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ABSTRACT: The acid—base properties and metal-binding
abilities of (2S)-2-amino-1,4-dimercaptobutane, otherwise
termed dithiobutylamine (DTBA), which is a newly introduced
reagent useful for reducing protein and peptide disulfides, were
studied in solution using potentiometry, 'H NMR spectroscopy,
spectropolarimetry, and UV—vis spectroscopy. The list of metal
ions studied here includes Zn(II), Cd(II), Ni(I1I), Co(II), and
Cu(I). We found that DTBA forms specific and very stable
polynuclear and mononuclear complexes with all of these metal
ions using both of its sulfur donors. DTBA forms complexes
more stable than those of the commonly used disulfide reducing

Zn(Il)

agent DTT, giving it more interference capacity in studies of metal binding in thiol-containing biomolecules. The ability of
DTBA to strongly bind metal ions is reflected in its limited properties as a thiol protectant in their presence, which is manifested
through slower disulfide reduction kinetics. We found that this effect correlated with the stabilities of the complexes. Additionally,
the reducing properties of DTBA toward MMTS-modified papain (MMTS = S-methylmethanethiosulfonate) were also
significantly affected by the investigated metal ions. In this case, however, electrostatic interactions and stereospecific effects,
rather than metal-binding abilities, were found to be responsible for the reduced protective properties of DTBA. Despite its
limitations, a high affinity toward metal ions makes DTBA an attractive agent in competition studies with metalloproteins.

B INTRODUCTION

(25)-2-Amino-1,4-dimercaptobutane, which can be shortened
to dithiobutylamine (DTBA, CAS Registry Number 1363376-
98-0), is a newly introduced reagent recommended for the
protection of thiol groups in proteins."”” Currently, this role is
largely played by Cleland’s reagent, dithiothreitol (DTT,
racemic (28,35)—1,4—dimercaptobutane—Z,3—diol),3 tris(2-
carboxyethyl)phosphine (TCEP),* bis(2-mercaptoethyl)-
sulfone (BMS),” and p-mercaptoethanol (SME).® The
inventors of DTBA sought a compound that would react
with disulfides faster than commonly used DTT, which reacts
sluggishly with protein thiols at neutral pH, which is caused by
the high basicity of DTT thiols, with pK, values of 9.0 and
10.0.”~° Therefore, a compound with thiol groups more acidic
than those of DTT was needed. DTBA is a molecule closely
related to DTT, differing by the absence of two hydroxy
groups, one of which is replaced by an amino group (Figure 1).
The presence of a positively charged amino group in a
mercaptan molecule (e.g, cysteamine) increases thiol group
acidicity due to inductive effects.'® Indeed, the pK, values of
DTBA thiols determined in the original report (8.2 and 9.3)
were nearly one logarithmic unit lower than those of DTT." As
expected, at acidic and neutral pH, DTBA reacted with low
molecular weight disulfides faster than DTT. It was also more
efficient in restoring the enzymatic function of oxidized thiol
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proteins.' An additional advantage of DTBA is its chirality,
enabling its application in stereospecific reactions.

The biochemistry of many metal ions, both essential and
toxic, is controlled by interactions with low molecular weight
thiols and thiol proteins. Prominent examples include
glutathione, thioredoxin, and metallothioneins."*™*> Con-
versely, thiol-containing proteins such as zinc fingers, metal
ion transporters, and thiol proteases are frequent targets of
metal toxicity.'®™"® Selective protection of thiol groups in
experiments including thiol proteins and metal ions is therefore
of importance in biochemical studies. DTT is a very strong and
nonspecific metal ion chelator, forming a range of polynuclear
complexes.7’20_22 This makes it a useful, albeit difficult to use,
competitor for the determination of binding constants of metal
ion—thiol protein complexes but rather useless in other assays
involving heavy metal ions. Non-thiol disulfide reductants with
significantly lower affinity for metal ions, a prominent example
being TCEP, have been used in this respect,23 with successes
interacting with relatively small molecules up to zinc finger
peptides and metallothioneins.'>**~>* The efficacy of TCEP in
the protection of larger proteins, however, proved to be limited.
Moreover, TCEP can cause cysteine desulfurization at elevated
temperatures.29
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Figure 1. Structures of DTBA in its reduced (DTBA) and oxidized
(DTBA,,) forms. E°’ is the standard redox potential."

