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The purification of protein complexes and large-scale inves-
tigations of protein—protein interaction networks have been
greatly facilitated through the development of a number of
affinity tags such as the cmyc, FLAG, and His, tags.”!
However, all of the currently available affinity purification
systems suffer from dynamic binding equilibria and measur-
able dissociation rate constants which enable the competitive
elution of bound target proteins when an excess of a suitable
free ligand is present.’! This circumstance hampers the
quantitative and cost-effective isolation of low-abundance
protein complexes. Here, we introduce a new affinity
purification system that is derived from type 1 pili of E. coli.
Type 1 pili are rigid, filamentous supramolecular protein
complexes which are anchored in the cell’s outer membrane
and extend into the extracellular space.! They are composed
of four structural protein subunits termed FimH, FimG, FimF,
and FimA.™J In the assembled pilus, these subunits interact
noncovalently by a mechanism called donor strand comple-
mentation, where the incomplete, immunoglobulin-like fold
of one subunit is completed by an N-terminal extension,
termed donor strand, of the successive subunit.®! The complex
between FimGt, an N-terminally truncated variant of FimG
lacking its own donor strand, and a peptide corresponding to
the donor strand of the neighboring subunit FimF (DsF) was
found to be the kinetically most stable protein-ligand
complex known to date (Figure 1).°%

Here, we establish the FimGt/DsF system for use in the
affinity purification of heterooligomeric protein complexes
from cell extracts. Utilizing the donor strand of FimF as the
affinity tag (termed DsF tag) and FimGt as the binding
partner, we demonstrate the one-step purification of DsF-
tagged E. coli tryptophan synthase, a heterotetrameric af3fo
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Figure 1. Crystal structure of the FimGt/DsF complex (3BFQ.pdb).F
FimGt is shown as a gray surface, the DsF peptide as stick representa-
tion. Residues of DsF that point towards FimGt are in bold and their
position in the structure is indicated by arrows.

complex of low cellular abundance. We compare the perfor-
mance of the DsF tag to that of other commonly used affinity
tags and find that, in agreement with the high kinetic stability
of the FimGt/DsF complex, enrichment of the tryptophan
synthase complex is most efficient for the DsF tag. This result
suggests that the DsF tag is most suitable not only for the
isolation of low-abundance protein complexes but presum-
ably also for many other technical applications such as, for
example, the functional and permanent immobilization of
DsF-tagged proteins on surfaces and their detection in cells
and on Western blot membranes.

As a prerequisite for the technical application of the
FimGt/DsF system we first optimized the production of
FimGt by producing it in the cytoplasm of E. coli BL21(DE3)
cells in the form of inclusion bodies (Figure S1 in the
Supporting Information). After solubilization of the inclusion
bodies, oxidative refolding, and purification of FimGt by
conventional chromatographic techniques, the final yield of
purified FimGt was 35 mg per liter of bacterial culture—
sufficient amounts for large-scale applications of the FimGt/
DsF system. Quantitative formation of the single, structural
disulfide bond was verified by the Ellman assay.!” The identity
of FimGt was confirmed by ESI-MS (expected/measured
mass: 13656.9/13657.0 Da).

To gain mechanistic insight into the binding reaction
between DsF and FimGt, association kinetics were measured
for DsF concentrations of 5, 10, 25 and 50 um while the FimGt
concentration was kept constant at 5 um (Figure 2a). The
reaction rates were dependent on the DsF concentration,
indicating that binding of DsF is the rate-limiting step of
complex formation. The data were globally fit according to an
irreversible second-order reaction and yielded a rate constant
of association of (330 +8.9)M's™'. Although relatively slow,
the binding of DsF to FimGt is fast enough to allow for
technical applications on reasonable time scales. We deter-
mined the rate constant for spontaneous dissociation/unfold-
ing of the FimGt/DsF complex at pH 8.0 and 25°C to be
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Figure 2. Binding of the DsF peptide to FimGt. a) Binding kinetics of
DsF to FimGt (5 pum) at pH 8.0, 25°C. The solid line is a global fit
according to a second-order reaction. b) Kinetic stability of FimGt at
pH 8.0, 25°C. The solid line is a fit according to a three-state model
with a metastable on-pathway intermediate. c) Minimal reaction
mechanism for the binding of DsF to FimGt. The DsF peptide binds
exclusively to native FimGt.

