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ABSTRACT: Subtilisin was engineered into a highly specific, processing protease, and the subtilisin
prodomain was coengineered into an optimized recognition sequence. This involved five steps. First, a
robust subtilisin mutant was created, which could tolerate the subsequent mutations needed for high
specificity. Second, the substrate binding pocket was mutated to increase its sequence selectivity. Third,
the subtilisin prodomain was engineered to direct cleavage to the junction of any protein fused to it.
Fourth, the active site of subtilisin was engineered to kinetically isolate binding and cleavage reactions.
Finally, specific anions were identified to trigger the processing reaction, with fluoride ions being particularly
useful. The ability to isolate the binding and processing steps with a triggering mechanism created a
protease with a virtual on-off switch. This allowed column-immobilized processing subtilisin to be used
as both the affinity ligand and processing protease for one-step purification of proteins. Fusion proteins
tagged with the engineered prodomain can be bound to the column and washed free of contaminants.
Cleavage can be triggered by the addition of fluoride to release the pure target protein. The column is
then regenerated by stripping off the tightly bound prodomain at pH 2.1. Ten proteins have been purified
to date by this method.

Proteases range in function from broad-specificity, deg-
radative enzymes to high-specificity, processing enzymes
which regulate physiological processes from embryonic
development to cell death (1). Processing proteases are also
valuable research tools which aid in the purification and
analysis of proteins in a manner somewhat analogous to the
use of restriction endonucleases in the analysis of DNA.
Proteomic and structural genomic initiatives have created a
great need for better protein tools (2), but natural processing
proteases generally are not as robust and versatile as
restriction endonucleases. Thus, the ability to engineer a
robust bacterial protease, such as subtilisin, to cleave defined
sequences is important both technologically and for under-
standing how proteases regulate physiological processes (3).

Subtilisin BPN′ from Bacillus amyloliquefaciensis a
secreted, serine protease which degrades proteins in the
extracellular environment and provides amino acids to the
Bacillus (4). Consequently, the natural enzyme is fairly
indiscriminate in its substrate preferences. Subtilisin’s broad
preferences result in part from the manner in which it binds
to protein substrates. Most subtilisin contacts are with the
first four substrate amino acids on the acyl side of the scissile
bond. These residues are denoted P1-P4, numbering from
the scissile bond toward the N-terminus of the substrate (5-
7). The backbone of the substrate inserts between strands
100-104 and 125-129 of subtilisin to become the central
strand in an antiparallelâ-sheet arrangement involving seven

main chain H-bonds (6, 8). Hence, a major component of
substrate binding energy involves only the peptide backbone
and not side chain interactions. This contrasts with the
prohormone-processing subtilisins, furin and kex2 which lack
the structural equivalent of the 100-104 strand (9, 10). The
side chain components of substrate binding to subtilisin result
primarily from the P1 and P4 amino acids (11-13). Optimal
substrates for subtilisin have large hydrophobic amino acids
at these positions (11, 12). Subtilisin exhibits little discrimi-
nation for sequences on the leaving group side of the scissile
bond.

The specificity of a protease can be assessed by its catalytic
efficiency (kcat/Km) for a cognate sequence relative to
nonspecific sequences. The catalytic efficiency of a process-
ing protease for its cognate can be as high as 1× 108 M-1

s-1 (14), approaching the rate of substrate binding. Subtili-
sin’s catalytic efficiency exceeds 107 M-1 s-1 for a preferred
sequence but remainsg106 M-1 s-1 even if it deviates
considerably from the optimum, resulting in its broad
specificity (12). Over the past 20 years, considerable effort
has been spent in engineering subtilisin to increase sequence
selectivity (15). Most approaches have concentrated on
substrate binding through reconfiguration of the P1 and P4
binding pockets. The basic dilemma for the protein engineer
is how to uncode activity for nonspecific sequences without
attenuating catalytic efficiency against a preferred sequence.
As described above, the mode of substrate recognition by
subtilisin makes engineering high specificity based on
selective substrate binding alone difficult. In addition, rapid
acylation results in strong coupling between binding and
subsequent chemical steps and attenuates the effect of
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differential substrate binding on the overall rate of catalysis.
Natural processing proteases achieve specificity by the
influence of preferred substrates on bothkcat andKm (1). In
some highly selective enzymes, binding of a cognate
sequence can induce conformational changes in the active
site which trigger catalysis (16). Carter and Wells previously
were able to engineer a profound substrate influence onkcat

by mutating the catalytic His 64 to Ala in subtilisin and using
a histidine at the P2 position of the substrate as a general
base in catalysis (3, 17, 18). The enzyme is virtually inert
against substrates without a P2 histidine. Although only
weakly active against even cognate sequences (kcat/Km ∼
1000 M-1 s-1), a H64A subtilisin nevertheless proved to be
sufficiently useful to become a commercial product (17).

