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The in vitro oxidative folding of the protein bovine pancreatic trypsin inhibitor (BPTI) with oxidized dithiothreitol or
glutathione has served as a paradigm for protein folding but could take weeks at physiological pH because of the need to
DOI: 10.1039/x0xx00000x escape from kinetic traps via a rearrangement type pathway. The two major kinetic traps are called N* and N’ and contain
two of the three native disulfide bonds, which occur between residues 5 and 55, 30 and 51, and 14 and 38. N* is missing the
disulfide bond between residues 5 and 55 while N’ is missing the disulfide bond between residues 30 and 51. By determining
rate constant for the reactions of the kinetic traps N* and N’ and their mixed disulfides with glutathione and glutathione
disulfide, many for the first time, we demonstrate that growth type pathways are feasible and could even be more efficient
than rearrangement type pathways. Thus, formally unproductive pathways became productive. Interestingly, under
physiological redox conditions both rearrangement and growth type pathways are important highlighting the redundancy
of oxidative protein folding. With the new set of rate constants, modeling indicated that in vitro oxidative protein folding of
BPTI via a growth type pathway using an oxidation, reduction and oxidation cycle would significantly improve protein folding
efficiency, albeit under non-physiological redox conditions. With these changing conditions 91 + 2% of native BPTI was
achieved in 12 h compared to 83% native protein in 24 h using our previous best conditions of 5 mM GSSG and 5 mM GSH.
Therefore, changing redox conditions via an oxidation, reduction and oxidation cycle may become an additional
methodology for enhancing in vitro protein folding in aqueous solution.

Introduction disulfide intermediates act as kinetic traps, N* and N'
Intermediate N' contains disulfide bonds between 30 and 51, and
14 and 38, and is referred to as [30-51; 14-38], while N* contains
disulfide bonds between 5 and 55, and 14 and 38, and is referred
to as [5-55; 14-38]. Both N' and N* have two free thiols,
structures  like slowly
intramolecularly to NSH [5-55; 30-51]. Under most conditions,
the two remaining cysteines in NSH are then rapidly oxidized to

Oxidative protein folding is critical as almost all recombinant
therapeutics contain disulfide bonds. One third of these proteins
are produced in E. coli, many of which are folded in vitro (1).

However, protein folding can be affected by the need to escape

native protein, and rearrange

from kinetic traps (2-4). Three general pathways can be used to
escape from kinetic traps formed during the oxidative folding of

disulfide-containing proteins: rearrangement or reduction of fyrm the final disulfide bond and native protein, N. Since the

disulfide bonds, or oxidation of protein thiols (Fig. 1, A to C) (5-
8). If rearrangement of disulfide bonds is the escape mechanism
and escape is the slowest step in the folding pathway then folding
occurs via a rearrangement pathway while if thiol oxidation is
the escape mechanism, then folding occurs via a growth type
pathway as this leads to the formation of a new disulfide bond.
The most efficient pathway will depend on several factors
including subsequent folding steps, and the structure and
stability of the kinetic traps.

The oxidative folding of bovine pancreatic trypsin inhibitor
(BPTI) was
rearrangement type pathway (9-13). During oxidative folding,

proposed to follow almost exclusively a
the six cysteine residues of reduced BPTI are oxidized to form
three native disulfide bonds between residues 5 and 55, 30 and
51, and 14 and 38. As BPTI folds, only intermediates that contain
native disulfide bonds accumulate and these are described by the
disulfide bonds that they contain (Fig. 1D). A couple of the two-

