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Non-redox-active small-molecules can accelerate oxidative protein folding
by novel mechanisms
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Abstract

Multi-disulfide-bond-containing proteins acquire their native structures through an oxidative folding reaction which involves formation of
native disulfide bonds through thiol-disulfide exchange reactions between cysteines and disulfides coupled to a conformational folding event.
Oxidative folding rates of the four-disulfide-bond-containing protein bovine pancreatic ribonuclease A (RNase A) in the presence of the synthetic
redox-active molecule, (+/−)-trans-1,2-bis(2-mercaptoacetamido)cyclohexane (BMC), and in combination with non-redox-active trimethylamine-
N-oxide (TMAO), and trifluorethanol were determined by HPLC analysis. The data indicate that regeneration of RNase A is enhanced 2-fold by
BMC (50 μM) and 3-fold upon addition of TMAO (0.2 M) and TFE (3% v/v) relative to control experiments performed in the absence of small-
molecules. Examination of the native tendency of the fully-reduced polypeptide and the stability of key folding intermediates suggests that the
increased oxidative folding rate can be attributed to native-like elements induced within the fully-reduced polypeptide and the stabilization of
native-like species by added non-redox-active molecules.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oxidative protein folding (regeneration) is a composite pro-
cess involving the formation of the native set of disulfide bonds
from the fully-reduced polypeptide coupled with a conforma-
tional folding reaction to obtain the native, biologically active
form of disulfide-bond-containing proteins (the native species)
[1–3].

Oxidative folding is characteristic of many proteins that are
secreted outside the cell, or are membrane-bound, and possess
disulfide bonds [4]. It involves acquisition of the native com-
plement (or a minimal native subset) of disulfide bonds from the
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fully-reduced polypeptide followed by a conformational folding
event leading to the generation of stable native (or native-like)
structure. Conformational folding is pivotal to the oxidative folding
process because the ensuing tertiary structure protects the formed
disulfide bonds from reduction and reshuffling reactions [5–7].
However, in a majority of disulfide-bond-containing proteins, the
formation of the native set of disulfides is preceded by the form-
ation of non-native-disulfide-bond-containing unstructured inter-
mediates prior to formation of the native protein [1,3]. For example,
during the oxidative folding of the four-disulfide-bond-containing
protein bovine pancreatic ribonuclease A (RNase A), 28 one-
disulfide (1S), 210 two-disulfide (2S), 418 three-disulfide (3S) and
104 non-native four-disulfide (4S) containing intermediates are
formed (at 25 °C and in the presence of the redox reagent di-
thiothreitol). In addition, two native-like species, viz., des [40–95]
and des [65–72] which possess native-like structure and lack the
(40–95) and (65–72) disulfide bond, respectively, are formed.
These structured intermediates are also referred to as the 3S⁎

species. The native protein (N) regenerates by oxidation of the
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remaining two cysteines in each of these species. (Fig. 1) [8–10]. In
the absence of stable structure, native and non-native disulfide
bonds whose distribution within any given unstructured ensemble
(nS) depends upon loop-entropic and enthalpic interactions are
reshuffled until the formation of a minimal number of native
disulfides in an unstructured molecule triggers conformational
folding and protection of the native set of disulfides within stable
tertiary structure [1,11,12].

The need for oxidation reactions (to form disulfide bonds from
cysteines), isomerization reactions (which permit non-native
disulfide bonds to be converted to native ones) and reduction
reactions (which are necessary to convert fully-oxidized non-
native isomers their native-disulfide-containing isomers) makes
oxidative protein folding an inherently slow process.

In vivo, oxidative protein folding is relegated to the lumen of
the endoplasmic reticulum (E.R.) where an oxidizing environ-
ment facilitates the formation of disulfide bonds [4]. The pro-
cess is catalyzed by protein disulfide isomerase, a 56-kDa E.R.
resident that possesses oxidase and “shufflase” activity [13–16].
In vitro studies have demonstrated that PDI is ability to acce-
lerate oxidative folding reactions (oxidation and reshuffling). It
has also been shown to facilitate the rate of formation of the
native form of multi-disulfide-bond-containing proteins includ-
ing RNase A [17]. Furthermore, it has recently been demon-
strated that in brains manifesting sporadic Parkinson's or
Alzheimer's disease, PDI is s-nitrosylated; a reaction affecting a
cysteine critical to its function as an oxidoreductase chaperone
[18,19]. Additonally, a large number of disulfide-bond-contain-
ing proteins are overexpressed in foreign hosts for purposes of
research and for biotechnological applications [20]. When such
proteins are overexpressed, they often tend to accumulate within
the cell in the form of aggregates known as inclusion bodies. A
lengthy and cumbersome folding process is required before the
native fold of the protein is realized from such inclusion bodies.
PDI has therefore served as a model for the development of
synthetic small-molecule oxidoreductases that can facilitate oxi-
dative protein folding and have chemotherapeutic use [20,21].