Natural processing proteases achieve sequence specificity
in subtle ways which have proven problematic to engineer
into subtilisin. Here we describe the conversion of subtilisin
to a high-specificity, processing enzyme by engineering the
enzyme and by recruiting the subtilisin prodomain to help
direct specific cleavage. This required five steps. First, a
highly robust mutant (S149) was created, which allows
subsequent specificity mutations to be tolerated. Second, the
P4 binding pocket of S149 was mutated to increase its
sequence selectivity. Third, the subtilisin prodomain was
engineered into an optimized recognition sequence which
directs cleavage to the junction of any protein fused to it.
Fourth, the catalytic activity of S149 was attenuated to
kinetically isolate binding and cleavage reactions. Finally,
specific anions were identified to trigger the cleavage
reaction. This specialized processing system is further shown
to allow one-step affinity purification of proteins fused to
the engineered prodomain. A flowchart of the experimental
process is shown in Figure 1.

METHODS

Expression and Purification of Subtilisins.The subtilisin
gene fromB. amyloliquefaciens(subtilisin BPN′) has been
cloned, sequenced, and expressed at high levels from its
natural promoter sequences inBacillus subtilis(4, 19). All
mutant genes (encoding the signal peptide, prodomain, and
mature subtilisin) were recloned into a pUB110-based
expression plasmid and used to transformB. subtilis. Genes
for mutant subtilisins also included mutations in the pro-
domain to increase production of mature subtilisin, as
specified in Table 1. Mutant subtilisins S189, S190, and S194
could not be expressed unless the A(pro74)F1 mutation in
the prodomain was present. TheB. subtilis strain used as
the host contains a chromosomal deletion of its subtilisin
gene and therefore produces no background wild-type activity
(20). Subtilisin variants were expressed in a 5 L New
Brunswick fermentor at a level ofg200 mg/L. When the
A(pro74)F, D32A, Y104A, and G128S mutations (Table 1)
were introduced into subtilisin BPN′, the mutant protein was
not secreted, even in the presence of active “helper” subtilisin
(21). Fermentation conditions and purification were as
described previously (22).

Site-Directed Mutagenesis.Site-directed mutations were
made using QuikChange (Stratagene) mutagenesis kits ac-
cording to the manufacturer’s instructions. S149 is subtilisin
BPN′ with Q2K, S3C, P5S, S9A, I31L, K43N, M50F, A73L,
∆75-83, E156S, G166S, G169A, S188P, Q206C, N212G,
Y217L, N218S, T254A, and Q271E mutations. S160 is S149
with Y104A and G128S mutations. S189, S190, and S196

1 A shorthand for denoting amino acid substitutions employs the
single-letter amino acid code as follows. A(pro74)F denotes the change
of alanine to phenylalanine at postion 74 in the prodomain of subtilisin.
Y104A denotes the change of tyrosine to alanine at position 104 of
mature subtilisin.

FIGURE 1: Flowchart for the engineering of subtilisin into a fluoride-
triggered processing protease and the co-engineering of its pro-
domain into an optimized cognate sequence. The components are
combined to create a one-step purification system for proteins
tagged with the cognate prodomain.

Table 1: Mutants of Subtilisin

mutationa S149 S160 S189 S190 S196

A(pro74)F X X X
Y(pro77)M X X X X X
Q2K X X X X X
S3C X X X X X
P5S X X X X X
S9A X X X X X
I31L X X X X X
D32A X
D32S X
D32V X
K43N X X X X X
M50F X X X X X
A73L X X X X X
∆75-83 X X X X X
Y104A X X X X
G128S X X X X
E156S X X X X X
G166S X X X X X
G169A X X X X X
S188P X X X X X
Q206C X X X X X
N212G X X X X X
Y217L X X X X X
N218S X X X X X
T254A X X X X X
Q271E X X X X X
a Mutations in bold are specific to processing subtilisins.
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are S160 with D32A, D32S, and D32V mutations, respec-
tively (Table 1). The expression plasmid for mutant pro-
domains has previously been described (23). ProR8 is the
77-amino acid subtilisin BPN prodomain with the following
mutations: amino acids 16-21 (QTMSTM) replaced with
a SGIK sequence, A23C, K27Q, V37L, Q40C, H72K, and
H75K. ProR8FKAM is proR8 with amino acids 74-77
(AKAY) replaced with a FKAM sequence.

