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ABSTRACT Disrupting a protein’s sequence by cleavage or insertion of a hinge domain forms the basis for protein engineering
tools, including fragment complementation, circular permutation, and domain swapping. Despite the utility of these designs, their
widespread implementation has been limited by the difficulty in choosing where to interrupt the protein sequence: the resulting
fragments often aggregate or fail to reassemble. Here, we show that an optimal site exists within ribose binding protein (RBP)
that, when disrupted, results in the most efficient formation of fragment-complemented and domain-swapped species. Cleaving
RBP at this site also produces a highly stable, cooperatively folded circular permutant. This hot-spot site was identified by an
experimental approach involving selection among competing folds. We find that efficiency in the case of RBP is determined
by kinetic factors (survival of the first) rather than thermodynamics (survival of the fittest). Together with emerging computational
tools, this limited data set defines a pathway for designing robust platforms for molecular switches and biosensors based on the
aforementioned protein modifications.

SIGNIFICANCE The ability to manipulate a protein’s function by disrupting its sequence and controlling when and how it
reforms its native structure plays a dominant role in the design of molecular switches and biosensors. A challenge in
developing these tools is to find interruption sites that allow for rapid and efficient reassembly of the fragments. In this work,
we show that cleaving ribose binding protein at a single, optimal site allows the two halves to reassemble via three
commonly employed protein engineering methodologies—fragment complementation, circular permutation, and domain
swapping—with high efficiency. We propose that analogous hot-spot disruption sites exist in other proteins and that these
can be identified by recently developed experimental and computational methods.

INTRODUCTION the chain is not broken, but the three-dimensional structure is
nevertheless interrupted at the indicated position (Fig. 1 A).
The disruption site serves as the hinge region at which the
two halves of a monomeric protein detach, then cross over
to refold with an identically split monomer to generate a
swapped dimer (or oligomer).

Despite the widespread use of these protein engineering
tools, there is little guidance as to how one should choose
a split point or hinge region in a given protein such that it
undergoes fragment complementation, circular permuta-
tion, and domain swapping as efficiently as possible.
Here, we define efficiency as forming quickly and with
high yield while preserving the function and thermody-
namic stability of the parent protein. On the face of it, the
answer seems simple: select a flexible, solvent-exposed
loop so that secondary structural elements («-helices and
B-strands) are not interrupted and that the newly generated

Protein fragment complementation, circular permutation,
and domain swapping are versatile tools in the protein
engineer’s repertoire. These methodologies form the basis
for technologies such as protein complementation assays,
induced reassembly, molecular switches, and biosensors
(1-5). Although the three manipulations produce structures
with markedly different chain topologies, they all begin with
a similar modification: disruption of the polypeptide back-
bone at a chosen site. In fragment complementation and cir-
cular permutation, the disruption consists of breaking the
chain (Fig. 1 A). The two pieces then refold and bind either
in trans or in cis, respectively, with circular permutation
being enabled by a peptide linker bridging the amino and
carboxy termini of the original protein. In domain swapping,
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FIGURE 1 Fragment complementation, circular permutation, and

domain swapping. (A) These three protein engineering methods begin by
disrupting a protein’s sequence at a position denoted by the black circle
(typically within a surface loop). The linker peptide in the circular permu-
tant and the hinge region in the domain-swapped dimer are colored green
and black, respectively. (B) The five N-terminal fragments of RBP (blue)
and five C-terminal fragments (red) created for this study are represented
by their amino-acid sequences and arranged as pairs of exactly complemen-
tary fragments (homo complexes). The gray box demarcates the region
duplicated in the overlap complexes and absent in the gap complexes.
Position 97 is indicated by the dashed line. (C) The complexes with the
longest segments of duplicated sequence (RBP'™'** + RBP®*"7) and
missing sequence (RBP'™° ++ RBP'****"7) are shown to illustrate overlap
and gap complexes, respectively. Circular permutation (CP97) and Ub
insertion (RU97) at position 97 are depicted with linker peptide in green
and Ub as a box, respectively, as the lower two sequences. (D) Locations
of split sites in RBP (Protein Data Bank [PDB]: 2I0Y) are shown as gray
spheres. Colors represent the same regions as in (B). Ribose is shown as
white sticks.

in typical protein, and cleaving the chain at many of these
sites fails to produce complexes and permutants that fold
into a stable structure in a timely manner (6-8). Disruption
sites have been typically selected by trial-and-error experi-
ment, with computational tools being largely unavailable
until recently (9).

