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Alternate frame folding (AFF) is a novel mechanism by which allo-
stery can be introduced into a protein where none may have existed
previously. We employ this technology to convert the cytotoxic ri-
bonuclease barnase into an artificial zymogen that is activated by
HIV-1 protease. The AFF modification entails partial duplication of
the polypeptide chain and mutation of a key catalytic residue in
one of the duplicated segments. The resulting molecule can fold
in one of two “frames” to yield the wild-type structure or a circu-
larly permuted form in which the positions of the N- and C-termini
are exchanged with a surface loop. It cannot take on both structures
simultaneously because each competes for a shared amino acid
sequence. An HIV-1 protease recognition sequence is inserted into
one of the surface loops in the nonpermuted frame, and cleavage
induces a shift from the nonpermuted fold to the permuted fold.
Using the AFF mechanism, we were able to suppress k:/Ky by
250-fold in the proenzyme relative to wild-type barnase. HIV-1 pro-
tease cleavage subsequently increases k.,;/Ky by 130-fold. AFF is
significant because it is general and can in principle be used to con-
trol activity of many enzymes, including those whose functions are
not regulated by any existing mechanism.
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Zymogens are inactive enzyme precursors that are activated
by proteolytic cleavage. Natural zymogens play essential roles
in apoptosis, blood coagulation, digestion, viral maturation, and
other cellular processes. Artificial zymogens are of broad interest,
with potential applications that include diagnostic tools and tox-
ins that attack pathogens or diseased cells. Here we introduce a
unique technique (alternate frame protein folding, or AFF) to
convert the cytotoxic ribonuclease barnase (Bn) into an artificial
zymogen that is activated by HIV-1 protease (PR). The signifi-
cance of AFF is that it is general and can thus be applied to many
enzymes, including those whose activities are not regulated by any
existing mechanism.

Several groups have previously engineered artificial zymo-
gens. Raines and colleagues circularly permuted ribonuclease
A (RNase A) and bridged the original N- and C-termini with
a peptide linker that contained cleavage sequences for PR, the
NS3 protease from hepatitis C, and plasmepsin II from Plasmo-
dium falciparium (1-3). The linkers inhibited enzymatic activity
by partially occluding the active site. Cleavage with the respective
protease increased k¢, /K, by approximately 100-fold. In a re-
cent study we took a related approach by permuting Bn with a
short linker peptide intended to force the termini together, there-
by distorting the active site or unfolding the enzyme (4). Cleaving
the linker with a chemical reagent relieved conformational strain
and increased RNase activity. Although these strategies success-
fully created artificial zymogens, they rely on specific properties
of the target enzyme and are therefore not general. Cyclic per-
mutation typically does not result in active site occlusion, nor is
proteolytic cleavage guaranteed to remove it. Similarly, N-to-C-
terminal distances in many proteins are too short to induce sig-
nificant conformational strain when linked.

Here we employ the alternate frame folding mechanism to reg-
ulate the enzymatic activity of Bn. AFF entails two modifications.
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First, the segment of polypeptide from a chosen surface loop to
the C-terminus of the protein is duplicated and appended to the
N-terminus. That stretch of amino acids must contain a key cat-
alytic residue. Once that criterion is satisfied, one can select the
surface loop to vary the length of the duplicated segment. His102
is the general acid in the reaction catalyzed by Bn. Thus, to make
the duplication as short as possible, we chose the loop immedi-
ately N-terminal to His102 (Fig. 1). Amino acids 93-110 were du-
plicated and fused to the N-terminus using a peptide linker long
enough to comfortably span the distance between original N- and
C-termini (27 A). This fusion creates two native conformations
(frames) to which the protein can fold. Frame 1 (F1) corresponds
to the normal sequence (amino acids 1-110). Frame 2 (F2) is a
circularly permuted version of F1. Amino acid sequences of Bn
variants are shown in Fig. 24, and the topological change between
F1 and F2 is depicted schematically in Fig. 2B. Using the wild-
type (WT) numbering scheme, the F2 sequence begins at Asp93,
continues through the linker peptide, and ends at Ser92. New ter-
mini are created at the original surface loop, and a new surface
loop bridges the original termini. We previously crystallized a si-
milar variant in which Bn was permuted at position 67 and its
termini linked by a single amino acid (4). The X-ray structure
confirmed that the structure of the permutant is virtually identical
to that of WT except for local changes in the immediate vicinity of
the new loop and termini.