Department of Chemistry and Biochemistry, Florida International University,
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slowest step in folding is a rearrangement step, this is referred to
as a rearrangement type pathway. Direct oxidation of the two
remaining cysteine thiols in N*, Cys30 and Cys51, to form N via
a growth type pathway was initially reported not to occur due to
the inaccessibility of the thiols (9,14) Direct oxidation of N' to N
was reported to occur via the singly mixed disulfide of N' and
GSH, N'(SG), however because of the rapid formation of the
doubly mixed disulfide of N' with GSH, N'(SG),, from the
reaction of GSSG with N'(SG) it was deemed inefficient (11).
The N'(SG);, acts as a kinetic trap because it has no free thiols.
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Fig. 1. Protein folding pathways. (A, B and C) Escaping from a kinetic trap via
rearrangement, reduction, and oxidation. Sulfur in yellow indicates the correct atoms
that will form the native disulfide bond. (D) Folding pathway of BPTI via both
rearrangement and growth type pathways. The disulfide bonds of the protein
intermediates are indicated inside the boxes. The relative rates at pH 7.3 are indicated;
Reduced BPTI is oxidized initially to a mixture of one-disulfide intermediates which
rapidly rearrange to [5-55] and [30-51]. Arrows in red indicate reaction pathways
investigated herein.

Recently, we followed the oxidative folding of reduced BPTI
using a range of GSSG and GSH concentrations and proposed
that the folding pathway involved the direct oxidation of the
kinetic traps N* and N' to N via growth type pathways (15). The
importance of the N* to N pathway was further supported by the
folding of a modified form of BPTI (16). Traditionally, BPTI
was folded using about 0.15 mM GSSG and no GSH or 0.5 mM
GSSG and 2 mM GSH (10,17,18). However, our best conditions
for folding BPTI were 5 mM GSSG and 5 mM GSH (15). Most
interestingly when the folding of reduced BPTI with GSSG/GSH
was modeled using a set of 17 rate constants the direct oxidation
of N* and N’ to N, growth type pathways, were predicted to be
significant. However, several of the rate constants were
underdetermined. Herein, we isolate the kinetic traps, N* and N'
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and examine their reactivity, and elucidate more efficient folding
conditions using GSH and GSSG.

Results

Oxidation and Reduction of N*

The reaction of purified N* (30 uM) with GSSG was examined
in buffer (0.1 M bis-tris propane at pH 7.3 with 0.2 M KCI and
1 mM EDTA) at 25 °C under argon (19). In the presence of 2,
5, 10 and 50 mM GSSG, N* folded to N predominantly via a
growth type pathway as the first order rate for the
disappearance of N* varied linearly with GSSG concentration,
(Fig. 2). The GSSG concentrations were selected so that the
reaction occurred in a reasonable amount of time and side
reactions were minimized. In addition, the GSSG concentration
would be much greater than any in situ generated GSH from
reaction of GSSG with the protein (maximum 0.06 mM). Rates
=0.36x 103, 0.85 x 103, 1.6 x 103, and 6.0 x 1073 min
Irespectively with second order rate constants of k= 0.18, 0.17,
0.16, and 0.12 M-'min"!, respectively, were determined. After
make a small correction to the folding rate constants for the
background rate due to the rearrangement of N* to N' (0.016 x
103 min! for 2 mM GSSG and 0.018 x 103 min™! for 5 mM
GSSG, 0.019 x 103 min-! for 10 mM, see below) the rate
constants became 0.17,0.17, 0.16 and 0.12 M-'min’!,
respectively. If the direct intramolecular rearrangement of N*
to N' or NSH was rate determining, as reported previously, then
the folding rate should be almost independent of the GSSG
concentration as direct intramolecular rearrangement does not
involve GSSG. The addition of GSH did not increase the
reaction rates for 10 or 50 mM GSSG, see below.
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Fig. 2. HPLC chromatograms obtained from folding of N* with (A) 2 mM GSSG and (B)
50 mM GSSG after various refolding times. (C) Folding rates of N* with different
concentrations of GSSG. (D) Determination of folding rate at 2 mM GSSG by following
loss of N*, 0.36 x 103 minL. (E) Comparison of experimental results with modeled
results for the folding of N* at 50 mM GSSG.