Kinetic Measurements.Steady state assays of the hydroly-
sis of sAAPF-pNA2 were as described by DelMar et al.
(24). sDFKAM-AMC was purchased from AnaSpec Inc.
The concentration of the AMC substrate was determined by
the absorbency at 324 nm using an extinction coefficient of
16 mM-1 cm-1. Reaction kinetics of AMC substrates were
measured using a KinTek stopped-flow model SF2001
instrument (excitationλ ) 380 nm, emission with a 400 nm
cutoff filter). A stock solution of the enzyme at a concentra-
tion of 2 mM in 10 mM KPO4 (pH 5.7), 100 mM NaCl, and
50% glycerol was prepared for kinetic studies. Immediately
prior to stopped-flow mixing, the enzyme was diluted into
100 mM KPO4 (pH 7.2) and placed in syringe A of the
SF2000 instrument. A solution of the substrate in the same
buffer was place in syringe B. Solutions were equilibrated
at 25°C. Fluorescence data were collected after 1:1 mixing
of the two solutions.

Processing Kinetics.Kinetics in 0.1 M KPO4 at pH 7.2
and 25°C were determined by binding 2 mg of ProR8-
FKAM-GB to a 1 mL S189HiTrap NHS column and
washing into the phosphate buffer. At time intervals, 2 mL
of buffer was washed through the column and collected, and
the GB concentration in the aliquot was determined by the
absorbance at 278 nm. The cumulative fraction of GB cleaved
was plotted as a function of time to determine a first-order
rate constant for hydrolysis.

Expression of Fusion Proteins.A fusion protein vector,
pG58, was constructed so that genes of target proteins could
be cloned and expressed. The plasmids used as the starting
points, pG5 and proR8, have been described previously (23,
25). Unique SnaBI, BbsI, and DraI sites were created near
the 3′ end of the proR8FKAM gene to use as 5′ acceptor
sites for the fusion of target genes. The multiple cloning
block of pG5 is used as 3′ acceptor sites for target genes.
Genes were cloned into the pR58 vector and expressed in
BL21 DE3 cells essentially as described previously (25).
Growth and induction conditions varied with the solubility
of the specific fusion protein. Cells were harvested by
centrifugation at 10000g for 15 min, resuspended in 0.1×
PBS (pH 7.2), 30µg/mL DNase I, 5 mM MgCl2, and 0.1
mM PMSF, and lysed by sonication on ice. Cellular debris
was pelleted by centrifugation at 10000g for 15 min, and
the supernatant was delipidated by centrifugation at 100000g
for 1 h. The high-speed centrifugation step is not mandatory
but extends the life of columns.

Purification of the Target Protein.One milliliter of a 20
mg/mL solution of S189 in 0.2 M NaHCO3 (pH 8.3) and
0.5 M NaCl was injected onto a 1 mL N-hydroxysuccin-
amide-Sepharose HiTrap column (Amersham Biosciences)
and incubated for 16 h at 4°C. Washing and deactivation

of excess active groups were carried out according to the
manufacturer’s instructions. To purify GFP, 1 mL of soluble
cell extract from 10 mL of a proR8FKAM-GFP culture was
injected on the S189 column at a rate of 1 mL/min for 3
min to allow binding and then washed at a rate of 5 mL/min
for 2 min to remove impurities. To cleave and elute purified
GFP, 2 mL of 100 mM KF was injected at a rate of 0.1
mL/min. To strip and regenerate the column, 1.5 mL of 0.1
N H3PO4 was injected at a rate of 1 mL/min. Columns can
be recycled at least 30 times.