We studied the coordination properties of DTBA toward
several metal ions that are known to bind strongly to thiol
groups and to have biological significance. Among these metal
ions, Zn(II) and Cu(I) form physiological thiolate complexes
(e.g, at catalytic, structural, regulatory, or transport sites in
dedicated proteins). Ni(II), Co(II), and Cd(II) ions may exert
toxicity by interfering with these complexes and free thiol
groups. Understanding the properties of DTBA complexes with
these ions is important if DTBA is to be used to protect metal-
binding proteins from oxidation. Only detailed knowledge of
the metal-binding properties may help to avoid conditions that
enable the withdrawal of metal ions from their protein binding
sites by DTBA, thus acting as an unwanted competitor. Such
knowledge may also lead to its application as a designated
competitor in determinations of metal-binding constants of
proteins, as is now the case for DTT.>**'

B EXPERIMENTAL SECTION

Materials. (25)-2-Amino-1,4-dimercaptobutane (dithiobutylamine,
DTBA), HEPES, 3-(trimethylsilyl)-1-propane-sulfonic-d4 acid sodium
salt (TSP), S-methylmethanethiosulfonate (MMTS), lyophilized
papain from papaya latex, N,-benzoyl-p,L-arginine p-nitroanilide
hydrochloride (BApNA), S§,5'-dithiobis(2-nitrobenzoic acid)
(DTNB), ZnCl,, ZnSO,7H,0, NiCl,-6H,0, CuCl,-2H,0, CoCl,
6H,0, Co(NO;),-6H,0, CdCl,, *H,0 (99.99%), HNO; (redistilled
70%; 99.999% trace metal basis), 70% HCIO,, and NaOH volumetric
solutions were purchased from Sigma-Aldrich. Cd(NO;),-4H,0,
NaClO,-H,0, and KCl were obtained from Merck. NaCl, 37% HCl
from POCH, Chelex 100 from Bio-Rad, and *HCl (20% w/w) was
obtained from Cambridge Isotope Laboratories.

Synthesis and Purification of Oxidized DTBA (DTBA,,).
DTBA (0.1 g) was dissolved in 10 mL of Milli-Q water, and the pH
was adjusted to 9.5 with 2 M NaOH. To oxidize DTBA, the solution
was bubbled with air constantly and was frequently readjusted to
maintain the pH at 9.5. The concentration of thiol groups was
monitored every 2 h by Ellman’s test with DTNB.*> The reaction was
carried out until thiol oxidation was complete (within 12 h). The
solution was then evaporated to dryness, and a solid was purified by
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HPLC (4 mL/min) with water in 0.1% TFA (v/v) over 4 min,
followed by a linear gradient (0—30% v/v) of acetonitrile in 0.1% (v/
v) TFA over 30 min using a Waters 1525 system with a C18
Phenomenex Gemini-NX column (110 A, 250 X 10.00 mm). The
cyclic product of the reaction, DTBA,,, was identified using ESI-MS
(Applied Biosystems). The calculated m/z value for [C,H,NS,H]* (M
+ H*) was 136.0; found, 136.1.

Potentiometry. Protonation constants of DTBA and stability
constants of its metal complexes were measured in the presence of 0.1
M KNO; at 25 °C using pH metric titrations over the pH range of
2.5—11.0 (Molspin automatic titrator) with 0.1 M NaOH as the
titrant. The single protonation constant of DTBA,, was measured
under identical conditions. Changes in pH were monitored with a
combined glass—Ag/AgCl microelectrode (Biotrode, Methrom)
calibrated daily in hydrogen concentrations by HNO, titrations.>
Sample volumes of 2.0 mL, DTBA concentrations of 1.5 mM, and
4:1-7:1 ligand/metal ratios were used. The data were analyzed using
the SUPERQUAD program.** Standard deviations computed by
SUPERQUAD refer only to random errors.

Electronic Absorption (UV-Vis). Absorbance spectra were
recorded on a Jasco V-650 spectrophotometer in the spectral range
of 200—800 nm in 1.0 cm cuvettes. The spectra were recorded in 0.1
M NaClO, at 25 °C over the pH range of 3.5—12.5 by manually
adding small amounts of concentrated HCIO, or NaOH solution. The
spectra of deoxygenated samples were recorded using 100 uM DTBA
and 25 uM Zn(II), Cd(1I), Ni(II), or Co(II). In the case of Cu(I), 300
uM DTBA and 75 yM Cu(II) were initially mixed at pH 3.5. The final
content of the Cu(I)~DTBA samples (after Cu(II) reduction) was 75
uM Cu(I), 262 uM DTBA, and 37.5 uM DTBA,,, assuming a 1:2
ligand/metal reaction stoichiometry, on the basis of the redox balance.
Each spectrum was recorded for a fresh sample (initial pH ~3.5) with
the pH adjusted directly before measurements to minimize thiol
oxidation during sample manipulations. The pH* values (readings in
’H,0 of a pH meter calibrated with standard buffers in H,0) of
samples prepared in *H,O were adjusted using 5 M *HCI or 3 M
NaOH in *H,0O and then converted to pH values according to a
previously reported formula (eq 1).>° The absorbance of DTBA
measured at 233 (H,0) and 231 nm (*H,0) was fitted to a two-step
binding model using Origin 8.6 software.