Minor side products were observed when N* was reacted
with 2 and 50 mM GSSG. With 2 mM GSSG a small amount of
the doubly mixed disulfide N'(SG), was observed due to the
rearrangement of N* to N', £ =2 x 107 min’!, followed by the
relatively rapid reaction of N' with two equivalents of GSSG to
form N'(SG), (Fig. 2A). The rate constant was adjusted for the
fact that the folding of N' in the presence of 2 mM GSSG
produced 46% N'(SG), as N’ can also rearrange back to N* or to
NSH, With 50 mM GSSG a species kinetically consistent with
N*(SG) and of the appropriate molecular weight was observed
(Fig. 2B). Analogues of N*(SG) have been reported previously
(16,20), such as the selenium analogue and a modified version of
BPTI in which the 14-38 disulfide bond was in effect fixed in
place. After modelling, the rate constant for the N*(SG) to N
reaction was determined to be 0.12 min’!. To examine the effect
of GSH concentration on the conversion of N* to N, five
conditions were compared 10 mM GSSG with 0, 10, and 20 mM
GSH, and 50 mM GSSG with 0 and 35 mM GSH. Although the
addition of GSH decreased the N* to N conversion rate, the
effect was small (50% with 35 mM GSH) and indicated a back
reaction of N*(SG) to N* with a rate constant of approximately
3 M-'min!. Due to the reduction of N* with GSH, a side reaction,
a more accurate rate constant for the N*(SG) to N* reaction was
obtained when the GSSG concentration is higher than GSH
concentration. The reduction rate of N* with GSH was also
examined (Fig. 3) at 50 mM GSH.

N* + GSH (50 mM)
N* ‘Reduced N*
; &
240 &
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120 g
&
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2530 35 40 45 50 55 60 65 70
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Fig. 3. HPLC chromatograms obtained from reduction of N* with 50 mM GSH at various
reaction times.

Oxidation and reduction of N', N'(SG), reduction of N'(SG,),
and rearrangement of N'(SG),

Folding via a growth type pathway was also shown to be
important for the second kinetic trap N'. Initially, the rate

This journal is © The Royal Society of Chemistry 20xx
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constants for the relevant reactions were determined. In the
presence of 20 mM GSSG, N' was converted almost exclusively
to N'(SG), due to the relatively rapid reaction of N'(SG) with
GSSG, although the rate determining step was the conversion of
N' to N'(SG) (Fig. 4A). Due to the enhanced reactivity of N'(SG)
relative to N', N'(SG) was reacted with 2 mM GSSG to form
N'(SG), (Fig. 4B). The reduction of N'(SG), to N'(SG) proceeded
smoothly at 0.5 mM GSH (Fig. 4C). The reduction of N'(SG) and
N' with GSH produced a mixture of intermediates (Fig. 4D and
4E, respectively). The rearrangement of N’(SG) to N was also
followed (Fig. 5) Upon modelling, the reduction of N'(SG) with
GSH, it became clear that the GSH was reacting with N'(SG) in
at least two places, the mixed disulfide and one or both native
disulfide bonds. Thus, an additional reaction was incorporated
into the model (Fig. 6). The reactivities of the native disulfide
bonds in N' and N'(SG) towards GSH were similar. The rate
constants were within 40% of those reported previously: N' to
N'(SG): 2.5 versus 3 M'min’!; N'(SG) to N'(SG),: 80 versus 90
M-min!; N'(SG) to N: 2.2 versus 2.8 x 10 min!; N' to N*: 1.7
versus 1.2 x 103 min-'; N' to NSH: 1.9 versus 1.5 x 103 min!(11)
and the equilibrium constant between N' and N* of 85 was
somewhat higher than the value of 33 determined at pH 8.7
between N* and a mixture containing mainly N' (9)

A N'+GSSG (20 mM) B N'(SG)+ GSSG (2 mM)
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Fig. 4. HPLC chromatograms obtained from reactions of intermediates with GSSG or
GSH after various reaction times.
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Fig. 5. Rearrangement of N'(SG) in bis-tris propane buffer alone at pH 7.3.
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Fig. 6. Folding model for BPTI. Rate constants determined by investigating kinetic traps
with GSSG/GSH (X =1 M'mintand Y = 1 x 10 min'). The new rate constants
determined herein are bolded.