RESULTS AND DISCUSSION

Engineering a Highly Stable Subtilisin.The starting point
for engineering a processing subtilisin was a mutant denoted
S149 (Table 1). S149 lacks the calcium-binding loop of
natural subtilisins and is highly stable independent of calcium
binding. Its engineering has been described in detail in
previous publications from our laboratory (26-28). The
robust framework of S149 was essential because the collec-
tive mutations to the substrate binding pockets and active
site required for high specificity apparently resulted in folding
defects when they were introduced into wild-type subtilisin
(see Methods). Also, S149 and its variants are able to refold
in vitro with high efficiency. As will be discussed below,
this property is highly desirable in using immobilized
processing subtilisin for protein purification applications.

Increasing Sequence SelectiVity. Optimal substrates for
subtilisin have F, L, I, or V at P4 (13, 29), A or S at P2 (13,
30) (B. Ruan and P. N. Bryan, manuscript in preparation),
and Y, F, L, or M at P1 (11, 13). Rheinnecker et al. (29)
have previously noted that expanding the P4 pocket can result
in a significant increase in specificity by affecting both
substrate binding andkcat. They suggested that the expanded
P4 cavity causes structural changes which are propagated to
the activity site. Optimal active site geometry is restored by
filling the cavity with a bulky hydrophobe at the P4 position
of a substrate. Consequently, the G128S and Y104A muta-
tions were introduced into S149 (denoted S160, Table 1) to
enlarge the P4 pocket (Figure 2A) (12, 29). Steady state
kinetic behavior of S149 and S160 was consistent with the
earlier observations. Thekcat/Km of S149 versus the peptide
substrate sAAPF-pNA is 1.3× 106 M-1 s-1 (0.1 M KPO4

at pH 7.2 and 25°C). Thekcat/Km of S160 is 80 times smaller
(1.6× 104 M-1 s-1). Against an optimized peptide substrate
(sDFKAM-AMC), the activity of the two enzymes is similar
and is largely determined by the rate of substrate binding
(kcat/Km of S149) 6.3× 106 M-1 s-1 andkcat/Km of S160)
4.5 × 106 M-1 s-1). A detailed analysis of S160 using
transient state kinetic methods will be reported elsewhere
(B. Ruan, K. E. Fisher, P. A. Alexander, and P. N. Bryan,
manuscript in preparation). The preferred P4-P1 sequence
of FKAM is termed a proto-cognate sequence for S160
subtilisin. The preference of S160 for the proto-cognate
sequence relative to noncognates is improved compared to
that of S149, but is not sufficient for high-specificity
processing. We therefore decided to radically increase the
size of the recognition sequence.

Incorporating the Proto-Cognate Sequence into a Stabi-
lized Prodomain.The next step was to create a fully cognate
recognition sequence by recruiting the subtilisin prodomain
to help direct cleavage. The 77-amino acid prodomain is a

2 Abbreviations: sAAPF-pNA, succinyl-L-Ala-L-Ala-L-Pro-L-Phe-
p-nitroanilide; sDFKAM-AMC, succinyl-L-Asp-L-Phe-L-Lys-L-Ala-
L-Met-7-amino-4-methylcoumarin.
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natural, tight-binding recognition sequence which directs
sequence-specific autoprocessing during subtilisin biosyn-
thesis (31). After autoprocessing, the prodomain remains
bound to active subtilisin with nanomolar affinity but is
rapidly degraded by free subtilisin to yield a fully active
enzyme population. We hypothesized that the prodomain
might be used to direct cleavage to the junction of any protein
fused to it (Figure 2B). The prodomain in complex with
subtilisin is a four-stranded antiparallelâ-sheet and two three-
turn R-helices (32, 33). The C-terminal prodomain residues
extend out from its globular part and bind in a substrate-
like manner along subtilisin’s active site cleft. Residues 77-
74 of the prodomain become P1-P4 substrate amino acids,
respectively. The folded prodomain has shape complemen-
tarity and high affinity for native subtilisin mediated by both