Fersht and co-workers introduced a protein engineering
experiment (herein designated “overlap selection™) that
has the potential for identifying the site in a given protein
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that generates the most stable and efficiently formed circular
permutant, fragment-complemented complex, and domain-
swapped species (10). The overlap selection method entails
deleting a segment from the C-terminus of a target protein
such that the native structure is lost or strongly destabilized.
An analogous segment is deleted from the N-terminus to
generate a C-terminal fragment. The only way that the sta-
bility and full structure of the native state can be reconsti-
tuted is if the N- and C-fragments bind and complement.
This approach is distinct from standard protein complemen-
tation assays because the two fragments are created such
that they contain a region of overlapping sequence, which
enables the crossover point to be at any position within
the duplicated region. These native complexes can be
considered the result of fragment complementation or
domain swapping, in which the crossover point is the cleav-
age point or the hinge region, respectively. The crossover
site is best identified by NMR chemical shift mapping,
which can discriminate between the native structure of com-
plexes and partially folded structures of the fragments and
allows the location to be determined with high precision
(10,11). Mass spectrometry of proteolytically digested com-
plexes has also been employed (12).

During the overlap selection experiment, the N- and
C-fragments sample all accessible conformations, including
unfolded, partially folded, misfolded, and aggregated. Thus,
if a single native species prevails, it has successfully avoided
kinetic traps and is the most thermodynamically stable of
the possible native complexes (survival of the fittest) or is
a metastable structure that folds the fastest (survival of the
first). In either case, one obtains the answer to the question
of where to disrupt the amino-acid sequence to generate the
complex that reconstitutes the native fold with the greatest
efficiency in the conditions of the experiment. These condi-
tions can be chosen to select for maximal efficiency in
various environments such as high temperature or cell
lysates.

We previously applied the overlap selection methodology
to Thermoanaerobacter tengcongensis ribose binding pro-
tein (RBP; 277 amino acids) (11). Two constructs were
made in which residues 125-277 and 1-59 were deleted,
generating the N-terminal fragment RBP'~'?* and C-termi-
nal fragment RBP®*2"7  respectively (Fig. 1 C, top
sequence). Most of the NMR cross peaks in the '°N hetero-
nuclear single-quantum correlation (HSQC) NMR spectrum
of RBP**2"7 were well-dispersed (but distinct from those in
the wild-type (WT) spectrum), indicating that RBP®*?"7 re-
tained significant but non-native structure. RBP'~'?* showed
a large cluster of broad, overlapped peaks near the center of
the spectrum, suggesting that tertiary structure was mostly
lost. The sequence overlapped by the two fragments consists
of 65 amino acids (gray box in Fig. 1 B and gray structure in
Fig. 1 D). The fragments chose to domain swap at a single
site mapped between residues 94 and 101, which comprises
the fourth of five surface loops in the overlapping region
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(centered at positions 60, 70, 85, 97, and 125; Fig. 1 D). This
result was unexpected because we had found that RBP
readily formed domain-swapped dimers and oligomers
when forced to swap at positions 60 or 125 by insertion of
Ub (11). That the protein instead opted to swap at an unchar-
acterized surface loop when released from this constraint
suggested that loop 97 is a hot spot for natural domain swap-
ping and fragment complementation.

Here, we determine the molecular basis for why position
97 is a hot spot for RBP swapping and complementation,
and we also test the hypothesis that this site is optimal for
circular permutation. The results raise the possibility that
a site exists within a given protein sequence that, when
cleaved or otherwise disrupted, allows domain-swapped,
fragment-complemented, and circularly permuted species
to form with maximal efficiency. Our findings further sug-
gest that the overlap selection experiment can be used to
locate this site.

MATERIALS AND METHODS
Gene construction and protein purification

Genes were constructed using standard methods and were fully sequenced.
All constructs were expressed in Escherichia coli BL21(DE3) as described
(12) and purified on Ni*"-NTA agarose (Bio-Rad, Hercules, CA) following
the manufacturer’s protocol. RBP fragments lacking fluorescent protein la-
bels were coexpressed in E. coli (as homo pairs) and purified as the com-
plex. The fragments were then separated by dissolving the lyophilized
complex in 7.5 M GdnHCI (pH 3.0, 1 h), adjusting pH to 8.0 with Tris
base, then passing the solution through an Ni*"-NTA column equilibrated
in 7.5 M GdnHCI (pH 8.0). The N-fragment was collected from the un-
bound fractions, and the bound C-fragment was eluted with 0.3 M imid-
azole. All proteins were judged to be >95% pure by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

CD experiments

Samples consisted of 2 uM of each fragment in 10 mM sodium phosphate
(pH 7.0), 0.15 M NaCl, 0.1 mM EDTA, and 0.005% TWEEN-20. Com-
plexes were incubated for 16 h before scans. Data were collected at 22°C
using a 1 cm pathlength cuvette and an Aviv model 420 spectropolarimeter
(Lakewood, NJ).