(5.04£0.17) x 10 ¥ 57! (dissociation half-life: approximately
4 billion years; Figure S2 in the Supporting Information)
which is, within experimental error, identical to the value
obtained earlier at pH 7.0.°Y This translates into a dissociation
constant (Kp) at pH 8.0 of (1.5 4 0.066) x 10~ m, correspond-
ing to a binding energy of (—113 +0.11) kI mol™". The FimGt/
DsF complex is thus not only the kinetically but, to the best of
our knowledge, also the thermodynamically most stable
protein ligand complex known to date.

We next determined the kinetic stability of FimGt by
measuring the refolding/unfolding kinetics at different con-
centrations of guanidinium chloride. As refolding of FimGt,
when monitored by means of the intrinsic tryptophan
fluorescence, includes a spectroscopically silent step,” refold-
ing kinetics were obtained by interrupted refolding experi-
ments that directly report on the fraction of native molecules
(Figure S3 in the Supporting Information). The half-logarith-
mic plot of the observed refolding/unfolding rate constants
shows a significant deviation from linearity at high denaturant
concentrations (Figure 2b). Therefore, the data were fit
according to a three-state model with a metastable on-
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pathway intermediate.”) From this analysis we obtained the
rate constants for the folding and unfolding of FimGt in the
absence of denaturant ky(H,0)=(0.16+0.010)s™' and
k,(H,0) = (9.1£0.57) x 10~*s7!, respectively, and the follow-
ing kinetic m-values that define the linear dependence of the
logarithm of the rate constant on denaturant concentration:
my; = dinky/d[GdmCl] = (—4.7 £0.18) M, myy = dlnk/
d[GdmCl] = (-2.240.058)m "}, my; = dlnky/d[GdmCl] =
(0.4740.016)M™" (where U denotes the unfolded state, I the
intermediate, and N the native state).

With these kinetic values the thermodynamic stability of
FimGt can be calculated to be (—12.8 £0.2) kJmol ! and the
cooperativity of the equilibrium transition (m.,-value) to be
(18 £0.47) kJmol 'm~!, which are in very good agreement
with values obtained earlier from equilibrium measure-
ments.”! The linear dependence of the initial rate of DsF
binding to FimGt on DsF concentration (Figure 2 a), together
with the slow rate of spontaneous FimGt unfolding with
a half-life of approximately 13 min (k,(H,O)= (9.1 £0.57) x
10~*s7!), demonstrates that the DsF peptide directly binds to
native FimGt and excludes a mechanism in which unfolding of
FimGt would be required for binding. Figure 2 ¢ summarizes
the resulting DsF binding mechanism, in which only the
dissociation of DsF is dependent on unfolding of FimGt. In
this context we note that the K value for the FimGt/DsF
complex calculated above is valid only for concentrations of
DsF below 500 um as otherwise folding of FimGt would
become rate-limiting. Moreover, a comparison of k,(H,O) of
free FimGt to the rate constant of spontaneous dissociation/
unfolding of the FimGt/DsF complex shows that donor strand
complementation increases the half-life of spontaneous
unfolding of FimGt by 14 orders of magnitude.

We further characterized the binding reaction of DsF to
FimGt by measuring its NaCl, temperature, and pH depend-
ence (Figure S4 in the Supporting Information). Increasing
the concentration of NaCl to 1.0 or 3.0M led to a twofold and
sixfold increase of the rate constant of association, respec-
tively, indicating that complex formation between FimGt and
DsF is not primarily driven by electrostatic interactions.
Binding at 5°C occurred three times slower than at 25°C.
From the temperature dependence we obtained the energy of
activation to be (3441.6)kJmol™'. At pH4.5 the rate
constant of association was ten times higher than at neutral
and basic pH. A fit of the data to a single ionization
equilibrium gave an apparent pK, value of 5.6 0.1, suggest-
ing that protonation of either an acidic or a histidine residue is
critical for the faster binding of DsF at low pH.