The second modification eliminates catalytic activity of one of
the folds but not the other. To do so we mutated His102 to Ala (5)
in the F1 sequence but left His102 in place in the F2 sequence.
His102 and Alal02 are indicated by open and closed circles, re-
spectively, in Fig. 2. Because F1 and F2 share residues 1-92, fold-
ing is mutually exclusive. F1 and F2 are populated according to
their thermodynamic stabilities (6) as described by 1, where U is
the unfolded state:

F2 5 U SFIL. 1]

Equilibrium is generally expected to favor F1 over F2 because
circular permutation is known to destabilize Bn (4) as well as
other proteins.

Fig. 2C illustrates how proteolytic cleavage induces a fold shift
between the F1 and F2 conformations. An artificial PR cleavage
sequence (IFLETS) (7) is inserted into the F1 sequence, at the
same surface loop that served as the permutation site (between
residues 92-93). The majority of full-length molecules adopts the
F1 fold, with the red duplicate segment extending from the N-
terminus as an unstructured tail. The enzyme is catalytically inert
in this state. A small population of molecules is folded in the F2
conformation, in which the blue duplicate segment continues
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Fig. 1. X-ray crystal structure of WT Bn. The dark gray region corresponds
to the C-terminal segment of Bn-AFF that is duplicated and fused to the
N-terminus. Amino acid positions 1 (N-terminus), 93 (site of circular permuta-
tion), 102 (catalytic acid; alpha carbon shown), and 110 (C-terminus) are
indicated.

from the C-terminus as a disordered tail. Proteolytic action by PR
cleaves F1 into two fragments. Dissociation of the 93-110 peptide
(Blue) triggers the fold shift to the catalytically active F2 confor-
mation. Although the F1 to F2 conversion involves folding of the
red peptide and unfolding of the blue peptide, the molecule does
not undergo net folding or unfolding. Rather, the active site is
remodeled such that His102 becomes presented for catalysis.
A key event in the fold shift is dissociation of the cleaved pep-
tide. One can envision two limiting scenarios in which the shift is
governed by thermodynamic principles (stability of the cleaved

F1 complex vs. stability of the intact F2 domain) or kinetic con-
siderations (peptide off-rate). Cleaving Bn into two fragments is
known to destabilize the molecule substantially and this result is
to be expected for other proteins (4, 8). It is therefore likely that
the conformational change will typically be under kinetic control
at most protein concentrations. As remarked in Discussion, how-
ever, a thorough understanding of the AFF mechanism should
allow the energetics of the fold shift to be manipulated (e.g.
by mutation).

Results

Design and Nomenclature of Bn Variants. Fig. 24 diagrams the en-
zymes constructed for this study. The alternate frame folded con-
struct of Bn is designated Bn-AFF. Amino acids are numbered
according to the WT Bn sequence. Residues in F2 of Bn-AFF
are indicated by prime superscripts but are otherwise numbered
identically to the corresponding amino acids in F1. Some variants
contain a destabilizing mutation in F1 or F2 to modulate the
F1 < F2 equilibrium. The presence of such a mutation is indi-
cated in parentheses. For example, Bn-AFF(A96) contains the
196A mutation in F1 and Bn-AFF(P94') contains the W94'P mu-
tation in F2. To mimic the individual components of the switching
mechanism in isolation, we constructed analogs of F1 and F2 that
lack the duplicated peptides and hence cannot fold shift. Bn-F1
represents F1 and is comprised of WT Bn with the IFLETS se-
quence (Fig. 2, Dashed Lines) inserted between Ser92-Asp93,
and the His to Ala subsitution at position 102. Bn-F2 embodies
F2 and consists of Bn circularly permuted at position 93 with a 24-
amino acid linker between the original N- and C-termini.