FRET experiments

Samples for binding affinity measurements were prepared by serially
diluting individual CyPet- and YPet-labeled proteins (200 nM initial con-
centration), then mixing the two fragments at a constant 1:1 molar ratio.
Complexes were allowed to equilibrate for 3—5 days at 22°C. FRET effi-
ciency was assessed by exciting CyPet at 414 nm (1-3 nm bandpass) and
measuring the ratio of acceptor/donor emission at 525 and 475 nm, respec-
tively (4—6 nm bandpass). The acceptor/donor ratio for the uncomplexed
fragments was obtained by scanning the fragments individually, then sum-
ming their spectra. This value (0.34) was fixed in the fits of the data to the
one-site quadratic binding equation.

Association rates were measured by mixing CyPet-labeled N-fragment
(50 nM) with an excess of YPet-labeled C-fragment (0.5-8 uM). Fluores-
cence was recorded as above, and the time-dependent increase in FRET ra-
tio was fitted to a single exponential function to obtain k. The acceptor/
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donor ratio at time zero was fixed at 0.34. Dissociation kinetics were char-
acterized by mixing CyPet- and YPet-labeled fragments (1 uM each, 6 h
incubation), then diluting the complex to 4 nM in the presence of 80 nM
free, unlabeled C-fragment. Aliquots were withdrawn every 6-24 h for
5 days, and their FRET ratios determined as above. All fluorescence data
were collected at 22°C on a Horiba Fluoromax-4 fluorometer (Kyoto,
Japan), with the exception of k,, data for complexes containing RBP!™°,
which were acquired on a Bio-Logic SFM4000 stop-flow fluorometer
(Seyssinet-Pariset, France).

NMR experiments

Uniformly '*N-labeled proteins (99 atom %) were purified as above from
SN cultures prepared as described (11). Proteins were dialyzed against
ddH,0, lyophilized, and resuspended in 20 mM sodium phosphate
(pH 7.0), 0.1 M NaCl. Protein concentrations were 0.6 mM (WT RBP
and RBP'° + RBP”"*”) and 1 mM (RBP'™° and RBP*"*""). 1 mM
ribose was added to the WT RBP and RBP'™® + RBP?"?"7 samples.
5N and 'H resonance assignments of WT RBP are from (11). Data were
recorded on a Bruker AVANCE III HD 800 MHz NMR spectrometer (Bill-
erica, MA) equipped with a 5 mm TCI cryoprobe.

Domain-swapping experiments

E. coli cultures expressing domain-swapped constructs were grown and
induced under identical conditions to facilitate comparable expression
levels. Fractions of pure protein from the Ni**-NTA column were diluted
to 20 uM, and 10 mM ribose was added to stabilize the RBP domains.
The samples were incubated in 0.2% SDS loading dye for either 5 m at
room temperature or 30 m at 95°C (fully denatured loading controls),
then run on Mini Protean TGX 4-15% gradient gels (Bio-Rad) or manually
poured 4-20% SDS-PAGE gradient gels.

RESULTS

Our approach was to break the RBP chain at all five surface
loops between residues 60—125, then characterize the struc-
tures, stabilities, folding kinetics, and complementation
binding affinities of the resulting split complexes, circular
permutants, and domain-swapped species. For the comple-
mentation studies, we created the 10 N- and C-terminal
fragments shown in Fig. 1 B, arranged as five exactly com-
plementary pairs (homo complexes). We also evaluated all
possible hetero pairs (10 “overlap” complexes and 10
“gap” complexes). Examples of overlap and gap complexes
are depicted in Fig. 1 C. Circular permutants were generated
by cleaving RBP at the same positions as in Fig. 1 B and
joining the original N- and C-termini with a 30-residue flex-
ible linker; these are designated CP60, CP70, CP85, CP97,
and CP125. To evaluate domain swapping, we inserted ubiq-
uitin (Ub) into the five loops in Fig. 1 D. The long N-to-C
distance (38 A) of Ub destabilizes monomeric RBP and sta-
bilizes its folding as domain-swapped dimers and oligo-
mers, with the hinge region consisting of the Ub domain
at the indicated position (11,13). The RBP-Ub constructs
are named RU60, RU70, RU85, RU97, and RU125. Repre-
sentative CP and RU constructs are illustrated in Fig. | C,
and amino-acid sequences of the constructs are included
in Fig. S1.
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Structural characterization of fragments and
homo complexes

We first employed circular dichroism (CD) to assess the
residual structure present in the N- and C-terminal frag-
ments. The two longest N-terminal fragments, RBP'~'#*
and RBPI’%, retain 90% of the a-helical content observed
for WT RBP (on a per-residue basis) as judged by minima
at 222 and 208 nm (Fig. 2 A). RBP'™®* RBP'™®, and
RBP' progressively lose helicity to the point where
RBP'~* is predominantly unfolded. A distinct dropoff oc-
curs when residues 70—-84 are truncated. This stretch adopts
an a-helix in native RBP that docks against the helix formed
by residues 41-55 (Fig. 1 D). This interaction appears to be

[C-fragment] (uM)

important for maintaining residual structure in the N-termi-
nal fragments. Turning to the C-terminal fragments,
RBP**"7, RBP'**"7, RBP¥>"", and RBP”"*"7 exhibit
80% of the per-residue helical content of WT RBP
(Fig. 2 B). Only the shortest fragment, RBP125_277, shows
pronounced loss of helicity. Residues 97—125 adopt a short
B-strand and a long «-helix in native RBP (Fig. I D). One or
both of these structures are critical to the folding of the
C-terminal fragments.