To be able to use the FimGt/DsF system for practical
applications such as affinity chromatography, FimGt was
covalently linked to succinimidylester-activated sepharose
beads through its primary amino groups. Using the purified,
DsF-tagged dithiol oxidase DsbA from E. coli (22.9 kDa), we
determined the dynamic binding capacity of FimGt-sepharose
to be 220 nmol or 5 mg of DsbA per milliliter of FimGt-
sepharose. To test whether the FimGt/DsF system can be used
to purify DsF-tagged proteins and natural binding partners
associated with them, the E. coli tryptophan synthase com-
plex was chosen; it is composed of two o and 3 subunits (TrpA
and TrpB; appa tetramer) and catalyzes the last two reactions
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in tryptophan biosynthesis. As the complex is of very low
abundance in E. coli cells,”) we expected high enrichment
factors if the FimGt/DsF system worked efficiently in affinity
chromatography. DsF was fused to the N terminus of TrpA
and DsF-tagged TrpA was produced at near endogenous
levels in E. coli BW25113 AtrpA768:kan cells by using the
tetA promoter (Figure S5a in the Supporting Information). To
allow the specific release of DsF-tagged TrpA from FimGt-
sepharose under native conditions, a TEV protease cleavage
site (TEV =tobacco etch virus) flanked by flexible hexapep-
tide linkers was introduced between DsF and the N terminus
of TrpA (Figure 3). A general scheme for the use of the
FimGt/DsF system in affinity chromatography is given in
Figure 3b. After incubation of FimGt-sepharose with the
soluble cell extract containing DsF-tagged TrpA, the beads
were washed to remove impurities and bound TrpA was
released by on-column cleavage with Hisg-tagged TEV
protease. TEV protease was then removed using Ni**-NTA
agarose (NTA =nitrilotriacetate) yielding the equimolar
tryptophan synthase complex in the supernatant. Sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis displayed two major bands at approximately
28 and 40 kDa, corresponding to TrpA and TrpB, respectively
(Figure 4). As a negative control, the experiment was
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Figure 4. Coomassie-stained 15 % polyacrylamide-SDS gel demonstrat-
ing the co-purification of the § subunit of tryptophan synthase (TrpB)
from cell extracts, using TrpA variants with different affinity tags and
the corresponding affinity matrices, followed by TEV protease cleavage
and removal of Hisg-tagged TEV protease by means of Ni**-NTA
agarose. Of each sample, identical amounts of enzymatic activity

(6 mU) were loaded. The highest purity was obtained with DsF- and
cmyc-tagged TrpA. Lane M: molecular mass standard.

repeated using untagged TrpA and no tryptophan synthase
could be detected (Figure S6 in the Supporting Information).
Thus, by using DsF-tagged TrpA, we successfully purified the
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DsF-TpA  ADSTITIRGYVRDNG-SGGSGG-ENLYFQG-SGGSGG] TrpA |
cmyc-TrpA EQKLISEEDL-SGGSGG-ENLYFQG-SGGSGG| TrpA |
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Figure 3. a) Nucleotide and amino acid sequences of the DsF tag as used in this study. The tag can be fused to either the N or C terminus of
a target protein. The DsF sequence is highlighted in bold, the TEV protease recognition site is shown in bold and italics, and the cleavable
peptide bond is indicated by scissors. To allow access of TEV protease to its cleavage site, two SGGSGG-linker sequences were introduced
between the DsF tag and the TEV recognition sequence, and between the TEV site and the N or C terminus of the target protein. The target
protein is represented by a green ellipse. b) General workflow for the application of the FimGt/DsF system in affinity chromatography.

c) Schematic overview of the protein constructs used in this study for one-step affinity purification of tryptophan synthase (TrpA fusions) or

ribosomes (L23 fusion) from E. coli cell extracts.
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active tryptophan synthase complex from E. coli lysate in
a single step.