pH = pH* X 0.932 + 0.42 (1)

Circular Dichroism (CD). CD spectra were recorded on a J-815
spectropolarimeter (Jasco) in the spectral range of 250—400 nm and
the pH range of 6—12.3 in 1.0 cm cuvettes. DTBA solutions (3 mM)
were prepared initially in 0.1 mM NaClO, at pH ~5.0 and then
deoxygenated with nitrogen. All spectra were measured at 25 °C under
a well-controlled N, atmosphere. Temperature was controlled by a
Peltier heating/cooling system. Five accumulations of each spectrum
were averaged using the 5 nm bandwidth, 200 nm/min scanning
speed, and 1.0 nm spectral interval. Background subtraction was
carried out for all spectra using similar parameters. The ellipticity of
DTBA measured at 283 nm was fitted independently to a one- or two-
step binding model using Origin 8.6 software (eqs 2 and 3).

gH" + 0,K"

 H'"+ K" 2)
OH" + OKH + 6K K,

" B+ KH+ KK, 3)

where 6, 6, 6, and 0, denote the observed ellipticity and the ellipticity
of protonated, intermediate, and unprotonated states, respectively; H
and n correspond to the concentration of H* ions and Hill’s
coefficient, respectively; and K, and K, are dissociation constants.
NMR Spectroscopy. 'H NMR spectra were recorded on a Bruker
AMX-300 spectrometer at 300 MHz. The spectra were expressed in &
(ppm) relative to TSP, which was used as an internal standard. The
acidity of NMR samples was measured in pH* units and subsequently
converted to pH values using eq 1. To avoid oxidation, a 10 mM *H,O
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solution of DTBA at pH 5 was deoxygenated, followed by adjusting
the pH to the desired level using either 2 M *HCl or 2 M NaOH in
H,0. All samples with metal ions were prepared similarly with 4:1
molar ratios of DTBA to M"™. All manipulations were performed
under a nitrogen atmosphere. The spectra were recorded at 25 °C
within 2 h of preparation. Chemical shifts of all protons of DTBA were
fitted independently to one- and two-step binding models (eqs 2 and
3, substituting ellipticities with chemical shifts) using Origin 8.6
software.

Elemental Analysis. Polynuclear M"*—~DTBA complexes were
obtained in a water solution under appropriate conditions for each
metal ion taken from potentiometric data simulations. Briefly, 0.2
mmol of DTBA was dissolved in 8 mL of Milli-Q water, and the pH
was adjusted to 5.0 (Zn(II)), 4.0 (Cd(II)), 4.5 (Ni(I)), 5.5 (Co(II)),
or 3.5 (Cu(I)) under nitrogen. Subsequently, 0.09 mmol of the
respective metal ion chloride was added to the solution, and the pH
was again adjusted to the values listed above. Precipitates were
centrifuged at 3000g, and pellets were resuspended in Milli-Q water.
Washing with water was repeated three times in order to obtain pure
polynuclear complexes. Solids were dried at 65 °C overnight. The
analyses of carbon, nitrogen, hydrogen, and sulfur contents of dry
precipitates were performed on a Vario EL III elemental analyzer
(Elementar Analysensysteme GmbH).

Papain Modification. Commercial papain from papaya latex was
modified with MMTS according to a previous study with minor
modifications.' Briefly, a solution of MMTS was prepared by dilution
of 3 uL of MMTS (>98%) with 1 mL of 0.1 M potassium phosphate
buffer pH 7.0 containing 2 mM EDTA and 0.15 M KCl. The solution
was deoxygenated with nitrogen for 15 min. Then, 30 mg of papain
was added, and the resulting solution was incubated at room
temperature overnight under nitrogen. The modified (oxidized)
papain was separated from excess MMTS by size-exclusion
chromatography using a Sephadex G-25 column equilibrated with
0.1 M HEPES at pH 7.0. The final concentration of protein was
determined spectrophotometrically at 280 nm using &5 = 56000 M~
em™L' All buffers were treated with Chelex 100 prior to use to
minimize the presence of heavy metal ions.