In this study we have employed small-molecules to expedite
in vitro oxidative protein folding. Our results indicate that the
traditional approach involving acceleration of thiol-disulfide ex-
change reactions to catalyze oxidative folding can significantly
benefit from partial induction/stabilization of native-like ele-
ments/native fold in the polypeptide chain.
Fig. 1. Regeneration scheme of RNase A (pH 8, 25 °C). R, 1S, 2S, 3S and 4S are
unstructured intermediates. Des [40–95] and des [65–72] are native-like three-
disulfide-bond-containing intermediates and are also referred to as the 3S⁎

species. N is the native protein.
2. Materials and methods

2.1. Materials

RNase A was purchased from Sigma and purified as pre-
viously described [8]. Oxidized (+/−)-trans-1,2-bis(2-mercap-
toacetamido) cyclohexane (BMC) was purchased from TRC,
Canada. Oxidized dithiothreitol (DTTox) and reduced dithio-
threitol (DTTred) were obtained from Sigma and used without
further purification. All other chemicals were of the highest
grade commercially available.

2.2. Methods

2.2.1. Preparation of fully-reduced RNase A
Fully-reduced RNase A was prepared by incubating native

protein (10 mg/ml) in 6 M Gdn HCl and 100 mM DTTred (pH 8,
100 mM Tris–HCl, 1 mM EDTA) for a period of 2 hours [8].
The mixture was then repeatedly dialyzed against 50 mM acetic
acid at 4 °C prior to lyophilisation. Fully-reduced RNase Awas
then dissolved into 10 mM acetic acid to obtain a stock solution
of 5 mg/ml. The stock solution was kept frozen at −20 °C.

2.2.2. Preparation of des [65–72] and des [40–95] RNase A
Native RNase A (5 mg/mL) was dissolved in a buffer con-

taining 100 mMDTTred (pH 8, 100 mMTris–HCl, 1 mMEDTA,
15 °C). 20 hrs after initiation of reduction, glacial acetic acid was
added to reduce the pH to 3. The sample was desalted using a G-
25 column and all protein species were separated using strong
cation-exchange chromatography as previously described [9].

2.2.3. Oxidative folding of RNase A
Aliquots of fully-reduced RNase A (33 μM final conc.) were

incubated into solutions (pH 8, 100 mM DTTox, 20 mM Tris–
HCl, 1 mM EDTA, 25 °C) containing BMC (50 μM), BMC
(50 μM)+TMAO (0.2 M) and BMC (50 μM)+TMAO
(0.2 M)+TFE (3% v/v). A control experiment was run in
parallel and did not contain BMC, TMAO or TFE. Aliquots
from the regeneration mixture were withdrawn at several
times after the initiation of oxidative folding and subjected to
a reduction pulse [(application of 2 mM DTTred for a period
of 2 min) [9]] before addition of glacial acetic acid which
reduced the pH to 3. Samples were desalted on a G-25 column
prior to application on a C-18 column for reversed-phase chro-
matographic analysis.

The rate of regeneration of the native protein was determined
by integrating the areas of the peaks corresponding to the native
protein, structured intermediates and the fully-reduced protein
for each time point. The fractional increase in N was plotted as a
function of time; the data were fitted to a single-exponential
function to obtain the rate constant for the formation of N from
R [22].

2.2.4. Measurement of native tendency
The native tendency of fully-reduced RNase A was dete-

rmined by introducing 200 μl of the dissolved (10 mM acetic
acid) polypeptide into a solution (pH 8, 100 mM Tris–HCl,



Fig. 2. Fraction of native RNase A formed as a function of added BMC (50 μM),
●; BMC (50 μM)+TFE (3% v/v), ▲; and BMC (50 μM)+TMAO (0.2 M), ■.
The regeneration conditions were: 50mMDTTox, pH 8, 20 mMTris–HCl, 1 mM
EDTA, 25 °C (♦).
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1 mM EDTA) containing 1 mM trans-[Pt(en)2Cl2]
2+ [23,24]. Five

minutes after addition of the Pt compound, each sample was
subjected to a reduction pulse, as described above prior. All sam-
ples were then desalted and analyzed by reversed-phase HPLC
(C18 column). In other experiments, the fully-reduced polypeptide
was incubated with TMAO, TFE or both prior to addition of the
solution containing trans-[Pt(en)2Cl2]

