequentially or
coinduced. For the sequential induction, cells on membranes were incubated
for 1.5 h on a plate containing 250 ng/ml AnTet, 1 h on a resting plate and
finally 1 h on 1 mM IPTG plate (note shorter induction times relative to those
used for engineering GFP 11). For the coinduction protocol, the membranes
were moved to plates containing both 600 ng/ml AnTET and 1 mM IPTG for
4 h at 37 °C to coexpress the GFP 11 fusions and the large GFP 1-10 fragment.
The induced colonies on the plates were illuminated using an Illumatool
Lighting System (LightTools Research) equipped with a 488 nm excitation filter
and photographed with a DC290 digital camera (Kodak) through a colored
glass filter (520 nm long pass; LightTools Research).

Talon resin binding of soluble GFP 11 M3 fusion proteins and analyses of
soluble and pellet fractions by SDS-PAGE. To analyze soluble and pellet
fractions of the same clones used for the in vivo whole-cell plate complementa-
tion assays, the clones were grown at 37 °C in a 1 ml 96-well culture plate. Cells
were induced in the exponential phase with 250 ng/ml AnTET for 1 h, washed
three times with LB and then induced with 1 mM IPTG for 1.5 h. After
induction, the culture pellets were resuspended with 110 pl of TNG buffer and
sonicated. The lysate was fractionated by centrifugation to yield the soluble and
the pellet fractions. Forty microliters of the soluble extract of sequentially
induced liquid cultures were mixed with an equal volume of a 50% v/v slurry of
Talon metal affinity resin (Clontech) in TNG buffer and centrifuged briefly.
The unbound fraction was removed by pipetting, and the beads were washed
successively two times with an excess of TNG buffer. After the last centrifuga-
tion step, the buffer was discarded and 40 pl of 2xSDS denaturing buffer were
added and heated for 15 min at 100 °C. The insoluble fraction was denatured
as described. The Talon-bound and denatured samples were each resolved on a
4-20% gradient Criterion SDS-PAGE gel (Bio-Rad). The protein samples were
stained using Gel Code Blue stain reagent (Pierce) and imaged using a GS-800
Calibrated Densitometer (Biorad).

Note: Supplementary information is available on the Nature Biotechnology website.
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