Folding under changing conditions

Folding of reduced BPTI with GSSG and GSH was modelled
using the scheme in Fig. 7 to determine the best folding
condition. All the rate constants we determined herein (k.,, k.3
ks kg ks, k7, ki, ks, ks, ko, ko kjo ki k;3) were incorporated
into the model. Other rate constants (k;, k.;, ks, ks ks and k;5)
were obtained from previous research (11,15). Modelling was
initialized using 15 min as the starting point and the
concentration of GSH and GSSG were adjusted at 15 min and 1
h to maximize the production of N in 12 h (15). As the rate
constants were determined for the later stages of folding, the
experimentally obtained 15 min folding time point was used as a
starting point for our model (15). We limited the GSSG and GSH
concentrations to 50 mM for practicality and selecting other time
points for adjustment made a limited amount of difference. The
modelling results indicated that after the initial folding period the
addition of GSH followed by the addition of GSSG would be
best. The initial folding period will form the kinetic traps, N' and
N*. GSH will then allow the conversion of N' to N* without the
formation of mixed disulfides of N’, while the final addition of
GSSG will convert the N* to native protein. Addition of high
GSSG concentrations initially would result in the formation of
significant amounts of N'(SG),. Thus, the model predicted that
the addition of an additional 30 mM GSH at 15 minutes followed

4| J. Name., 2012, 00, 1-3
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by the addition of 50 mM GSSG at 1 h would be best. Based on
these results, folding of reduced BPTI was performed under
changing conditions: 0 to 15 min, 2 mM GSSG and 5 mM GSH;
15 to 60 min, 2 mM GSSG and 35 mM GSH; after 60 min, 50
mM GSSG and 35 mM GSH, which produced 91 + 2% N in 12
h, within error of the predicted 89% (Fig. 8). The concentrations
of GSH and GSSG were also adjusted only at 15 min: 0 to 15
min, 2 mM GSSG and 5 mM GSH; after 15 min, 35 mM GSH
and 50 mM GSSG, which produced produces 87+ 2% N in 12 h
close to the predicted 88%. Folding of reduced BPTI with 35 mM
GSH and 50 mM GSSG was also performed as a comparison to
folding under changing conditions and these conditions
produced 84% N in 12 h with significant amounts of N'(SG),.

(Fig. 9).
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Fig. 7. Kinetic scheme with all rate constants used for modelling of BPTI folding. R and
N stand for reduced BPTI and native BPTI, respectively.

15 20 25 30 35 40 45
Retention Time (min)
Fig. 8. Folding of reduced BPTI under changing conditions: 0 to 15 min, 2 mM GSSG
and 5 mM GSH; after 15 min, 35 mM GSH and 2 mM GSSG; at 60 min 35 mM GSH and

50 mM GSSG
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Fig. 9. Folding of reduced BPTI in the presence of 35 mM GSH and 50 mM GSSG

Discussion

Previously folding of N' to native protein via N'(SG), a growth
type pathway, was discounted because of the rapid reaction of