When the molar ellipticities of the N- and C-terminal
fragments are plotted as a function of cleavage position, it
becomes apparent that position 97 is a “tipping point”
beyond which truncating the sequence to either side causes
the remaining fragment to lose helical structure (Fig. 2 C).
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Cleaving RBP at positions 60, 70, 85, and 97 yields identi-
cally well-folded C-terminal fragments, but the first three
N-terminal fragments are significantly less structured than
RBP'~%. Cleaving RBP at position 125 does not increase
the helical content of the N-terminal fragment beyond
that of RBP'™°, but it causes the C-terminal fragment
RBP'**"7 to unfold. Thus, splitting RBP at loop 97 results
in the most balanced outcome, in which the resulting N- and
C-terminal fragments retain as much combined secondary
structure as possible.

We next tested whether the homo pairs can regenerate
native RBP by comparing the CD spectra of the mixture
to the sum of the individual spectra shown in Fig. 2, A
and B. Mixing the fragments increases the CD signal inten-
sity in all cases, suggesting that they complement and that
additional folding occurs upon binding (Fig. S2). Relatively
little additional folding is observed for the complexes of
RBP'™® + RBP*"?"7 and RBP'* 4 RBP***"" compared
to the other three complexes, consistent with the finding that
their N- and C-fragments are already highly helical in isola-
tion. To establish whether the complexes are functional, we
recorded thermal denaturation curves in the absence and
presence of ribose. All complexes exhibit high thermal sta-
bility, with apparent T,, values exceeding 75°C (Fig. S3 A).
T, values shift by >10°C in the presence of 1 mM ribose
(Fig. S3 B), indicating that the native RBP fold has been
restored in all cases.

We recorded >N HSQC NMR spectra to further charac-
terize the structures of RBP'™°, RBP°" "7, and RBP'™° +
RBP”7?"7. The HSQC cross peaks of the complex are
well-dispersed and sharp, symptomatic of a folded protein
(Fig. 3). The majority of the resonances overlay with those
of WT RBP, indicating that the two structures are similar.
The exceptions are residues 100-103, which are located in
the loop flanking position 97, and two stretches of amino
acids from 73-82 to 137-138. Residues 73—-82 and 137-
138 comprise an a-helix and a loop, respectively, both of
which are in direct contact with the loop surrounding the
cleavage site. The RBP?"%" fragment likewise appears to
be well-structured (Fig. S4 A). 178 backbone resonances
out of a possible 192 are resolved and sharp, although few
align with those of the complex or WT RBP. The crosspeaks
of RBP'™ are dispersed but exhibit varying degrees of
broadening (Fig. S4 B). At lower contours, a large, poorly
resolved mass of resonances is apparent in the center of the
spectrum. The structure of RBP'~ thus appears to be folded
but dynamic, with motions occurring over a range of
timescales.

Homo fragment binding affinities and kinetics

Because all pairs of homo fragments were able to regenerate
stable and active molecules, we investigated whether any
one complex might be favored because of thermodynamic
or kinetic considerations. To do so, we fused cyan fluores-
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FIGURE 3 '>N-HSQC NMR spectra of WT RBP (red) and RBP'™® +

RBP°"2"7 (blue). Assigned WT RBP resonances that do not overlay with
a corresponding RBP'™® + RBP*7?"7 crosspeak are indicated by residue
number. Samples contain 1 mM ribose, and temperature is 50°C.

cent protein (CyPet) to the N-termini of the N-fragments
and yellow fluorescent protein (YPet) to the C-termini of
the C-fragments and monitored binding by Forster reso-
nance energy transfer (FRET) (14). The five homo com-
plexes form with high but variable affinity (Fig. 2 D). Four
of these (RBP'™ + RBP®?"7 RBP'® 4+ RBP'*?"7
RBP'®* 4+ RBP*277 and RBP'™'?* + RBP'*7?77) exhibit
K4 values of 0.45-104 nM (upper values on the diagonal of
Table 1). Nanomolar affinity can therefore be achieved
with either the N-terminal fragment (RBP'™ and
RBP1’69) or the C-terminal fragment (RBP125’277) being
largely unfolded. The tightest binding is observed when N-
and C-fragments are both highly helical, with K4 of the
RBP'™® + RBP®’~?"7 interaction being too low to measure
(<0.1 nM).