Papain Activity Assay. Activation of oxidized papain by DTBA
and its metal ion complexes was analyzed spectrophotometrically with
BApNA as a substrate. The 50 uM solutions of purified, oxidized
papain were mixed with DTBA or its complexes (4:1 ligand/metal
ratio) in 0.1 M HEPES at pH 7.0 to a final concentration of 100 uM
DTBA. The total volume of each reaction mixture was typically 350—
550 uL. In the case of the Cu(I)-DTBA complex, a higher
concentration of ligand was used (112.5 uM) due to its partial
oxidation of DTBA through its reaction with Cu(II). The 100 uL
aliquots of the mixture were transferred at desired time points to a
cuvette that contained 900 yL of 1.25 mM BApNA in 0.10 M HEPES
at pH 6.0. Initial concentrations of DTBA (DTBA,) and the inactive
enzyme (P,) were 10 and S uM, respectively. The absorbance increase
was monitored at 410 nm at 25 °C over 2—5 min and fitted to the
linear equation to obtain the rate of the reaction. All kinetic
measurements were performed in triplicate and analyzed using
standard analysis software. To calculate the second-order rate constant
kg, for the different metal ions, enzyme activities (reaction rates) were
normalized to the 0—100% range and then fitted to eq 4."

DTBAO - DTBAOekobst(Po—DTBAD)
DTBA, — poekobst(Po—DTBAo)

Normalized Rate = X 100%

)
DTNB Reduction by DTBA Complexes. The influence of heavy

metal ions on DTNB reduction was studied spectrophotometrically.
Cuvettes with freshly prepared 100 uM DTNB solutions in S0 mM
HEPES at pH 7.4 were blanked at 412 nm, and then small aliquots of
2 mM DTBA or its complexes with metal ions (4:1 ligand/metal ratio)
were added to a final concentration of 10 kM DTBA and 2.5 M metal
ion. In the case of Cu(I)—DTBA, a higher concentration of ligand
(11.25 uM) was used to obtain the final concentration of 10 uM
DTBA after Cu(II) reduction. The reduction of DTNB was monitored
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at 412 nm over 10 min. All kinetic experiments were performed in
triplicate, and the data were averaged.

B RESULTS

The DTBA molecule contains three protonating groups: two
chemically inequivalent thiols and one amine. Dissociation
constants of these groups were measured using four different
techniques: potentiometry, spectrophotometry, spectropolarim-
etry, and "H NMR spectroscopy. These techniques differ in
terms of numerical accuracy. Potentiometry is the best among
them in this respect, but the information it provides has a global
and indirect character. As such, it cannot provide group-specific
assignments of protonation events. Therefore, we used the pK,
values derived from potentiometry to calculate the pH
distribution of molar fractions of individual protonic forms of
DTBA (Figure 2). Results from other techniques were used to
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Figure 2. Comparison of spectropolarimetric pH titration of 3.0 mM
DTBA in 0.1 M NaClO, at 25 °C with the molar fraction distribution
plotted using potentiometric protonation constants. Ellipticity changes
were measured at 283 nm.

confirm these data and to establish acidities of individual
functional groups of this molecule. All pK, values obtained by
various techniques are provided in Table 1. The spectropolari-
metric titration of DTBA confirmed all three protonation
events obtained from potentiometry, which is clearly seen in
the titration curve overlaid on the potentiometric plot in Figure
2. The spectrophotometric titration in the UV spectral range
allowed us to determine the dissociation constants of the thiols
in the DTBA molecule because the amine group is
spectroscopically silent in the available UV range. The
wavelength used for monitoring was 233 nm. Absorbance
plotted against pH exhibited an inflection point that is
characteristic of a significant difference in the acidities of the
thiols (>1.5 log units, Figure S1, Supporting Information (SI)).
Although the amine group does not absorb in this range, we
were able to determine its dissociation constant by analyzing
the maximum band shift at basic pH. The value of pK,; was
found to be 11.08, which correlates well with potentiometric
and CD data (Figure S2, SI). Finally, '"H NMR spectroscopy
was used for unambiguous assignments. pH-dependent
monitoring of the chemical shifts is shown in Figure 3.
Constants presented in Table 1 are averaged values of
dissociation constants derived from chemical shift changes of
individual DTBA protons (Table S1, SI). An additional
spectrophotometric titration was performed in *H,0 (moni-
tored at 231 nm) to obtain a direct comparison of
spectrophotometric and NMR results (Figure S3, SI).
Dissociation constants determined in both solvents are
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Table 1. Dissociation Constants of DTBA and DTBA,, As Determined by Potentiometry, UV—Vis,” CD, and 'H-NMR

Titration at 25 °C and I = 0.1 M

DTBA DTBA,,

technique pK., pK., pK; pK,
potentiometry 7.88 + 0.01° 9.28 + 0.01° 10.999 =+ 0.006"
UV—vis (H,0) 7.76 + 0.01 9.31 + 0.01 11.08 + 0.04
UV—vis (*H,0) 7.82 + 0.07 9.23 £ 0.07 c
CD 7.83 + 0.08 9.11 + 024 10.90 + 0.03
'H NMR 7.81 + 0.06 928 + 0.16 10.98 + 0.04 8.60 + 0.04
average 7.82 + 0.05 9.25 + 0.09 10.99 + 0.0S