This journal is © The Royal Society of Chemistry 20xx
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N'(SG) with GSSG to form N'(SG),, however, under conditions
where the GSSG and GSH concentrations are similar, the
N'(SG), will be rapidly converted back to N'(SG) with an
equilibrium constant of 1.5, as determined herein (11). Both our
best conditions for folding reduced BPTI (5 mM GSSG and 5
mM GSH) and those found in the endoplasmic reticulum, ER, (5
mM protein mixed disulfides with GSH (PSSG), 3 mM GSH,
and 1 mM GSSG) have similar concentrations of GSSG or
equivalent (0.5[PSSG]), and GSH (15, 21). The equilibrium
constant between N'(SG) + GSSG and N'(SG), + GSH is 1.5 and
the rate constant for the conversion of N'(SG) to N is 1.15 times
that of the N' to N rate constant.
concentrations of GSH and GSSG are identical, the rate at which
an equilibrium mixture of N'(SG) and N'(SG), (40:60 ratio) is
converted to native protein via a growth type pathway will be
46% (40% x 1.15) that of N' to N via a rearrangement type
pathway. For the growth type pathway, the rate determining step

Therefore, when the

will be N'(SG) to N, while for the rearrangement type pathway
the rate determining step will be N' to NSH, Thus, folding N' to
native protein via both types of pathways is important.

Effective concentration can be used to compare the
intramolecular reaction rate of a protein intermediate versus the
intermolecular reaction rate with a small molecule disulfide such
as GSSG. For N*, the intramolecular rearrangement rate constant
of N* to N' was 2 % 105 min!, ki, while the intermolecular
reaction rate constant with GSSG was 0.15 M 'min"!, Kiyer,
corresponding to an effective concentration (kinga/kineer) of 0.13
mM GSSG. Therefore, the major reaction for N* changes at
about 0.13 mM GSSG from being a rearrangement reaction to
being a growth type reaction. Thus, under the traditional
conditions used to study the folding of BPTI, 0.125 mM GSSG
the N*  likely
intramolecular rearrangement of disulfide bonds, as reported,

major folding pathways for involved
while under our more efficient folding conditions, 5 mM GSSG
and 5 mM GSH, the major folding pathway for N* is a growth
type pathway, direct reaction of N* with GSSG. Therefore, at
low GSSG concentrations where the rearrangement pathway
dominates the rate determining step will be the rearrangement of
N* to N' but at higher GSSG concentrations where the growth
type pathway dominates the rate determining step will be the
reaction of N* with GSSG. For N', the ratio of the rate constants
for rearrangement to NSH versus reaction with GSSG, effective
concentration, was report previously to be 0.5 mM (11) and
determined herein to be 0.8 mM.

The most efficient in vitro folding pathway of BPTI may be
accomplished via what has traditionally been called the non-
productive route. Rearrangement of N' to N or conversion of
N'(SG) to N is limited by a first order rate constant of
approximately 0.002 min-!. Rearrangement of N' to N*, produces
a more thermodynamically stable kinetic trap, however, the rate
determining step in the conversion of N* to N is determined by
a second order rate constant and at GSSG concentrations above
15 mM the N* to

rearrangement of N' to NSH, Ultimately, due to the rapid

N reaction becomes faster than the

conversion of N*(SG) to N, the most efficient way to fold N' may
be via N* at high GSSG concentrations, which was historically

This journal is © The Royal Society of Chemistry 20xx
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called the non-productive route, and not via rearrangement of N',
which was traditionally called the productive route.

Having determined many of the rate constants for the later
stages of BPTI folding, we predicted that changing folding
conditions with folding time would improve the folding
efficiency of BPTI, and we were able to produce 91 + 2% N in
12 h, within error of the predicted 89% (Fig. 8A). Previously, we
were able to produce 83% native protein in 1 day with 5 mM
GSSG and 5 mM GSH at pH 7.3 (15). Using the selenium
analogue of glutathione, glutathione diselenide (GSeSeG),
Hilvert et al. was able to produce approximately 95% native
protein in 1 day at pH 7.3 (20), and if a seleno analogue of the
protein was used as well then 85% folded protein could be
produced in 6 h (22). The GSeSeG also increases the N* to N
rate, maybe via a growth type pathway as N*(SeG) was observed
(20). Using a BPTI analogue in which the 14-38 disulfide bond
was fixed, species corresponding to N*(SG) and N*(SG), were
reported albeit at higher pH (8.7) and much lower GSSG
concentrations (0.1 mM GSSG) (16). Because the 14-38
disulfide bond was fixed the species corresponding to N' could
only go to a species corresponding to N* and not the one
corresponding to NSH, Higher pH values can make buried thiols
more accessible. At 50 mM GSSG, we did not observe a
significant species that was kinetically consistent with N*(SG),,
as this would be expected to be a very stable kinetic trap like
N'(SG),, (Figs. 2 and 4). In organic solvents BPTI can fold to
62% native protein in under a second, although the pathway is
unclear (23,24). The addition of other small molecule reducing
agents besides GSH/GSSG can also be beneficial (25-27).