To compare the efficiency of the FimGt/DsF system to
that of other commonly used affinity purification systems, we
also purified tryptophan synthase using cmyc-, FLAG-, and
Hiss-tagged TrpA (Figure 3¢) and corresponding affinity
chromatography materials. Highly pure enzyme preparations
were obtained with the DsF and cmyc tags, while the samples
obtained using FLAG and His, tags contained significant
amounts of impurities (Figure 4). To compare the perfor-
mance of the different tags in a quantitative manner, we
calculated the yield and specific activity of purified trypto-
phan synthase, the enrichment factor, and the overall
purification efficiency for each affinity purification system
(Figure 5 and Table S1 in the Supporting Information). We
find that the DsF tag 1) gives both the highest yield and the
highest specific activity of purified enzyme and 2) has a 300-,
5-, and 15-fold higher purification efficiency than the cmyc,
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Figure 5. Comparison of different affinity tags regarding the one-step
purification of E. coli tryptophan synthase. a) Yields of purified trypto-
phan synthase were calculated by dividing the total activity of
tryptophan synthase present in the purified sample by that present in
the cell extract. b) Specific activities of purified tryptophan synthase
samples were calculated by dividing the enzymatic activity by the
protein concentration. c) Enrichment factors were calculated by divid-
ing the specific activity of purified tryptophan synthase by the specific
activity of the cell extract. d) Purification efficiencies were obtained by
multiplying the yield and enrichment factor and then normalizing. All
data are means with standard errors (n=3).

FLAG, and His, tags, respectively, and is thus superior to
established affinity chromatography systems considering
purity and yield, in particular.

To demonstrate that the FimGt/DsF system is also
applicable for the fusion of the DsF tag to the C terminus of
a target protein, as well as for the purification of highly
complex macromolecular assemblies and the identification of
their molecular components, the DsF tag was fused to the
C terminus of protein L.23 of the large ribosomal subunit of
E. coli by the strategy described above for the TrpA fusions
(Figure 3c¢). Using again the tetA promoter, DsF-tagged 1.23
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was then produced at near endogenous levels in E. coli strain
MC4100ArplW:kan [pL23]"" under conditions at which
production of wild-type 123 (encoded on pL23) is reduced
to a minimum level (Figure S5b in the Supporting Informa-
tion). Ribosomes harboring DsF-tagged 1.23 were purified as
described above for tryptophan synthase, that is, FimGt-
sepharose chromatography followed by TEV protease cleav-
age, and were indistinguishable from 70S ribosomes obtained
by standard sucrose density gradient centrifugation in terms
of their protein and rRNA compositions as well as their
morphology as was judged by SDS-PAGE, denaturing
agarose gel electrophoresis, and electron microscopy, respec-
tively (Figure 6a—c). Thus, by using DsF-tagged 123 of the
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Figure 6. Purification of E. coli ribosomes. a) Coomassie-stained 15%
SDS-polyacrylamide gel documenting the one-step purification of

E. coli ribosomes from cell extracts via DsF-tagged L23. Identical
banding patterns are obtained for ribosomes purified by sucrose
density gradient centrifugation or by using the DsF tag. Lane M:
molecular mass standard. b) Denaturing 1% agarose/formaldehyde
gel of rRNAs from ribosomes purified by sucrose density gradient
centrifugation or by using L23-DsF. |dentical banding patterns corre-
sponding to 23S-, 16S-, and 5S-rRNA are visible for both samples.

c) Electron micrographs of negatively stained ribosomes purified by
sucrose density gradient centrifugation or by using L23-DsF.

large ribosomal subunit we successfully isolated pure 70S
ribosomes in a single step from the crude cell extract.

The new system for single-step affinity purification of
protein complexes described in this study has proven to be
superior to commonly used systems, in particular in terms of
the isolation of low-abundance target protein complexes such
as, for example, tryptophan synthase. Moreover, the system
should be applicable over wide ranges of pH, NaCl concen-
tration, and temperature and works successfully even for
highly complex, supramolecular assemblies such as the
ribosome. Also, pure FimGt can be easily obtained recombi-
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nantly in high yields from E. coli, making the production of
FimGt-sepharose efficient and straightforward. Thus, the
FimGt/DsF system is generally suitable for the isolation of
pure and highly active multi-subunit protein complexes for
structure determination by X-ray crystallography. Because of
the practically infinite kinetic stability of the FimGt/DsF
complex against dissociation under native conditions, the
DsF-tagged target, once bound to immobilized FimGt, will
survive virtually any washing conditions, which makes the
system especially interesting for the permanent and func-
tional immobilization of target proteins under flow conditions
where other systems fail owing to their limited kinetic
stability against dissociation.
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