F1 and F2 Analogs. To elucidate the structural and thermodynamic
bases of the AFF switching mechanism we first characterized the
structures of F1 and F2 analogs by circular dichroism (CD). The
WT CD spectrum is noteworthy for its unusually low spectral
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Fig. 2. Amino acid sequences of Bn variants and mechanism of AFF switching. (A) Amino acid sequences of enzymes created in this study. Numbering is
according to the WT Bn sequence; prime superscripts indicate amino acids in the F2 segment of Bn-AFF. Duplicate segments are shown in red and blue. Open
and closed circles denote the presence of His102 or Ala102, respectively. Dashed lines represent the PR cleavage site (IFLETS). Solid lines symbolize the flexible
linker used to bridge the original N- and C-termini in Bn-F2 and Bn-AFF. (B) Schematic illustrating the topological change that underlies the F1 < F2 fold shift. F1
and F2 analogs are shown. Dashed line and open/closed circles are the same as in panel A. (C) Schematic of AFF switching mechanism. Wavy lines indicate
unfolded regions; colors, dashed line, and open/closed circles are the same as in panel A.
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intensity and an atypical minimum at 231 nm. Fersht and cowor-
kers attributed this minimum to tertiary interactions surrounding
Trp94; it is thus a diagnostic feature of the native fold (9). CD
spectra of Bn-F1 and Bn-F2 (Fig. 3) retain these characteristics
and are very similar to that of WT Bn (9), suggesting that all three
proteins adopt similar structures. As expected, Bn-F2 retains WT-
like catalytic efficiency whereas Bn-F1 is inactive due to the pre-
sence of the H102A mutation (Table 1). Mutation of Trp94 to Pro
eliminates the 231 nm minimum, as evident from the spectrum of
Bn-F2(P94). However, Bn-F2(P94) is stable and possesses full en-
zymatic activity, indicating that it is well-folded (Table 1).

We next determined stabilities of F1 and F2 analogs by equi-
librium unfolding experiments. Urea-induced unfolding is mon-
itored by fluorescence of Trp35, Trp71, and Trp94. The maximum
emission wavelength shifts from 335 nm to 355 nm upon unfold-
ing and fluorescence decreases robustly below 330 nm (10). We
simultaneously fit data from 315-329 nm to the linear extrap-
olation equation AG = AGH?0 — m[urea], where AGH?0 is the
folding free energy in the absence of denaturant and m is the co-
operativity parameter. All Bn variants in this study unfold rever-
sibly and data fit adequately to the two-state equation (Fig. 4).
Thermodynamic parameters are summarized in Table 1. Fig. 44
reveals that Bn-F1 and Bn-F2 are both stable with the former
being slightly more stable than the latter. The difference in sta-
bility can be used to approximate the populations of F1 and F2 in
Bn-AFF according to 1. The AAG™20 value of 1.1 kcal/mol pre-
dicts that 86% of Bn-AFF molecules will exist in F1 and 14% will
populate F2. Bn-F1 and Bn-F2, however, are not perfect analogs
of the F1 and F2 conformations of Bn-AFF. The free energy dif-
ference between Bn-F1 and Bn-F2 consequently provides only an
estimate of the F1 and F2 populations.

Bn-AFF. The structure of Bn-AFF is expected to consist of the
folded Bn-F1 domain plus an unstructured N-terminal tail (resi-
dues 93'-110"), with a minor population of folded Bn-F2 domain
plus a disordered C-terminal tail (residues 93-110) (Fig. 2C). We
recorded CD spectra to test that hypothesis. The presence of a
minimum at 231 nm (Fig. 3) confirms that Bn-AFF(P94") con-
tains native Bn structure and that it is folded primarily in F1.
To determine whether the 17-residue tails are structured or dis-
ordered it is necessary to scan below 210 nm, where unstructured
peptides display strongly negative ellipticities. Excessive buffer
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Fig. 3. CD spectra of Bn-AFF variants and their F1/F2 analogs. Lines are as
follows: Bn-F1 (Solid Gray), Bn-F2 (Dashed Gray), Bn-F2(P94) (Dotted Black),
Bn-AFF(P94 + A96) (Dashed Black), Bn-AFF(P94’) (Solid Black).
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absorbance prevented us from doing so. Nevertheless, Trp fluo-
rescence and limited proteolysis data (vide infra) support the view
that the N- and C-terminal tails of Bn-AFF are unstructured.

The AFF mechanism can be tested by comparing the stability
of Bn-AFF with those of its isolated frames. The expectation is
that the unfolding transition of Bn-AFF will match that of
the most stable F1 or F2 analog. The duplicated segment of
Bn-AFF contains one extra tryptophan (Trp94’). Unfolding,
however, remains well-fit by the linear extrapolation equation
(Fig. 4A4), indicating that this segment is disordered and that
the extra Trp residue contributes only to baseline fluorescence.
Inspecting the primary data reveals that the unfolding transition
of Bn-AFF is similar to that of Bn-F1 but not to that of Bn-F2
(Fig. 44). This observation suggests that Bn-AFF is folded pre-
dominantly in F1. A more quantitative test is to compare mid-
points of denaturation (C,,). C,, is preferable to AGH2© in this
instance because the presence of the expected approximately
14% F2 population is likely to broaden the observed transition
and artificially reduce AGH?©. In agreement with the model,
the C,, value of Bn-AFF is approximately equal to that of Bn-
F1 (Table 1).