2+.
Native tendency of the fully-reduced protein was deter-

mined by measuring the peak areas corresponding to N and R
in the HPLC chromatograms and applying the formula Native
tendency=N / (N+R) where R represents the quantity of fully-
oxidized, scrambled (4S) species [24]. Native tendency is a
measure of the degree of “native-like” structure present in the
fully-reduced polypeptide chain. This is tested by rapid
oxidation of the polypeptide cysteines to form the fully-
oxidized polymer. Oxidation is more rapid than corrective
thiol-disulfide isomerisation reactions (which eventually
permit native disulfide bonds to form) and hence the method
samples the degree of “nativeness” in the fully-reduced
polypeptide. The value of “native tendency” can vary between
0 and 1. If the fully-reduced polypeptide were native-like then
the native tendency would equal 1 because those pairs of
cysteines than form the native disulfide bonds would be
oriented in the “native-like” albeit, fully-reduced polypeptide.
Table 1
Rate constants for the regeneration of RNase A as a function of added small-
molecule (pH 8, 50 mM DTTox, 20 mM Tris–HCl, 1 mM EDTA, 25 °C)

Folding condition Rate constant for ⁎R→N
(×104 min−1)

R 6.2±0.3
R+50 μM BMC 12±0.2
R+50 μM BMC+0.1 M TMAO 14±0.3
R+50 μM BMC+1% TFE 12.6±0.8
R+50 μM BMC+0.2 M TMAO 16.01±0.4
R+50 μM BMC+3% TFE 13.5±0.3
R+50 μM BMC 0.2 M TMAO+1% TFE 16.5±0.5
R+50 μM BMC 0.2 M TMAO+3% TFE 18.5±0.8

⁎R denotes fully-reduced RNase A and N is the native species.
If the fully-reduced polypeptide was a statistical coil, then the
native tendency value would approach 0.

2.2.5. Stability of RNase A intermediates
Des [40–95] and des [65–72] RNase A were separately

incubated in solutions containing GdnHCl and different con-
centrations of TMAO and/or TFE (pH 8, 20 mM Tris–HCl,
25 °C) for a period of 5 min prior to the addition of 1 mM trans-
[Pt(en)2Cl2]

2+. Two minutes after the addition of the Pt oxidant,
the samples were subjected to a reduction pulse. Any free thiols
were blocked by the addition of 2-aminoethanethiosulfonate
(AEMTS) prior to being desalted and analyzed on a strong cation-
exchange column (TOSOH TSK SP-5PW) using HPLC [9].

The peak areas corresponding to both native and fully-
reduced species were determined from each chromatogram and
converted to “survival of des species (=N / [N+R])”.

3. Experimental results

3.1. Regeneration of RNase B

Fig. 2 is a plot of formation of native RNase A in the presence
of select small molecules [Oxidized (+/−)-trans-1,2-bis(2-
mercaptoacetamido) cyclohexane (BMC); trimethylamine-N-
oxide (TMAO) and trifluoroethanol (TFE)]. The sizes of the
symbols indicate the standard deviations in repeat experiments.
The oxidative folding rate of RNase A (50 mMDTTox, pH 8;♦)
is enhanced 2-fold in the presence of BMC (50 μM; ●), and
further boosted by the presence of TFE (3%; ▲) and TMAO
(0.2 M; ■).

The datawere fitted to a first-order rate equation, ln (1−N)=−kt,
where 1−N is the fractional concentration of all non-native
species, k represents the rate constant for the formation of the
native protein, and t is the reaction time [22]. Table 1 summarizes
the rate-constants for the formation of the native protein as a
function of the small-molecule fold adjuvant. A 2-fold increase in
the rate of formation of the native protein is observed in the
presence of 50 μM BMC. Although TFE improves the rege-
neration rate, it is not as effective (at the maximum tested con-
centration of 3% v/v) as TMAO (at 0.1 M or 0.2 M). The rate is
further accelerated in the combined presence of BMC, TMAO
and TFE (50 μMBMC, 0.2M TMAO and 3% v/v TFE) to obtain
a maximum enhancement factor of 3.
Table 2
Native tendency of fully-reduced RNase A as a function of added fold adjuvant

Folding condition Native tendency of ⁎R (%)

R 0.55±0.3
R+0.1 M TMAO 1.7±0.4
R+0.2 M TMAO 2.8±0.2
R+1% TFE 1±0.1
R+3% TFE 1.5±0.3
R+0.2 M TMAO+1% TFE 4.5±0.15
R+0.2 M TMAO+3% TFE 6±0.2

All experiments were performed at pH 8 (20 mM Tris–HCl, 1 mM EDTA) and
25 °C using 1 mM trans-[Pt(en)2Cl2]

2+ as the oxidizing agent. ⁎R denotes fully-
reduced RNase A.