“Values determined spectrophotometrically were obtained for DTBA titrations in H,O and *H,0. “Derived from cumulative constants determined
directly from potentiometric data analysis: log # HL = 10.999 + 0.006, log # H,L = 20.277 + 0.005, and log  H,L = 28.157 + 0.006, according to

PKa = log ﬂ HnL -

log f H, L. “The pH* range used in the experiment allowed us to determine only the first two values.

a)

b).
3.5

3.0

2.54

3 (ppm)

2.0

Figure 3. (a) '"H NMR spectrum of 10 mM DTBA in *H,O at pH
5.12 and 25 °C with proton assignments listed. (b) pH dependence of
chemical shifts. Dashed lines depict fits assuming all dissociation
events. H’, and H’; correspond to differential chemical shifts of H,
and HP; protons, respectively.

convergent, as listed in Table 1. These careful experiments
allowed us to conclude that the first dissociation constant
(pK,;) of DTBA is ~0.4 log unit lower than reported
previously.

Although DTBA solutions were degassed, and the samples
were placed in NMR tubes under a nitrogen atmosphere and
were measured within 1—2 h, oxidation of DTBA was observed
above pH 7. This resulted in a new set of signals in the 'H
NMR spectra, which could be assigned to cyclic disulfide
DTBA,,. We used this opportunity to establish acid—base
properties of this molecule. Because both sulfur atoms formed a
disulfide bond, the amine was the only remaining protonating
group in DTBA,,. It is significantly more acidic (pK, = 8.60)
compared to the amine of DTBA (pK, = 10.98) (Figure S4, SI).

Table 2 provides stability constants of metal ion complexes
of DTBA obtained from potentiometry. Similar to DTT, DTBA
complexes exhibited a tendency to precipitate at ligand/metal
ratios lower than 4:1 at slightly acidic to neutral pHs.” To avoid
precipitation, ratios between 4:1 and 7:1 were used in all
titrations. Excess ligand relative to the metal ions did not pose a
problem in data analysis because all of the metal ions formed
highly stable complexes at acidic (Cu(I), Cd(II), Zn(Il)) and
neutral pHs (Ni(II), Co(II)). Therefore, metal ion-induced
deprotonations of DTBA did not overlap with spontaneous
deprotonation events of the uncoordinated ligand that occur in
the basic pH range. The addition of Cu(Il) to the DTBA
solution at pH ~2.5 (the starting point of all pH titrations)
resulted in the immediate, full reduction of Cu(Il) to Cu(I) by
an equivalent amount of DTBA, which was converted to
DTBA,, (eq 5).

2Cu** + H,DTBA" — 2Cu* + HDTBA " + 2H*

©)

This fact was taken into consideration during potentiometric
data analysis by reducing the initial concentration of DTBA and

Table 2. Stablhty Constants (log #)? of M"*—DTBA Complexes As Determined Potentiometrically at 25 °C and I = 0.1 M (from

I(NO3)
log S
MHL M,H;L; MH,L, MHL, ML,

Zn(II) 20.08 + 0.04 64.73 + 0.02 39.22 + 0.02 30.38 + 0.03 20.30 + 0.03
Cd(I1) 22.60 + 0.06 71.99 + 0.04 42.34 + 0.04 33.22 £+ 0.0S c

Ni(II) 19.25 + 0.14 63.82 + 0.06 39.66 + 0.03 29.72 + 0.0 179 £ 0.2
Co(11) 18.52 + 0.0 c 34.6 + 0.1 25.5 £ 0.1 157 £ 0.2
Cu(1) 27.40 + 0.09 752 + 0.1 43.1 + 0.1 3436 + 0.09 242 + 0.1