“Tuning” Mutations. We next optimized the switching mechanism
by introducing destabilizing mutations into one of the duplicated
segments of Bn-AFF but not the other. The purpose of such tun-
ing mutations is to perturb the F1 & F2 equilibrium. In this way
the enzymatic activities of the full-length and cleaved forms can
be modulated. For example, to suppress activity of the former to
1% of the latter, Bn-F1 must be more stable than Bn-F2 by
RT - In(100) = 2.7 kcal/mol. We chose W94P as the primary tun-
ing mutation because, in addition to destabilizing Bn, it abolishes
the 231 nm CD minimum (Fig. 3) and thus provides a means to
establish in which frame Bn-AFF is folded. The W94P muta-
tion reduces stability of Bn-F2 by 1.4 kcal/mol, making it
2.5 kcal/mol less stable than Bn-F1 (Table 1). In contrast, the
W94'P mutation does not destabilize Bn-AFF because position
94’ is in the region that is already principally unfolded. Rather,
C,,, m-value, and AG™?0 are slightly higher for Bn-AFF(P94")
than they are for Bn-AFF. These changes are consistent with
the view that the W94'P mutation causes nearly all molecules
to adopt the F1 conformation. The CD spectrum of Bn-AFF
(P94’) (Fig. 3) and the superimposability of the Bn-AFF(P94")
and Bn-F1 urea denaturation curves (Fig. 4B; Table 1) support
that conclusion. Most importantly, enzymatic activity of Bn-
AFF(P94') is almost completely suppressed (Table 1). Bn-AFF
(P94’) therefore represents a stability-optimized form of the
Bn zymogen.

Tuning mutations also provide a robust test of the AFF me-
chanism. The reaction in 1 predicts that the switch can be driven
in the reverse direction by destabilizing F1. The I96A mutation
destabilizes WT Bn by 3.17 kcal/mol (11) and Bn-F1(P9%4 + A96)
is 3.5 kcal/mol less stable than Bn-F2 (Table 1). The W94P and
196A mutations are therefore expected to induce Bn-AFF(P94 +
A96) to undergo a fold shift from F1 to F2. Three lines of evi-
dence support that conclusion. First, the CD spectrum of
Bn-AFF(P94 + A96) shows a pronounced minimum at 231 nm
(Fig. 3). Second, the C,, value of Bn-AFF(P94 + A96) (2.2 M)
is closer to that of Bn-F2 (2.6 M) then to that of Bn-F1(P94+
A96) (1.0 M) (Table 1). Third, catalytic efficiencies of Bn-AFF
(P94 + A96) and Bn-F2 are identical within error, whereas that
of Bn-AFF(P94’) is almost immeasurably low (Table 1).

Protease Digestion. Cleaving Bn-AFF(P94') (18,520 Da) with PR
is predicted to produce fragments of 15,054 Da and 3,484 Da.
SDS-PAGE (Fig. S1) and MALDI mass spectrometry (Fig. 5)
confirm the expected products. An additional peak at 6,968 Da
is observed in MALDI spectra (Fig. 5C). This species appears to
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Table 1. Thermodynamic and catalytic parameters of Bn variants. Errors are standard deviations of at

least three measurements.

F1 or F2 analog AGM20 (kcal/mol) m (kcal/mol/M) C, (M) keat/Kpy (x1077 M~1s71)
WT Bn 8.4+0.8 1.8+0.2 4.8 +0.02 10.0 £ 0.19

Bn-F1 6.8+0.2 2.1 +£0.06 3.2+0.04 Not detected
Bn-F1(P94 + A96) 22+0.2 2.1+0.03 1.0+ 0.06 Not detected
Bn-F2 5.7+0.3 22+0.1 2.6 £0.02 5.7+0.1
Bn-F2(P94) 43+03 25+0.1 1.7 £0.03 74+0.6

AFF variant AGH2° (kcal/mol) m (kcal/mol/M) Cpn (M) keyt/Kpyy (X107 M~1s71)
Bn-AFF 53+03 1.7 +£0.07 3.2+0.03 Not measured
Bn-AFF(P94') 7.0+0.3 2.14+0.09 3.34+0.08 0.03 +0.06
Bn-AFF(P94') + PR Not measured Not measured Not measured 39403
Bn-AFF(P94 + A96) 34+0.6 1.5+0.2 2.2+0.1 6.0+ 0.5

be the product of a secondary PR cleavage event. It is relatively
minor, however, as it is not detected by SDS-PAGE.