Fig. 3. Structure-coupled oxidative folding step in RNase A. An unstructured,
non-native-disulfide-bond-containing three disulfide intermediate (3SU) first
reshuffles to its native-disulfide-bond-containing isomer (3SN), followed by
conformational folding of the latter to form a structured intermediate (3S⁎).
Structure protects the native disulfide bonds in the 3S⁎ species from reshuffling
to non-native disulfide bonds.

Table 3
Survival of des [40–95] and des [65–72] in 1M and 1.5MGdnHCl, respectively

Folding condition %N Folding condition %N

Des [40–95]+1 M
GdnHCl=A

20±2 Des [65–72]+1.5 M
GdnHCl=B

50±1

A+0.1 M TMAO 35±2.5 B+0.1 M TMAO 59±1.6
A+0.2 M TMAO 45±1 B+0.2 M TMAO 66±2.2
A+1% TFE 22±1.5 B+1% TFE 52±3
A+3% TFE 26±3 B+3% TFE 56±1.1
A+0.2 M TMAO+1% TFE 38±2.2 B+0.2 M TMAO +1% TFE 61±1.7
A+0.2 M TMAO+3% TFE 54±2.5 B+0.2 M TMAO +3% TFE 73±0.9

%N indicates the fraction of des species that survived and hence could be
oxidized to the native protein. All experiments were performed at 25 °C (pH 8,
20 mM Tris–HCl, 1 mM EDTA).
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3.2. Native tendency of fully-reduced RNase A

Table 2 summarizes the native tendency value of fully-
reduced RNase A in the presence of TMAO and TFE. The
native tendency of the polypeptide chain increases from 0.55%
in the absence of small-molecule adjuvants to 6% in the com-
bined presence of TMAO (0.2 M) and TFE (3%).

Stability of des [40–95] and des [65–72]. Table 3 summa-
rizes the “survival” of the des species as a function of denaturant
(GdnHCl) and added combinations of TMAO and TFE. Both
TMAO and TFE are able to exert stabilizing effects on both des
species which is evident upon comparing the “% survival” of
each des species (%N in Table 3) as a function of TFE and
TMAO concentration.

4. Discussion

Oxidative folding is the process by which multi-disulfide-
bond-containing proteins acquire their native disulfide bonds
and undergo a conformational folding reaction in order to form
the biological active, native fold.

In early stages of the oxidative folding process (i.e., in R–nS
unstructured intermediates), thiol-disulfide exchange reactions
are governed by loop-entropy and enthalpic interactions in the
absence of structure [11]. However, in most multi-disulfide-
containing proteins, these effects are not sufficiently strong to
favor native disulfide bonds over non-native ones. For proteins
containing two-or-more disulfide bonds, the probability of
forming non-native disulfide bonds is greater than native di-
sulfide bonds and the folding landscape is therefore replete with
non-native isomers. The quasi-stochastic formation of a mini-
mal native set of disulfide bonds, which is necessary to initiate
conformational folding, ensures a slower time-frame for com-
pletion of oxidative folding compared to conformational folding
reactions of proteins that lack disulfide bonds.

In vivo, oxidative protein folding takes place within the
oxidizing environment of the E. R. lumen [4]. In the E. R.
environs, nature has invested in an oxidoreductase chaperone,
protein disulfide isomerase (PDI), among other oxidoreduc-
tases, which facilitates rapid exchange between thiols and di-
sulfides and catalyzes oxidative folding of “substrate” proteins
[15,25,26]. Thus, within a give temporal window, a native set of
disulfide bonds may be sampled more frequently in the presence
of the oxidoreductase than in its absence. A higher sampling
frequency of native bonds simply translates into a greater op-
portunity to conformationally fold and protect the native bonds
from exchange.