“f MHL; = [MHL,]/([M]H HJ/[L]¥), where [L] is the concentration of fully deprotonated DTBA. “Standard deviations are given as provided by
SUPERQ_UAD calculatlons 3* “Stability constant not determined under the applied conditions.
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including 0.5 equiv of DTBA,, per Cu(I). The analysis of
titration curves revealed that Cu(I) was bound tightly by DTBA
already at pH 2.5, which is the initial pH of the titrations.
Besides their different affinities for DTBA, all of the metal ions
studied exhibited a similar stoichiometric pattern in a wide pH
range with small exceptions. The MHL and M,H;L; complexes
were formed at acidic pH and turned into MH,L,, MHL,, and
ML, species at basic pH (Table 2). For divalent metal ions,
exceptions included the absence of the M,H;L;* dimer for
Co(II) and the fully deprotonated ML,*~ complex for Cd(II).
The stoichiometries of the most acidic species were also
tested by investigating the elemental compositions of
precipitates obtained at a 1:2.2 metal/ligand ratio. Complexes
were precipitated at various pHs within the 3.5—5.5 range
depending on the metal chloride. Solids washed three times and
dried at 65 °C were analyzed regarding their C, H, N, and S
content. The results, presented in Table S2 (SI), indicate a
uniform 1:1 composition, corresponding to a neutral MHLCI
species for all of the divalent metal ions. For Cu(l), the
elemental analysis matched a Cu,HLCI stoichiometry. The
oligonuclear complexes prepared using metal nitrates or sulfates
under identical conditions reflected different elemental
compositions, but the differences were due to the presence of
a counterion other than chloride (data not shown).
Independent confirmation for pH-dependent complex
equilibria provided by potentiometry was obtained by UV—
vis spectroscopy. Figure 4 shows the spectra of individual M"*—

30000

—
. 40000
g 20000-\ Zn(lly \ cd(ln
< 10000 20000 T
g \
- 0 T T T v T 1 0+ T T T
% 210 240 270 300 210 240 270 300
) 10000 -
£ 20000
Q Ni(Il) 5000 ] \& Co(ll)
O 10000 -]
>
=
= 0 T T T 0
3 200 300 400 500 200 800
—
) 9000
8 20000 - 6000
© Cu(l) ] cu(l)
@ 10000+ 3000
[9)
E 0 T T T = 0
200 250 300 350 400 200
A (nm) A (n m)

Figure 4. UV—vis spectra of DTBA complexes. The spectra were
obtained directly from experiments for complexes approaching 100%
abundance (Cd,H;L;, NiH,L,, Cu,H,L,) or calculated using
speciation data from potentiometry at the concentration used in
UV—vis titration. The following colors were used for the
corresponding complex species: (black) MHL, (red) M,H;L,, (blue)
MH,L,, and (green) ML,. The bottom right graph is an expansion of
low intensity features in the Cu(I)—~DTBA spectra.

DTBA complexes. These spectra were calculated from the
experimental spectra using speciation data derived from
potentiometry. They demonstrate charge transfer (CT), d-d,
and mixed CT + d-d transitions, depending on the metal ion
(see the Discussion for details). Comparison of absorbance
values read at characteristic bands or band shoulders with the
species distribution diagram, calculated for identical reactant
concentrations, confirmed the correctness of the latter (Figure
5). The absorption spectral parameters are presented in Table

3.

600

[P T— .
Zn(ily,

Metal ion molar fraction

Figure S. Speciation plots calculated for reactant concentrations used
in UV—vis spectroscopic measurements. The following uniform color
line styles were used for corresponding metal ion species: (---) M™,
(red) MHL, (blue) M,H;L;, (black) MH,L,, (orange) MHL,, and
(gray) ML,. Free Cu" ions were not present in the pH range shown.
The intensities of UV—vis spectra at particular wavelengths were
multiplied by the appropriate arbitrary factors to fit the diagrams, with
absorption for Zn(II) at 214 nm (yellow squares) and 232 nm (green
squares), Cd(II) at 247 nm (yellow squares) and 258 nm (green
squares), Ni(II) at 304 nm (yellow squares) and 417 nm (green
squares), Co(I) at 390 nm (yellow squares) and 600 nm (green
squares), and Cu(I) at 250 nm (yellow squares) and 262 nm (green
squares). A 1:4 metal/ligand ratio was used consistently, with overall
DTBA concentrations of 300 uM for Cu(I) and 100 M for the other
metal ions.

The diamagnetic complexes of Zn(II), Cd(II), Cu(I), and
Ni(II) were also characterized by "H NMR spectra, recorded at
pH values corresponding to maximum abundances of particular
forms. Examples of these spectra are presented in Figure S5
(SI), and the chemical shifts are compared to those of free
DTBA in Figure S6 (SI). In all cases, DTBA was in fast
exchange between the free and metal-bound states, including
Nl(II) complexes, which were in a slow exchange regime with
DTT.” All metal ions caused broadening of all signals; however,
signals of H” and W, being the closest to sulfur atoms,
broadened the most. In all spectra of the complexes, the signals
from DTBA,, were observed at varying intensities, indicating
that DTBA oxidation occurred in NMR samples like it did with
DTBA alone. The highest extent of oxidation was found for the
Ni(II)-DTBA system. The effects of metal ion coordination on
the chemical shifts of DTBA protons were minor in most cases.