Experimental

Preparation of reduced BPTI and kinetic traps

Native BPTI was purchased as aprotinin in ultra-pure grade from
Roche Applied Science. Reduced BPTI was prepared by
denaturing native BPTI according to previous methods (19,28).
Kinetic traps N*, N', and N'(SG), were prepared by reaction of
reduced BPTI (30 uM) with different concentrations of
GSSG/GSH under argon at 25 °C, 0.125 mM GSSG and 20 mM
GSH for 48 h to produce N*, 0.5 mM GSSG and 5 mM GSH for
15 min to produce N', 20 mM GSSG for 6 h to produce N'(SG),,
respectively, in the presence of deoxygenated bis-tris propane
buffer (0.1 M bis-tris propane, 0.2 M KCIl and 1 mM EDTA ) at
pH 7.3. The buffer solution was deoxygenated by flowing argon
through it for 30 min prior to the addition of reduced BPTI.
Intermediate N'(SG) was obtained by reduction of N'(SG), (30
uM) with 10 mM GSH in deoxygenated buffer for 6 min under
argon at 25 °C. All reaction mixtures were quenched by addition
of 1/20th by volume of formic acid to the folding mixture,
desalted on a Sephadex G-25 column using 0.01 N HCI as the
mobile phase, lyophilized, dissolved in 0.01 N HCI, and injected
onto a HPLC Vydac C18 semi-preparative column (218TP510,
250 x 10 mm) maintained at 50 °C. The HPLC solvent was a
mixture of 0.1% trifluoroacetic acid in water (solvent A) and
90% vol/vol acetonitrile in water with 0.1% trifluoroacetic acid
(solvent B). The absorbance was monitored at 280 nm.
Purification of all intermediates was performed using the

J. Name., 2013, 00, 1-3 | 5
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following linear gradient with a flow rate of 3 mL/min: 0 min,
90% solvent A; 15 min, 75% solvent A; 35 min, 73% solvent A;
50 min, 72% solvent A; 100 min, 65% solvent A. The purity of
each protein fraction was determined on a Vydac C18 analytical
column (218TP54, 250 x 4.6 mm) maintained at 50 °C and the
absorbance was monitored at 229 nm. A linear gradient with a
flow rate of 1 mL/min was used: 0 min, 90% solvent A; 15 min,
75% solvent A; 35 min, 73% solvent A, 50 min, 72% solvent A;
70 min, 69% solvent A. Pure protein fractions were lyophilized,
dissolved in 0.01 N HCI, combined and stored at -20 °C.

Oxidative folding of intermediates with GSSG

Reactions of N*, N' and N'(SG) (30 uM) with GSSG were
conducted in bis-tris propane buffer (0.1 M bis-tris propane, 0.2
M KCl, and 1 mM EDTA) at pH 7.3 under argon at 25 °C. At
specific times, 300 pL aliquots were removed and quenched by
the addition of 15 pL of formic acid. All aliquots were kept in a
refrigerator at 4 °C prior to HPLC analysis. Each aliquot was
analysed by HPLC on a Vydac C18 analytical column (218TP54,
250 x 4.6 mm) as described above.