In vitro, in the absence of PDI, oxidative protein folding rates
strongly depend upon the nature of the extrinsic redox reagent
[(such as air, dithiothreitol or glutathione) [5]. Dithithothreitol is
a weak oxidizing agent, resulting in slower oxidation reactions;
nevertheless, its advantageous use lies in its inability to form
mixed-disulfides with “substrate” protein which makes studies
of oxidative protein folding processes easier. Glutathione is a
more potent oxidant but forms mixed disulfides with protein
thiols resulting in a very large number of folding intermediates;
this complicates the analytical separation procedures necessary
to study oxidative protein folding. A number of other synthetic
redox reagents have been used to accelerate oxidative folding
and these agents exhibit varying efficiencies [20,23,27].

Independent of the presence of PDI and/or extrinsic redox
reagents is the process by which native disulfides and the native
fold is acquired. The fully-reduced polypeptide acquires its full
complement of disulfide bonds (native and non-native)
sequentially (R→1S→2S→3S→4S) (Fig. 1). Late-stage reduc-
tion and/or isomerization reactions permit either the full com-
plement or a minimal subset of native bonds to form from their
unstructured isomers (Fig. 3; 3SU→3SN; where 3SU and 3SN
represent unstructured three-disulfide bond containing species
containing one non-native disulfide bond and three native di-
sulfide bonds, respectively). Such a species has a chance to fold
conformationally and generate native or native-like structure
(3SN→3S⁎) [28]. It is this stable structural envelope that pro-
tects the formed native disulfide bonds from further thiol-
disulfide exchange reactions or reduction reactions and thereby
effectively removes the native protein or the native like species
from the quasi-equilibrium distribution of unstructured inter-
mediates [6]. Conformational folding resulting in the formation of
a stable structure is thus pivotal to effective regeneration.

PDI, dithiothreitol and glutathione facilitate oxidation, re-
duction and thiol-disulfide exchange and therefore, accelerate
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oxidative folding to a certain extent (depending upon thiol
pKa's and disulfide Eo' values). The synthetic dithiol, BMC has
been previously used in its reduced form to catalyze the reduc-
tion of scrambled RNase A (4S) and promote the formation of
the native molecule through isomerization reactions [2,20]. In
this study, we have employed it's oxidized form to significantly
accelerate oxidative folding. While the microscopic mechanism
of action was not investigated here, and is possible by an exam-
ination of the rate-constants for formation of the nS ensemble
from its (n−1)S precursor, it is likely that the small-molecule
oxidant is able to accelerate the acquisition of the native state by
accelerating the formation of every unstructured ensemble in the
folding pathway. Evidence for this exists in the rate of disap-
pearance of R in the presence of DTTox and DTTox/BMC. In the
latter instance, a 2.4-fold increase in the rate of disappearance of
R was observed.

Interestingly, the addition of non-redox-site-containing mo-
lecules led to a further acceleration in the oxidative folding rate
over that achieved by BMCox. The addition of TMAO and TFE
(in the presence of 50 μM BMC) resulted in a maximal increase
of 54% in the oxidative folding rate over that obtained using
BMC and DTTox.

To determine whether TMAO and TFE impacted early-
stages of oxidative folding, we examined the native tendency of
RNase A in the presence of these two small molecules. The
native tendency is a measure of the ability of the fully-reduced
polypeptide to form the native species upon oxidation of its
disulfide bonds (in the absence of thiol-disulfide exchange
reactions) [24]. Our results indicate that both TMAO and TFE
were able to increase the native tendency of RNase A. When
combined, their effects were greater than when applied inde-
pendently. TMAO has previously been shown in conforma-
tional folding studies to induce/stabilize the native fold in fully-
reduced RNase T1, a two disulfide-bond-containing protein.
The addition of 2.5 M TMAO resulted in acquisition of (100%)
native structure in the absence of disulfide bonds [29]. Its
mechanism of action is through the solvophobic effect where
presence of the polar osmolyte leads to destabilization of the
unfolded state [30]. TFE is known to induce helical content in
polypeptides [30]. A study on induced-helicity in β-lactoglo-
bulin revealed that addition of 80% v/v TFE to resulted in
formation of 78% helical structure [31]. Twenty other proteins
in the same study responded differently with induced helicities
ranging between 10–26% at 40% v/v added TFE. Our studies
were conducted at much lower concentrations of both reagents
and were intended to determine the impact (and mechanism), if
any, of these non-redox active molecules on oxidative protein
folding. Our results indicate that these molecules are able to
induce conformational-order in reduced ribonuclease at the
concentrations tested in an oxidative folding model and thereby
impact oxidative folding rates. This ordering favors the pro-
bability of native disulfide bonds over non-native ones as evi-
denced by the native tendency assay.