To characterize the reactivity of complexes of DTBA, we
reacted them with DTNB, a model disulfide that is very easily
reduced to its thiol monomer yellow TNB (¢ = 14150 M™*
cm™ at 412 nm).>* Figure 6 demonstrates the influence of
metal ions on the reduction of excess DTNB by 10 uM DTBA.
The reaction was monitored for 10 min and clearly occurred in
two phases. The rapid phase occurred within 9 s, which was the
dead time of the experimental procedure and consumed most
of the reacted DTBA. It was followed by a much slower minor
process that was apparently completed within 7—10 min.
Metal-free DTBA was fully oxidized in the first reaction phase,
as was a large proportion of DTBA, being 4-fold excess relative
to the metal ions. Oxidation of DTBA in the second phase
clearly depended on the stability of the complexes, with Cu(I)
and Cd(II) providing much better protection than Zn(II) or
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Table 3. UV—Vis Spectroscopic Characterization of Major Complexes of DTBA with Wavelengths of Band Center Given along

with Molar Absorptivity Coefficients in Parentheses (M™' cm™, Calculated per Mole of Metal Ion)®

metal ion MHL
Zn(11) sh265 (600)
sh220 (6500)
Cd(1r) sh250 (8500)
Ni(II)
b
Co(11) 272 (7600)
sh316 (9650)
sh392 (5440)
Cu(1) sh350 (350)

sh266 (1700)
sh218 (3450)

M2H3L3
sh270 (650)
sh225 (10800)
sh248 (14000)

417 (4050)
sh322 (8800)
297 (12750)
269 (12350)

sh320 (450)

sh292 (1550)

sh264 (4900)
218 (19500)

MH,L,
sh280 (800)
sh228 (15600)
sh234 (24200)
sh303 (8500)

269 (13800)
sh225 (18200)

ML,
sh280 (750)
231 (31500)
c
sh390 (1800)
sh30S (8200)
sh271 (13300)
sh230 (19800)
277 (8150)
314 (7236)
370 (5950)
sh322 (350)
sh294 (990)

“Values were obtained by the comparison of UV—vis spectra with species distributions calculated for concentrations of the reactants used in the
titration. “Parameters of the species not determined due to its low abundance. “Species not detected in potentiometric experiments.
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Figure 6. Influence of metal ions on the oxidation of DTBA by
DTNB. Freshly prepared 100 uM DTNB was mixed with either 10
uM DTBA (dashed line) or its complexes, 2.5 uM Zn(II), Ni(II),
Cd(11), or Cu(I), and incubated for 600 s. The reaction was monitored
at 412 nm and recalculated into percentages of oxidized DTBA.

Ni(II). The effect of Co(Il) was also tested; however, the
reaction kinetics were not consistent with regular kinetic
models, indicating the presence of side processes (data not
shown).

The reducing ability of DTBA toward protein disulfides was
studied in the original report for two enzymes, creatinine kinase
and papain, the activities of which were extinguished by
modification of their catalytic cysteine residues.’ A significant
difference between DTT and DTBA was observed for the
second enzyme, where DTBA yielded more rapid enzyme
reactivation. To examine whether metal ions would be able to
affect protein reduction by DTBA, we used MMTS-modified
papain. Figure 7 shows the influence of individual metal ions on
the kinetics of papain reactivation by DTBA and its complexes.
Zn(II), Cd(II), and Cu(I) exhibited similar second-order
kinetics, as did free DTBA (Figure 7a), whereas Ni(Il) and
Co(II) demonstrated a more complex reaction (Figure 7b).
The kinetic constant k., determined for the reactivation of
papain by free DTBA, was 7300 M~' s7/; the k, values in
complexes with Cu(I), Ni(II), Cd(II), and Zn(II) were slower
(Table 4). It should be noted that the k,, for DTBA in the
presence of Ni(Il) was fitted using only the first four reaction
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Figure 7. Effects of metal ions on the reactivation of MMTS-modified
papain by DTBA. Samples of 50 uM MMTS-modified papain were
incubated with 100 uM DTBA or its complexes (4:1 ligand/metal
ratio), and enzyme activity was monitored. (a) Effect of Cu(I), Cd(II),
and Zn(1I) and (b) effect of Ni(II) and Co(II) (see Experimental
Section for details). Red circles represent kinetics of enzyme
reactivation by 100 yuM DTBA, given for comparison. Data were
fitted to a second-order rate kinetics equation.

points due to the presence of a secondary deleterious process.
Determination of kg, of Co(I)-DTBA enzyme reactivation
was not possible for the same reason.