Reduction of intermediates with GSH

Reduction of N'(SG),, N'(SG), N' and N* (30 uM) with GSH was
conducted as for GSSG. However, the HPLC gradient used was
different: 0 min, 90% solvent A; 15 min, 75% solvent A; 35 min,
73% solvent A; 50 min, 72% solvent A; 100 min, 50% solvent
A.

Rearrangement of intermediates

Rearrangement reactions of two intermediates, N' and N'(SG),
were performed in bis-tris propane buffer alone (0.1 M bis-tris
propane, 0.2 M KCI and 1 mM EDTA) at pH 7.3 under argon at

25 °C. The HPLC gradient used was the same as for GSSG.

Determination of rate constants for the reactions of kinetic traps

The peaks for N, N*, N', N'(SG), and N'(SG), were assigned
based upon precedent (10,11,17,29). The concentration of each
peak was derived from its relative peak area. The kinetic scheme
used for modelling of BPTI folding is shown in Fig. 7. The
reverse kinetic problem was solved by fitting rate constants of all
the reaction steps involved to reproduce experimental
concentration profiles using Euler’s method (15) (At = 0.1 s for
reactions less than 6 h and 1 s for reactions more than 6 h). For a
certain folding reaction, only the relevant rate constants involved
in the reaction steps were used. The following reactions were
modelled and wused to determine the rate constants:
rearrangement of N' (k, and &;), reaction of N'(SG), with GSH
(k.sa 30% increase over pseudo first order kinetics due to low
GSH concentration (0.5 mM) and in situ generation of a small
amount of GSSG, up to approximately the protein concentration
of 0.03 mM, that causes the back reaction), reaction of N* with
high GSSG concentration with and without GSH (k. and &;,),
and reaction of N'(SG) with GSH (k_; and k;3). Rate constants k.
> (disappearance of N'), kj; (disappearance of N¥*), £,
(disappearance of N'), kg (disappearance of N'(SG)), ko
(disappearance of N*), and &,y (formation of N) were determined

using pseudo first order kinetics.

6 | J. Name., 2012, 00, 1-3

Folding under changing conditions

The folding reaction was followed by characterizing the aliquot
quenched with formic acid at each specific time. Each aliquot
was analyzed by HPLC on a Vydac C18 analytical column. The
absorbance was monitored at 229 nm and the column
temperature was maintained at 50 °C. A flow rate of 1 mL/min
linear gradient was used: 0 min, 90% solvent A; 15 min, 75%
solvent A; 35 min, 73% solvent A; 50 min, 72% solvent A; 110
min, 70% solvent A. For changing conditions at 15 minutes only,
the initial reaction contained 5 mM GSH and 2 mM GSSG. At
15 min, a 0.3 mL aliquot was removed for analysis and replaced
with 200 mM stock solutions of GSH (0.41 mL) and GSSG (0.65
mL) in buffer. For changing conditions at 15 min and 1 h the
initial reaction contained 5 mM GSH and 2 mM GSSG. At 15
min, a 0.30 mL aliquot was removed for analysis and replaced
with 200 mM GSH (0.30 mL) in buffer. At 1 h, a 0.30 mL aliquot
was removed for analysis and replaced with 200 mM GSSG
(0.54 mL) in buffer.

Conclusions

We have updated the in vitro oxidative folding pathway of BPTI
and demonstrated that BPTI can fold efficiently not only via
rearrangement type pathways but also via growth type pathways
with GSSG and GSH. The ability to fold BPTI via both a growth
and rearrangement type pathway to N indicates a very robust
system. Folding of reduced BPTI via N*, historically the non-
productive route, was shown to be more efficient than folding via
N' at high GSSG concentrations. The production and folding of
N* were enhanced by folding under changing concentrations of
GSSG and GSH with time. Folding under changing condition
may prove to be a general strategy for improving protein folding
efficiency.
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