the substrate interactions of the C-terminal tail and a
hydrophobic interface provided by theâ-sheet (33). Es-
sentially, theâ-sheet interface of the prodomain is an exo-
recognition site which amplifies the P1-P4 binding signal.
Optimal binding to S160 required engineering of both the
globular and the P1-P4 portions. The globular structure of
the prodomain is very unstable when it is separated from
subtilisin. Prodomain instability may be a biological require-
ment which ensures that subtilisin inhibition is transient
during biosynthesis but is undesirable for our purposes. We
previously devised a phage display procedure for selecting
independently stable prodomain mutants (23). The selection
for stability was based on the thermodynamic linkage
between prodomain folding and binding. That is, the correct
presentation of the interface with subtilisin depends on the
tertiary structure of the prodomain. If mutations are intro-
duced into regions of the prodomain which do not directly
contact subtilisin, their effects on binding to subtilisin will
be linked to whether they promote the binding conformation.
Therefore, mutations which stabilize independent folding of
the prodomain increase its binding affinity for subtilisin (34).
Phagemid selection identified a prodomain, denoted proR8,
which is independently stable and binds to subtilisin with
∼100 times higher affinity than the wild-type prodomain
(23). To accommodate the P1-P4 preferences of S160, a
mutant of proR8 was constructed with amino acids 74-77
replacedwiththeproto-cognateFKAMsequence(ProR8FKAM).
ProR8FKAM strongly inhibits S160 (Ki ) 10 pM). In
comparison, the proto-cognate peptide sDFKAM inhibits
S160 with aKi of 360 nM. ProR8FKAM thus became the
optimized cognate.

To demonstrate the feasibility of prodomain-directed
processing, a gene was constructed to direct the synthesis
of a fusion of proR8FKAM directly onto the N-terminus of
the 56-amino acid B domain (GB) of streptococcal Protein
G (25). The fusion protein (1µM) was mixed with 1µM
S160. The fusion protein was rapidly and specifically cleaved
to release GB from proR8FKAM. The reaction is effectively
terminated after a single catalytic cycle due to product
inhibition by proR8FKAM (Ki ) 10 pM). The rate of a single
cycle of cleavage is limited by the substrate binding rate (1
× 106 M-1 s-1). Product inhibition is difficult to avoid in
using a high substrate affinity to direct specific cleavage
because of the structural similarity between the substrate and
product. We did not attempt to obviate this property because
the single-turnover reaction can be exploited in using
immobilized subtilisin for protein purification. Processing
proR8FKAM-GB with S160 subtilisin is highly specific but
only because GB and the globular part of proR8FKAM are
resistant to subtilisin activity. Converting S160 into a useful
processing enzyme required a further reduction of its activity
against noncognate sequences.

Kinetically Isolating Binding and CleaVage Reactions.
Preferential binding of S160 to proR8FKAM fusions relative
to noncognate sequences does not, by itself, result in highly
specific cleavage because of the kinetic coupling between
substrate binding and acylation. This can be discerned by
considering the following mechanism for a single catalytic
cycle:

FIGURE 2: Complexes of subtilisin with the prodomain substrate.
(A) Backbone depiction of subtilisin (blue) in complex with its
prodomain (yellow) [Protein Data Bank entry 1spb (33)]. The active
site triad is colored red. Prodomain amino acids 72-77 extend into
the subtilisin active site to become the central strand in a three-
strandedâ-sheet. The P1 amino acid (Y77) and P4 amino acid
(A74) are colored green. Sites of mutation in the P4 binding pocket
of subtilisin (Y104 and G128) are colored violet. (B) Hypothetical
model of the proR8FKAM-GFP fusion protein bound to S189
subtilisin. The model is based on the structure of the subtilisin-
prodomain complex [PDB entry 1spb (33)] and GFP [PDB entry
1gfl (43)]. Backbone depictions are of subtilisin (blue), the
prodomain (yellow), and GFP (green).