To test whether PR cleavage reverses the F1 < F2 equilibrium
to favor F2, we asked whether the F2 analog of Bn-AFF(P94') is
more stable than the PR-cleaved F1 analog. Thermal-induced de-
naturation curves, monitored by circular dichroism and fluores-
cence, are shown in Fig. S2. Bn-F1 and Bn-F2(P94) exhibit
melting temperatures (7,,) of 46.5°C and 39.5 °C, respectively.

Fraction folded

Fraction folded

[Urea] (M)

Fig. 4. Urea-induced denaturation of Bn-AFF before stability optimization
(A), and after stability optimization (B). Symbols in panel A are: Bn-F1 (Open
Circles), Bn-AFF (Closed Circles), Bn-F2 (Triangles). Symbols in panel B are: Bn-
F1 (Open Circles), Bn-AFF(P94’) (Closed Squares), Bn-F2(P94) (Inverted Trian-
gles). Lines are best fits of the data to the linear extrapolation equation.

Mitrea et al.

Cleaving Bn-F1 lowers its T, to 34.0 °C (measured at 1 pM en-
zyme concentration) and to 35.0 °C at 10 uM concentration. This
shift suggests that F2 is more stable than cleaved F1 at all protein
concentrations employed, and that PR processing will likely
induce the F1 to F2 fold shift.

As an independent structural test of the switching mechanism
we characterized the PR-cleaved and uncleaved states of Bn-AFF
(P94") by partial trypsin digestion. If the N-terminal tail of
Bn-AFF(P94') is unstructured, then trypsin is expected to cleave
exposed sites in the tail (Lys98’ and Argl08’; Fig. 2C, Wavy Red
Lines) prior to proteolyzing the folded F1 domain. One major
cleavage product is observed after 20 m of digestion (Fig. 5B).
The mass-to-charge ratio (16,408 m/z) confirms that the major
species is the intact F1 domain with an N-terminal tail truncated
at Argl08’ (theoretical MW = 16,408 m/z). If PR processing in-
duces the fold shift as envisioned, then Lys98’ and Arg108’ will be
protected from trypsin. Trypsin will instead preferentially attack
Lys98 and Arg108 in the dissociated peptide (Fig. 2C, Wavy Blue
Lines). The 15,055 m/z PR-digested fragment is relatively resis-
tant to trypsin cleavage, as expected for the folded F2 domain, but
additional peaks at 12,942 m/z and 6,698 m/z are observed
(Fig. 5D). The 12,942 m/z peak likely arises from a minor

6.698 15,055
+2 12,942
HL PR
<~—— 6,968
+2 15,055
PR
me It JK
+2
L
*
+2
densh, A L A
6000 8600 16000 12000 14000 16000 18600 m/z
Fig. 5. Limited trypsin digestion of Bn-AFF(P94’) characterized by mass spec-

trometry. Peaks marked with an asterisk or +2 indicate an impurity or the +2
charge species of a parent peak, respectively. Samples are as follows: Bn-AFF
(P94’) (A), Bn-AFF(P94’) + trypsin (B), PR-digested Bn-AFF(P94’) (C), PR-
digested Bn-AFF(P94’) + trypsin (D).