Des [40–95] and des [65–72] are two three-disulfide-bond-
containing structured intermediates that are formed from their
3S unstructured isomers through isomerization reactions; a
process that constitutes the rate-determining step in RNase A.
Their formation is a pivotal event in the oxidative folding process
because these species are able to protect their native disulfide
bonds from reshuffling reactions. The protection is possible be-
cause of an envelope of stable structure that makes these bonds
inaccessible to thiol-disulfide exchange reactions.

When placed under slightly denaturing conditions, these
intermediates, depending on their stability, are able to reshuffle
in part to their unstructured isomers (the 3S ensemble). The
addition of an oxidizing agent results in the oxidation of the
formed 3S ensemble to the 4S ensemble and of the remaining
des species to the native protein (N). A reduction-pulse allows
discrimination between the structured native molecule and its
unstructured isomers (4S). The data in Table 3 indicate that at
the applied concentration of denaturant, only 20% of des [40–
95] survives whereas 50% of the more stable des [65–72]
remains structured. The addition of TMAO results in the partial
“rescue” of both intermediates from denaturation. The degree of
rescue is proportional to the concentration of added TMAO.
TFE is also able to impart stability to both des species, albeit to a
lesser extent at the concentrations tested. The combined effects
of TFE and TMAO provide further stability to both the des
species resulting in their ability to withstand the denaturing
effects of GdnHCl.

Oxidative protein folding is relatively slow compared to
conformational folding. However, upon acquisition of structure
by an intermediate, successive oxidation of its cysteines to form
the native molecule are relatively rapid simply because the half-
cystines are spatially aligned, resulting in their easy oxidation to
form disulfide bonds. However, it is only late-stage isomeriza-
tion reactions that are responsible for the structure-coupled
oxidative folding step and are in part, a cause for the protracted
nature of the regeneration process. This is because a minimal set
of native disulfide bonds must be present before folding can
take place (in RNase A, three of the four bonds are necessary to
induce conformational folding).

If the requirement for the formation of a minimal set of
disulfide bonds prior to conformational folding can be circum-
vented, then oxidative protein folding can be expedited. That is,
if partial native structure can be formed, then oxidative protein
folding can be radically accelerated because native conforma-
tional order in a polypeptide would result in a native alignment
of half-cystines which can readily form disulfide bonds. Note
that generation of complete structure can be detrimental to the
formation of the native molecule because cysteine residue could
become buried within tertiary structure and therefore, inacces-
sible to oxidation. Therefore, partial order which promotes the
formation of native disulfide bonds and restricts the formation
of non-native ones is desired.

Furthermore, if native-like intermediates can be stabilized,
then the probability of their back-reshuffling to form unstruc-
tured intermediates decreases and oxidative folding rates can be
accelerated. Both TMAO and TFE accelerate oxidative folding
through at least two mechanisms: induction of native-like order
in the fully-reduced polypeptide and stabilization of two native-
like intermediates.

The inability of certain proteins to fold efficiently or the
formation of off-pathway intermediates leads to a number of
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misfolding-related diseases [32]. Acquisition of the native
structure in a timely manner is the bedrock of every cell and
living being. It is clear that the resident chaperones and the
quality-control mechanism while effective, represent, but a
snapshot in the evolutionary process, and are still not perfectly
adapted to ensure a “misfolding free” cellular (and extracellular)
milieu; hence the prevalence of disease. Ironically, in certain
cases the quality control mechanism is so unforgiving that, re-
latively unstable, but otherwise functional mutants are fed into
the proteasome machinery leading to diseased states [32]. The
data presented here demonstrate that it is possible to accelerate
oxidative protein folding through a host of small-molecules that
are effective through multiple mechanisms which do not involve
redox chemistry. Although TFE and TMAO may not be the
physiologically relevant molecules of choice, this work demon-
strates two different and novel mechanisms by which non-redox-
active molecules can accelerate the oxidative folding of ER-pro-
cessed proteins. Thus retention of these newly discovered non-
redox-active mechanisms becomes an important criterion for the
design of more bio-active molecules that are endowed with similar
function and are physiologically more effective. The long-term
goal of such research involves fine-tuning of small-molecule fold
adjuvants to achieve target-protein specificity, leading to the deve-
lopment of small-molecule chemotherapeutics for the alleviation
of misfolding-related diseases.
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