E + S {\}
k1

k-1
ES98

k2
EA + P
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where E is the enzyme, S the substrate, ES the enzyme-
substrate complex, EA the acyl enzyme, and P the product
released on the leaving group side of the scissile bond. The
rate of the release of the product dP/dt ) k2k1[S]/(k1[S] +
k-1 + k2) (35). In the reaction of sDFKAM-AMC with
S160, the substrate off rate (k-1) is ∼10 s-1 compared to an
acylation rate (k2) of ∼100 s-1. Thus,k-1 has little influence
on the observed rate of product formation. The same is true
for the cognate substrate (proR8FKAM-GB) (k-1 < 0.0001
s-1). Substrate affinity would strongly influence cleavage
rate, however, if the acylation rate were slow enough that
equilibrium between the enzyme and substrate were ap-
proximated throughout the reaction cycle. The fourth step
in the process, therefore, was to uncouple the binding and
cleavage reactions by slowing acylation. This can be ac-
complished with mutations of catalytic amino acids (D32,
H64, or S221) (36) or the oxyanion hole amino acid (N155)
(37, 38). We focused on mutations at D32 because the rate
of acylation (k2) is slow enough (approximately per hour in
0.1 M KPO4 at pH 7.2) to create high selectivity for the
cognate on the basis of differential binding. It also provides
the potential to trigger catalysis by the addition of specific
anions, as will be described below. Figure 3A shows the
kinetics of cleavage of proR8FKAM-GB by S160 mutants
D32A (S189), D32V (S196), and D32S (S190) at pH 7.2
and 25 °C. As expected, the reactions are slow single-
turnover reactions with an 8-fold difference in rate between
the slowest (A32, 0.17 h-1) and the fastest (S32, 1.3 h-1).
At 4 °C, the cleavage reactions are slowed by∼4-fold. The
high selectivity of the D32 mutants for the cognate
proR8FKAM sequence is manifested in several ways. First,
they turnover the proto-cognate sDFKAM-AMC peptide
very poorly (kcat/Km ∼ 1 M-1 s-1 in 0.1 M KPO4 at pH 7.2
and 25°C). Second, they are unable to process the proR8-
GB fusion protein, which lacks the FKAM proto-cognate
sequence. Third, they are unreactive with the serine protease
inhibitor, phenylmethanesulfonyl fluoride (PMSF). Finally,
they are unable to carry out autoprocessing in vivo unless
the P4 residue of their prosequence is mutated from A to F.
With the A(pro74)F mutation (Table 1), they efficiently
autoprocess and are secreted fromBacillus at g200 mg/L.

Identification of Triggering Anions.The final step was to
identify a method to trigger the cleavage reaction. This

approach was based on the observation that mutation of an
active site residue in an enzyme can sometimes be compen-
sated by addition of a small molecule which mimics the lost
functional group (39). This was the case for D32 mutants of
S160. The carboxylate of D32 hydrogen bonds to the
catalytic H64 and allows it to act as a general base first and
then a general acid during acylation. In 1987, Craik et al.
(40) determined that mutation of the catalytic D102 in trypsin
drastically decreased peptidase activity below pH 9 but
creates an alternative, hydroxide-dependent mechanism
which became evident above pH 10. A less pronounced
hydroxide-dependent effect was also observed for the D32A
mutant of wild-type subtilisin (21). We observed that the
rate of processing of proR8FKAM-GB by the D32 mutants
was sensitive not only to high pH but also to chloride and
fluoride concentrations. Anions such as phosphate, acetate,
and carbonate did not accelerate cleavage. Table 2 sum-
marizes the cleavage rates of the D32A mutant (S189) as a
function of specific anions at 25°C. Hydroxide is the most
potent triggering anion, but its effects on the ionization state
of charged residues, at the concentrations required for rapid
triggering, compromise its utility. Fluoride is attractive as a
chemical trigger because of its potency and its selective effect
on proR8FKAM fusions (Figure 3B). Cleavage of proR8-
FKAM-GB by S189 was accelerated by 280-fold in 100 mM
KF, but fluoride affected the turnover of sDFKAM-AMC
much less (10-fold increase inkcat/Km at 100 mM KF). The
mechanism of anion activation of S189 and its differential

FIGURE 3: Kinetics of cleavage of proR8FKAM-GB at 25°C. (A)S160 subtilisin with mutations at D32: A32 (S189) (b), V32 (S196)
(9), and S32 (S190) (2). (B) S189 (A32) as a function of fluoride concentration: 0 (O), 1 (0), 10 (9), and 100 mM (b).

Table 2: Kinetic Properties of S189 Subtilisin versus
proR8FKAM-GB

a

pH [KF] (mM) [KCl] (mM) rate (min-1)

5.7 0 0 0.002
7.2 0 0 0.003
7.2 1 0 0.018
7.2 10 0 0.14
7.2 100 0 0.8
7.2 0 100 0.01
7.2 0 500 0.05
8.8 0 0 0.016

10 0 0 0.067
a First-order rate constants for the release of processed GB as a

function of anion. Reactions in KF and KCl with 0.1 M KPO4 at pH
7.2 and 25°C. Reactions vs pH in 0.1 M KPO4 buffer at 25°C.
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effects on proR8FKAM fusions as compared to peptide
substrates is of great practical value but is not yet understood.