PNAS | February 16,2010 | vol. 107 | no.7 | 2827

APPLIED BIOLOGICAL

SCIENCES


http://www.pnas.org/cgi/data/0907668107/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0907668107/DCSupplemental/Supplemental_PDF#nameddest=SF2

[

/

1\

=y

T T T T T T

L Bn-F2(P94)

N
o

7 Bn-AFF(P94) + PR

Normalized fluorescence
o
o

Bn-AFF(P94’)
0 gt el 2 )
1

1
0 20 40 60 80 100 120
t(s)

Fig. 6. Hydrolysis of the fluorogenic RNA substrate 5’ 6-FAM-ArGAA-3' TAM-
RA by Bn-AFF(P94’). Lines are best fits of the data to equations in ref. 12.
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population of PR-cleaved Bn-AFF(P94’) in which the blue pep-
tide (Fig. 2C) has not dissociated. This species would persist in
conformation F1 and as such would be cleaved by trypsin at
Argl08’, yielding a fragment of 12,942 Da (theoretical MW).
The identity of the 6, 698 m /z peak is not known; it may represent
trypsin digestion of one of the minor species. The relevant point is
that cleavage at Lys98’ or Argl08’ is prevented, indicating that
these residues have become shielded by the folded F2 domain.
These data provide evidence that the F1 to F2 conformational
change involves the folding and unfolding events depicted
in Fig. 2C.

Bn-AFF(P94'): An Artificial Zymogen. Fig. 6 shows that the AFF me-
chanism suppresses the rate of RNA hydrolysis by Bn-AFF(P94")
nearly to background levels. k., /K, for the substrate 5’ 6-FAM-
ArGAA -3' TAMRA (12) is inhibited by 250-fold relative to the
F2 analog Bn-F2(P94) (Table 1). This figure is in reasonable
agreement with the F2 population calculated from thermody-
namic data. PR cleavage increases k.,;/K); by 130-fold, almost
fully restoring RNase activity. This result suggests that the PR-
induced fold shift from F1 to F2 is nearly complete. One reason
for why activity is not completely restored may be that the cleaved
peptide does not dissociate completely. It is also possible that
PR cleaves the active enzyme at a second, uncharacterized site
(Fig. 5). Nevertheless, the 130-fold increase in catalytic efficiency
is comparable to or greater than that of some natural zymogens
such as caspases (13) and serine proteases (14).

Discussion

In this study we demonstrate that catalytic activity of an enzyme
can be effectively regulated by the AFF mechanism. The unique
advantage of AFF is that it can potentially be applied to any en-
zyme, with the exception of those that contain disulfide cross links
that could prevent the F1 to F2 transition. The validity of this
assertion depends on two factors: Whether the target protein is
amenable to the requisite modifications (permutation and partial
sequence duplication), and whether the switching mechanism can
be controlled by known thermodynamic and kinetic considera-
tions. With respect to the first point, proteins including GFP, SH3
domains, PDZ domains, antibody light chains, lysozyme, calbin-
din, and many others have been shown to retain structure and
function after circular permutation (6, 15-21). A useful feature
of AFF is that the length of the duplicated segment can be ad-
justed to minimize potential misfolding, degradation, or solubility
problems. The main requirement is that the duplicated region
must contain at least one key catalytic residue. Beyond that,
length can be chosen to pinpoint the permutation site to a partic-
ular surface loop or reduce the length of the tails. As part of this
study, we created an additional AFF variant in which amino acids
67-110 were duplicated and joined to the N-terminus. This vari-
ant was similar to Bn-AFF in its conformational switching behav-
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ior, but the additional duplicated sequence uncovered a cryptic
PR cleavage site centered at Trp94. These experiments are de-
tailed in SI Text. The cryptic site exposes a potential complication
with our approach, but the fact that we were able to eliminate
secondary cleavage by shifting the permutation site to position
93 demonstrates the flexibility inherent in the AFF design.

It should be further noted that the replicated peptide can be
appended to either the N-terminus or the C-terminus of the par-
ent protein to minimize overall length of the chimera. A key
catalytic residue of Bn (His102) is near the C-terminus; thus,
we fused the C-terminal peptide to the N-terminus. For enzymes
with catalytic residues near the N-terminus it may be advanta-
geous to duplicate the N-terminal region and append it to the
C-terminus.

To engineer the switching mechanism for optimal response it is
necessary to establish the extent to which it is governed by known
thermodynamic and kinetic principles. For toxic enzymes such as
Bn, it is especially important to be able to modulate the F1 & F2
equilibrium to reduce unwanted lethality. Available evidence in-
dicates that this equilibrium is under thermodynamic control.
When mutations known to destabilize Bn are placed in F1 or
F2 of Bn-AFFE fluorescence and CD experiments find that the
populations are perturbed in the expected manner. PR cleavage
of Bn-F1 destabilizes it significantly and cleaving Bn-AFF(P94")
induces the F1 to F2 fold shift. This structural rearrangement is
reflected by a 130-fold increase in catalytic efficiency. Together,
these data suggest that the conformational equilibrium can be
controlled and fine-tuned in a rational manner. Whereas tuning
mutations can often achieve the desired balance, a limitation
with this approach is that known mutations are typically destabi-
lizing rather that stabilizing. Accordingly, the extent to which the
switching mechanism can be manipulated can be constrained by
global stability in the case of relatively unstable proteins.