Although all homo pairs complement with high affinity,
comparison of association rates reveals pronounced differ-
ences. Plots of the pseudo-first-order association rate
(kops) versus [C-fragment] are hyperbolic-shaped for all
homo complexes except for RBP'™® 4+ RBP”?"’
(Fig. 2 E), which remains linear over the concentrations
tested (Fig. 2 F). The hyperbolic curves suggest that for
these proteins, the rate-limiting step is fragment binding at
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TABLE 1 Binding Affinities and Association Rates of Homo Complexes, Overlap Complexes, and Gap Complexes
RBP1—59 RBP1—69 RBP1—84 RBP1—96 RBP1—124
RBP®0-277 104 + 4% 1.62 = 0.05 24 +03 <0.1 40 £ 0.1
119 = 16% 780 += 40 1480 + 60 (2.90 + 0.05) x 10° 530 + 20
RBP70277 ND 40 + 0.1* 72 + 08 <0.1 27 £ 0.1
340 + 30% 900 + 60 (2.54 + 0.04) x 10° 620 + 20
RBP®277 ND 53 + 02 9.3 + 0.4 <0.1 45 + 0.5
540 + 30 1490 = 70%* (2.91 + 0.04) x 10° 620 + 30
RBP?7277 ND ND 79 + 30 <0.1%* 3.0 £ 05
590 + 40 (2.13 = 0.04) x 10°* 570 = 10
RBP'%5-277 ND ND ND 2.98 + 0.47 0.45 + 0.05*%
(4.26 = 0.08) x 10° 1260 + 30%*

Ky (units of nM) and k,, (italics; units of M~' s™) are listed at the top and bottom of each cell, respectively. K4 errors are SDs of three independent mea-
surements. k,, errors are those calculated from the linear regression fits (three independent data sets). ND, binding not detected. * indicates homo complexes
(diagonal). Overlap complexes are above the diagonal. Gap complexes are below the diagonal.

low [C-fragment] but shifts to a concentration-independent
process at high concentration. This latter step is likely
folding of one or both free fragments because conformational
changes that occur after complex formation would not result
in a significant FRET change. Second-order rate constants
(kon), calculated from the slopes of the linear portions of
the plots, are listed as the lower values (in italics) on the diag-
onal of Table 1. The four homo pairs excluding RBP'™® +
RBP?"~?77 exhibit k., values (120-1510 M~' s™") much
lower than that expected for a diffusion-limited encounter
between two folded proteins, which can be as high as
10° M~ s7! for uniformly reactive spheres (15) but is in
the range of 10°-10° M~' s™' for more realistic protein
models (16,17). By contrast, RBP'™® 4+ RBP*’*"7 bind
with arate (2 x 10° M~ s7!) that is closer to the theoretical
diffusion-limited value, suggesting that these fragments may
be pre-ordered for rapid binding by virtue of their more
native-like structures. The CD data of the isolated fragments
support this interpretation (Fig. 2, A and B).

Overlap and gap complexes

We next measured Ky values for all possible combinations
of N- and C-terminal fragments. The overlap complexes
occupy the region in Table | above the diagonal. Within a
given row, the complexes to the right of the diagonal consist
of the same C-fragment mixed with progressively longer
and more overlapping N-fragments. The observed trend
is exemplified in the first row. Increasing the length of
the redundant sequence enhances binding relative to the
RBP'° + RBP®**2"7 homo pair, with the maximal effect
(Kq < 0.1 nM) seen for RBP'™°. This finding is consistent
with the above hypothesis that a well-folded N-terminal
fragment is required for the highest affinity comple-
mentation. Surprisingly, extending RBP'™® by 27 amino
acids to generate RBP'™'** weakens the interaction with
RBP®*2"7 (as well as with the other C-fragments). Residues
97-124 form a short §-strand and a 17-residue «-helix in the
native RBP structure, and CD spectra suggest that this
helix is folded in RBP''** as well as in RBP®?"

(Fig. 2, A and B). A simple explanation is that the duplicated
structures clash with each other and sterically interfere with
binding. One of these sequences may need to unfold for as-
sociation to occur. In this scenario, RBP!~® represents the
optimal case in which the overlapping sequence is long
enough to establish native-like structure in the N-terminal
fragment but not too long to allow formation of duplicate
structures that inhibit fragment binding.

Turning to the columns in Table 1, the complexes above
the diagonal consist of the same N-fragment mixed with
progressively more overlapping C-fragments. In the first
four columns, only a modest reduction in Ky is apparent,
consistent with the idea that complementation affinity is
largely driven by the structure of the N-fragment. The last
column shows the opposite result: the overlap complexes
of RBP'"™'?* all form with reduced affinity compared to
the homo complex. This result can be explained by the
above hypothesis in which residues 97-124 adopt native-
like structure and interfere with binding if present on both
fragments.