Purification of Fusion Proteins.The binding and catalytic
properties of S189 subtilisin can be exploited for affinity
purification and processing of proteins fused to proR8FKAM.
To demonstrate this point, we immobilized 15 mg of S189
on 1 mL of Sepharose beads. AnEscherichia colicell lysate
containing a fusion of proR8FKAM and green fluorescent
protein (GFP) (Figure 2B) was passed over the S189 column
at a flow rate of 1 mL/min. The binding of proR8FKAM-
GFP to the column can be monitored by the absorbency at
488 nM. The fusion protein is bound rapidly and quantita-
tively, while the impurities are washed through the matrix
(Figure 4A). Release of purified GFP is effected by the
addition of a triggering anion (100 mM KF) (Figure 4B).
Cleavage can also be effected by extended incubation without
a triggering anion [e.g., 15 h in 0.1 M KPO4 (pH 7.2)].
Purified and correctly processed GFP (as determined by
MALDI MS) was recovered quantitatively in the KF eluate.
Up to 5 mg of GFP can be purified in a single shot from a
1 mL S189 column. The column can be reused after the
tightly bound proR8FKAM is stripped from S189 at pH 2.1
(Figure 4C). The binding of proR8FKAM to S189 is so tight
that acid denaturation is required to disrupt the complex. The

facile refolding of S189 allows columns to be recycled at
least 30 times without a significant decrease in performance,
however. Binding and cleavage reactions of proR8FKAM
fusions are insensitive to EDTA, reducing agents, detergents,
e2 M urea, ande1 mM PMSF, although fluoride ions
released from spontaneously hydrolyzed PMSF will increase
the cleavage rate. To date, 10 proR8FKAM fusion proteins
have been constructed and purified by this method (Table
3). The proR8FKAM tag improved the soluble expression
of those proteins which were only partially soluble when
expressed without the tag (e.g., transducin, arrestin, GFP,
and CDC6). All target proteins were correctly processed and
recovered in high yield. In all cases, the desired N-terminus

FIGURE 4: Purification of GFP from the fusion protein (proR8FKAM-GFP) on a 1 mLS189HiTrap NHS column. (A-C) Chromatographic
traces from the purification: (thicks) A280, (- - -) A250, (‚‚‚) A488, and (thins) conductivity or pH. (A) Loading/washing sequence.
(B) Cleave/elute sequence. (C) Strip sequence. (D) SDS-PAGE: lane 1, molecular weight standards (2µg band); lane 2, cell lysate (5µL
of 5 mL); lane 3, flow-through of a 1 mL loading (10µL of 2 mL); lane 4, cleavage/elution in 0.1 M KF (5µL of a 1 mL fraction); lane
5, strip by 0.1 N H3PO4 (10 µL of a 1 mL fraction); and lane 6, strip by 0.1 N H3PO4 with no KF triggering (10µL of a 1 mL fraction).

Table 3: Proteins Purified Using S189 Columns

streptococcal protein GB domain 56 amino acids
streptococcal protein Ga domain 45 amino acids
protein GB mutant G311 56 amino acids
staphylococcal protein AB domain 56 amino acids
protein AB mutant A219 56 amino acids
E. coli hypothetical Yab 117 amino acids
bovineR-subunit of transducin 350 amino acids
Methanobacterium thermautotrophicusCDC6 379 amino acids
AequoreaVictoria green fluorescent protein (GFP) 238 amino acids
bovine arrestin 390 amino acids
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of the target protein was generated by the processing reaction.
Spacer amino acids between proR8FKAM and the target
protein are not required because amino acids on the leaving
group side of the scissile bond have a minimal influence on
binding of the substrate to S189.

CONCLUSIONS

The engineering of site-selective subtilisins and an opti-
mized cognate sequence resulted from a confluence of
proficiencies acquired over many years: (1) engineering of
highly stable and refoldable subtilisin (26, 41), (2) modifica-
tions of the P4 binding pocket to increase sequence selectivity
(12, 29, 42), (3) selection of independently stable prodomains
with a high affinity for subtilisin (23, 34), (4) attenuation of
catalytic activity to kinetically isolate binding and cleavage
steps (36-38), and (5) identification of triggering anions to
compensate for active site mutations (39, 40). The ability to
modulate the rate of the cleavage reaction with a combination
of anion concentration and temperature creates a processing
system with a virtual on-off switch. Detailed kinetic and
structural characterization of the binding and processing
reaction should allow new generations of enzymes, cognate
sequences, and triggering mechanisms to be developed.
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