It is reasonable to surmise that the rate of the fold shift is lim-
ited by dissociation of the cleaved peptide. This rate is relatively
fast in the case of Bn, as RNase activity is detected immediately
after PR cleavage. For highly stable enzymes, however, the dis-
sociation rate may be inordinately slow. In such cases one can
introduce a destabilizing mutation into the region shared by
F1 and F2. This mutation should destabilize F1 and F2 to similar
extents and thus increase the rate of interconversion without af-
fecting the equilibrium distribution.

We previously designed an optical biosensor by using AFF
to couple ligand binding to a fluorescence-detected conforma-
tional change (6). The present work demonstrates that a similar
conformational change can be triggered by proteolytic cleavage.
This study paves the way for future designs that convert protein
toxins into zymogens, to be activated by pathogens expressing
unique proteases.

Materials and Methods

Protein Construction and Purification. Bn-AFF and Bn-F2 contain a flexible pep-
tide linker (GSGAGSGAGSGAGSGAGSGAGSGT) between the duplicated se-
quence and the parent sequence to maintain stability of the permuted fold.
The synthetic PR cleavage sequence IFLETS was inserted between Ser92-
Asp93 of Bn-AFF and Bn-F1. To ensure full access to PR, we flanked the IFLETS
sequence with GGSGSGSG at its N-terminus and LGTGAGSS at its C-terminus.
All variants were expressed in Escherichia coli and purified as full-length,
nondegraded proteins. Protein expression and protein purification are de-
scribed in S/ Text.

Spectroscopic Measurements. Samples were prepared by first dissolving lyo-
philized protein in 3 M guanidine hydrochloride to dissociate any aggregates.
Proteins were then refolded by rapid dilution (typically 50-200-fold) into
10 mM sodium acetate (pH 5.0), 0.1 M NaCl. Protein concentration used in
fluorescence and CD experiments was 1 pM and 5 pM, respectively. Data were
collected on a Horiba/Jovin Yvon Fluoromax-3 fluorimeter and an Aviv Model
202 CD spectrometer. Experiments were performed at 20 °C. Samples for urea
denaturation experiments were prepared as described (22). Fluorescence
spectra were fit using the global fitting package of IGOR PRO (Wavemetrics).
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Wavelengths from 315 nm-329 nm were fit simultaneously using linked
AGH?0 and m values.

PR Digestion and Enzymatic Assays. Samples (5-10 pM Bn variants) were di-
gested for 2 h in the presence of 1/50 molar ratio of PR in 25 mM 2-(N-
morpholino)ethanesulfonic acid (pH 5.8), 0.1 M NaCl, 1 mM EDTA. Cleavage
took place at 25 °C because digestion at 37 °C resulted in significant degra-
dation of Bn-AFF. Digestion was terminated by addition of 1 uM Ritonavir
(National Insitutes of Health AIDS Research and Reference Reagent Program).
RNase assays were performed at 37 °C in the same buffer supplemented with
0.1 mg/mL BSA. Enzyme assays contained 1-2 nM enzyme and 25 nM sub-
strate (5’ 6-FAM-ArGAA-3'TAMRA, Integrated DNA Technologies) (12). Hy-
drolysis was monitored by the increase in fluorescence intensity at 515 nm
with excitation at 490 nm. k,;/Ky, values were calculated by fitting the data
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to equations in ref. 12. Uncleaved Bn-AFF(P94’) hydrolyzes the substrate too
slowly to achieve completion; consequently, k.;/Ky, was determined by in-
creasing the enzyme concentration and fitting the initial velocities to equa-
tions in ref. 12.

Trypsin Digests and Mass Spectrometry. Bn-AFF(P94’) (5 pM) was digested with
Trypsin Gold (Promega) (0.1 pM) for 20 m at 25 °C. Proteolysis was quenched
by lowering pH to 2.5 with acetic acid. Samples were analyzed on a Bruker
Autoflex Il MALDI-TOF mass spectrometer.
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