The gap complexes occupy the region of Table 1 below
the diagonal. As expected, they associate more weakly
than the corresponding homo complex. Only the gap species
with the shortest deletions (those closest to the diagonal)
are able to complement at all; the remainder show little or
no interaction at the highest protein concentration tested
(10 uM). The single exception is that the RBP' 4+
RBP’*?"7 homo complex and RBP'* + RBP*"" gap
complex form with equal affinity. Residues 70-84 appear
to play a lesser role in complex formation.

The kinetic binding data provide further evidence of the
importance of the N-fragment to complementation. Two
trends are apparent. First, k., values within each column
of Table 1 tend to be similar, suggesting that the identity
of the N-terminal fragment largely dictates the rates at
which the complexes form. For example, RBP'° binds
RBP”7?"7  the three overlapping C-terminal fragments,
and even the gap fragment RBP'*2"7 with approximately
equal rates. RBP'?72"7 is predominantly unfolded, suggest-
ing that folding of the C-fragments is rapid and does not
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limit the rate of complex formation. The second trend is that
ko, of the overlap complexes correlates with the foldedness
of the N-fragment. Within each row of Table 1, starting from
the homo complex on the diagonal, k,, increases as the same
C-fragment is paired with N-fragments of increasing length
and residual structure up to RBP'™% k., slows dramatically
with RBPHM, consistent with the idea that residues 97-124
are folded in both fragments and sterically inhibit binding.

We attempted to measure dissociation rates by mixing the
CyPet- and YPet-labeled fragment complexes with a 20-fold
excess of unlabeled fragment and monitoring loss of FRET
efficiency. Dissociation half-times of all homo and overlap
complexes were slow (1-5 days), as expected for affinities
in the nanomolar range.

Circular permutants

The extremely slow unfolding rates of RBP circular permu-
tants preclude the measurement of their free energies of
unfolding (4Gy,) by GdnHCI denaturation (12). Accord-
ingly, we measured 4G, in the background of the destabi-
lizing F217A + D218S mutations (Fig. 4 A) (18). WT RBP
is very stable even with these mutations (4Gy,r =
18.7 kcal/mol; Table 2). This is due to its unusually steep un-
folding transition (m-value), which has been previously noted
(19). CP97 exhibits the greatest m-value among the CPs and
consequently has the highest 4G, Relative stability can
also be assessed by comparing the midpoints of GdnHCI
denaturation (C,,), of which CP60 displays the largest.
CP125 is the least stable by both 4G,,r and C,,, criteria.

We measured folding (kg 1q) and unfolding (k) rates of
the CPs by change in CD signal at 222 nm. Folding and un-
folding curves fit adequately to single exponential functions
and the logarithms of k¢4 and k,,¢ decrease and increase
linearly with [GdnHCI] as expected (Fig. 4, B and C).
Extrapolated to zero denaturant, the folding rates of the
five CPs are nearly identical (ranging from 0.44 to
0.66 sfl), as are their unfolding rates (1.1 X 107° —
3.7 x 1077 s~ ). CP folding can be modeled as fragment
complementation, with the two homo fragments held at a
fixed local concentration by the 30-AA flexible linker. The
docking rate is then approximated by the second-order
rate constant of the fragments (Table 1) multiplied by their
local concentration (~1 mM (20)). The observed kgq
values are significantly slower than these calculated rates,
implying that CP folding is rate-limited by folding of one
or both fragments before docking or additional folding of
the complex once docked. The latter scenario is more likely
because kgyq values are constant among CPs and show no
correlation with the degree to which the isolated fragments
are folded or unfolded. Thus, the mechanism of CP folding
and fragment complementation appears to be rapid folding
and docking of N- and C-fragments, the rate of which varies
dramatically with split site, followed by a slow final folding
step that does not depend on split site.
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FIGURE 4 Thermodynamic and kinetic characterization of circular per-
mutants. (A) Stabilities of CPs determined by GdnHCI denaturation. All
proteins shown contain the F217A + D218S mutations. Lines are best
fits of the CD signal (222 nm) to the linear extrapolation model (26). (B)
Folding and (C) unfolding rates after dilution from 6 M GdnHCl into buffer
and from buffer into GdnHCl, respectively, with the final GdnHCI concen-
trations indicated on the x axes. Rates were obtained by fitting the decay
curves to a single exponential function. Error bars are standard deviations
for three independent measurements.



TABLE 2 Stabilities of Circular Permutants

Variant AGy,¢ (kcal mol™) m (keal mol™* M) Cn, (M)
WT 187 = 1.2 9.0 = 0.7 2.09 = 0.03
CP60 32 04 1.9 = 0.1 1.69 = 0.09
CP70 3.75 = 0.05 2.7 = 0.1 1.37 = 0.03
CP85 29 £ 02 1.9 = 0.1 1.50 = 0.09
CP97 54 +03 4.0 = 0.2 1.39 = 0.01
CP125 27 = 0.1 2.0 £ 0.1 1.30 = 0.01

All variants contain the F217A + D218S mutations. Errors are SDs of three
independent measurements.

Domain swapping

RBP does not naturally domain swap. To induce RBP to
form domain-swapped complexes with the hinge regions
at the specified split points, we employed the “lever-assem-
bler” design that we previously developed (21,22). Freshly
purified RU proteins were diluted to 20 uM, incubated in
0.2% SDS loading buffer for 5 m, and run on a 4-15%
SDS-PAGE. Essentially all of the protein molecules remain
folded in SDS, either as native monomers (39.3 kDa) or
domain-swapped complexes that manifest as a ladder above
the monomers (Fig. 5 A). Closer analysis of the monomer
region by 4-20% SDS-PAGE confirms that only a faint
band from each RU variant runs at the same position as
the boiled and fully denatured controls (Fig. 5 B).

RU97 swaps to the greatest degree, as judged by the
extensive laddering observed above ~250 kDa and the rela-
tively faint native monomer band. RU125 and RUS8S5 follow
close behind, whereas RU60 and RU70 fold mostly as
monomers. Because the RBP domains of all RU constructs
appear to be stable and resistant to denaturation (and subse-
quent rearrangement), it is likely that the distribution of
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FIGURE 5 Domain swapping of RU variants assayed by SDS-PAGE. (A)
4-15% SDS-PAGE gel illustrating domain-swapped and monomeric
(39.3 kDa) RU proteins is shown. (B) The monomeric region of 4-20%
polyacrylamide gel is shown, indicating that the protein monomers, like
the domain-swapped complexes, remain folded in SDS.

Optimal Protein Disruption Sites

swapped and monomeric species in Fig. 5 was established
as the proteins were folding in the cell. The amount of lad-
dering was not influenced by differential expression of RU
variants because yields of purified proteins were similar
(84-108 mg per liter of starting culture). Thus, position 97
appears to represent the most efficient site for domain swap-
ping in vivo.

DISCUSSION

The goal of this study is to test the hypothesis that position
97 represents the optimal location for fragment complemen-
tation, domain swapping, and circular permutation among
the stretch of 65 amino acids evaluated by the overlap selec-
tion experiment. We find that bisecting RBP at position 97
yields fragments that complement with the lowest Ky value
of homo pairs tested and one of the lowest of any comple-
mentation system yet reported. However, the data suggest
that the outcome of the overlap selection experiment was
not dictated by thermodynamic stability but by kinetic fac-
tors. The RBP'™ + RBP?"?"” complex is not the most
thermally stable of the homo complexes (RBP'™° +
RBP®?"" has a higher apparent T,,). It appears to dominate
over the others because it forms 100-fold faster than its
closest competitor. k,, is established by the N-terminal frag-
ment, and RBP'~° is the most efficient in this regard: it
complements rapidly (ko, >10° M~" s™') and with high af-
finity (K4 < 1 nM) to all of the C-terminal fragments,
regardless of the latter’s length or foldedness. Given the
CD results in Fig. 2, A and C, it would be tempting to
conclude that greater amounts of helical structure in
the N-terminal fragment equate with faster complementa-
tion. However, too much structure can be unfavorable:
RBP!''?* contains 28 more residues than RBPI’%, and
CD finds these residues adopt native-like helicity, but k,,
of the RBP''** + RBP'*?"7 homo pair is >100-fold
slower than that of the RBP'™® + RBP?’"7 homo pair.
Thus, RBP'™° appears to define a “sweet spot” for rapid
and high-affinity complementation.

Position 97 also emerges as the most preferred site for
domain swapping in vivo. This result is unexpected, given
that position 97 represents the longest loop (11 residues) in
RBP. For the RU proteins to swap, the Ub domain must
stretch apart the two segments of RBP on either side.
Loop amino acids decouple this conformational strain by
acting as flexible linkers to the point where 20 residues
abolished Ub-induced domain swapping when inserted
into barnase (22). The four residues comprising loop 85
and loop 125, the second-best split sites for swapping,
allow for greater stretching forces and thus greater mono-
mer destabilization. The original selection experiment
found that the overlapping fragments swapped at position
97 without Ub being inserted at that site, so loop 97 ap-
pears to be an inherent hot spot for natural as well as
induced swapping.
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The large variations in Ky and k,, that we observe for
fragment binding do not translate to corresponding trends
in AGyy,r and kg q of the CPs. Rather, all CPs are extremely
stable and exhibit nearly identical folding and unfolding
rates. This limited data set argues that a cleavage site
that produces efficient complementation is predictive of effi-
cient permutation, but a site that results in efficient permu-
tation is not necessarily the best position for fragment
complementation.

All domain-swapped and circularly permuted species
exhibit extreme stability toward SDS and thermal denatur-
ation, respectively. In addition, fragment complexes asso-
ciate rapidly and dissociate over days. These findings
suggest that in the overlap selection experiment, once one
of the possible native structures is formed, it is likely to
be kinetically trapped and slow to equilibrate with the
competing native folds, even if they are of lower free energy.
The presence of deep energy minima with high kinetic
barriers is consistent with the exceptional stability of
T. tengcongensis RBP (23).

We now address a pressing question raised by this study.
Was the overlap selection experiment necessary to identify
position 97 as a hot-spot site for complementation and
swapping or could it have been predicted by visual inspec-
tion or computational methods? For proteins with distinct
domains such as RBP, disruption sites are frequently chosen
at domain boundaries. RBP consists of N- and C-terminal
lobes. The major crossover point is at position 106, which
is separated from position 97 by a  strand (Fig. 1 D). Cleav-
age at position 106 would seem to be a better choice than at
position 97 because it would maintain the integrity of the
N-domain 8-sheet. That position 97 emerged in the overlap
selection experiment indicates that domain boundaries do
not necessarily make the best split points.

Hahn, Dokholyan, and colleagues recently developed a
computational tool (SPELL) to predict split sites in proteins
(9). This algorithm calculates the total energies of the frag-
ments generated by scission at any given residue, then sub-
tracts this from the energy of the intact protein to generate
the “split energy.” The split energy, together with solvent-
accessible area and sequence conservation data, are used
to rank potential split sites. SPELL predicted the optimal
site in RBP to be position 97, followed by 40, 60, and 70.
Our results concur that 97 is the top choice, but we find
that splitting at positions 125 and 85 yield complexes that
form faster and with greater affinity than scission at position
60. Nevertheless, it is encouraging that the computational
and experimental approaches converge in identifying posi-
tion 97 as the hot spot for complementation. Our data sug-
gest that kinetics play the dominant role in establishing
the most efficient split site in RBP. The SPELL algorithm
does not contain kinetic elements—these are significantly
harder to compute than thermodynamic quantities—so it is
possible that the two methods arrived at the same answer
for different reasons. This idea can be tested by performing
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the overlap selection experiment on E. coli RBP, which is
structurally similar to 7. fengcongensis RBP but is much
less stable and does not exhibit extreme kinetic traps (24).
SPELL predicts that position 217 is the optimal split site
for E. coli RBP. Our study cannot exclude the possibility
of a global optimum split site occurring after residue 125
or before residue 60.

Dokholyan and co-workers also introduced a theoretical
tool (H-Predictor) to predict the propensity of each amino
acid in a protein to act as a hinge region for domain swap-
ping (25). The method is based on the idea that swapping is
facilitated by local unfolding of the protein around the
hinge residue. H-Predictor computes the temperature at
which the protein locally unfolds into two native-like sub-
domains around each residue, with the lowest temperature
corresponding to the highest hinge propensity. Residues in
loop 125 are predicted to have the greatest overall hinge
propensity, followed closely by those in loop 97. The
agreement with our finding that RU97 and RU125 are the
most efficient swappers is remarkable, especially consid-
ering RU constructs incorporate the Ub domain as part of
the hinge.

Our results and those of Fersht with chymotrypsin inhib-
itor 2 (CI2) (10) indicate that overlap selection can be an
effective method for generating complementing protein
fragments without extensive trial-and-error experimenta-
tion. The overlapped fragments RBP'~'** 4+ RBP®*-?"
bind as well or better than most of the homo pairs. Mixing
overlapping peptides of CI2 (64 amino acids) revealed a
single crossover point at residue 40, with the redundant
amino acids being unstructured (10). This proved to be
the only viable cleavage site in CI2. From these two exam-
ples, there appears to be a significant advantage and no
drawback to incorporating an overlapped sequence when
designing a protein complementation system. In the case
of RBP, identifying the crossover point (position 97) and
trimming the duplicated sequence from at least one of
the fragments (residues 97-125 from the C-fragment)
result in further improvements in binding affinity and asso-
ciation kinetics.

CONCLUSIONS

Overlap selection provides a means for identifying the site
in a protein that, when disrupted, produces fragments that
form complemented, circularly permuted, and domain-
swapped species with high efficiency and yield. Potentially
powerful aspects of the method are that it may be agnostic
with regard to how efficiency is attained—whether by opti-
mization of thermodynamic and/or kinetic factors—and
experimental conditions can be chosen to reflect real-world
environments. The combination of overlap selection and
emerging computational tools will allow researchers to
generate robust platforms for engineered protein switches
and biosensors.
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