B DISCUSSION

Properties of Free DTBA. The combined results of
potentiometry, spectropolarimetry, NMR spectroscopy, and
UV—vis spectroscopy vyielded convergent values for the
dissociation constants of DTBA. These results shed light on
acid—base properties of the molecule. The pK, values of the
thiols differ slightly from those reported by Raines and co-
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Table 4. Influence of 2.5 gM Metal Ions on the Kinetics of
Activation of S uyM MMTS-Modified Papain by 10 uM
DTBA®

activator kgps X 1073 (M~ s71)

DTBA 7.3 £ 07
Zn(II)~DTBA 17 +£03
Cd(1))-DTBA 57 +£0.7
Ni(II)-DTBA 6.4 +0.8°
Co(1I)-DTBA c
Cu(I)-DTBA 6.8 + 0.4

“Activity of the enzyme was monitored using BApNA, and k,, values
were obtained by data fitting using a previously published formula.'
Value calculated using the first four experimental points. “Value not
determined due to significant changes in velocity.

workers." The main difference is seen for the pK,; value
characterizing the thiol group at the ' position. The value of
this constant was determined here to be 7.8, which is 0.4
logarithmic unit lower than the previously reported value.' The
second pK, (pK,,) is identical to the published value. The
reason for this difference is the usage of one spectrophoto-
metric titration set in the original report together with data
fitting using a different equation that assumes that individual
dissociations cannot be discerned and that both deprotonations
exert equal effects on the monitored parameter. Careful
titration at slightly different wavelengths (233 and 231 nm)
allowed us to observe a characteristic inflection point indicative
of a significant difference in acidity between the two thiols
(Figures S1 and S3, SI). Experimental data were therefore fitted
to a two-step binding model, which was convergent with data
obtained using other methods. Moreover, the constants
determined by potentiometry uncovered a significant separa-
tion of the constants, thus excluding a major overlap of both
events. Separation of the dissociation events results in very
good agreement of the potentiometrically and spectroscopically
obtained data (Table 1). This finding indicates that DTBA is
even more acidic than previously thought, which is reflected in
its unique reducing properties. Figure 2 shows the species
distribution of DTBA at a wide range of pHs. At pH 7.0, which
is commonly used for the characterization of redox potentials,
~12% of the more acidic thiol is dissociated. At pH 7.4, it is
~25%. For comparison, the extent of dissociation of the less
basic of the DTT thiols is 0.8% and 1.7% at pH 7.0 and 7.4,
respectively.”

Higher acidicity of the thiols of DTBA makes this disulfide
reducing agent much more suitable for application at pHs lower
than 7.4 relative to commonly used DTT. This is particularly
important when one considers the higher acidity of several
cellular compartments, such as endosomes, lysosomes,
secretory granules, and the Golgi network. The application of
DTBA in biochemical studies at lower pH is therefore more
reasonable, especially when almost identical redox potential
values of DTT and DTBA are taken into consideration." In this
context, it is worthwhile to mention that TCEP, a non-thiol
disulfide reducing agent, is very reactive under acidic conditions
because its reactivity depends on a single phosphine group
characterized by a pK, of 7.68.>

Our experiments also provided a precise value for the
dissociation constant of the DTBA amine, which is very basic
(pK,; = 10.99). This high basicity has a critical impact on the
acidity of the §’ thiol through Coulombic and inductive effects.
Similar but slightly lower basicity was observed for the amine
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function of cysteamine, which has a similar arrangement of
atoms, SH—CH,—CHR-NH, (pK, of 10.44)."° In contrast,
oxidation of DTBA to its cyclic form eliminates the thiol
groups, which in turn decreases the basicity of the amine group
due to the lack of electrostatic interaction between thiolate and
a positively charged amine (—S7---H;N*—). The amine
dissociation constant (pK,) in DTBA,, is more than two
logarithmic units lower (8.6) than that of DTBA (Figure S4,
SI). Spectrophotometric titration of DTBA at basic pH
uncovers a bathochromic shift of thiolate absorption, which is
associated with deprotonation of the amine group. This
observation confirms an interaction of the £’ thiol with the
amine group. Interactions of particular groups are also visible in
"H NMR titrations. For instance, the H* proton closest to the
amine group shifts a similar amount upon thiol deprotonation
(Figure 3). Likewise, the H’ proton, which is closest to the
thiol, also shifts around pH 11 (Table S1, SI). Similar
interactions of individual groups occurring through space
were observed in reduced and oxidized glutathione mole-
cules. >’

Complex Formation. The modes of coordination of
Ni(II), Cd(II), Co(Il), and Zn(II) ions to DTBA exhibited
common features. At acidic and neutral pH, all of the metal ions
formed strong mono (MHL) complexes with two thiolates of
DTBA bound to the central metal ion (Figure 8a). The DTBA

*HaN
a) b)
/xn 4
s—M \
s PH S
S M\
s NH*
NH3* NH5*
3

Figure 8. Schematic representation of the structures of (a) MHL and
(b) M,H;L; complexes present in weakly acidic pH. X represents
water or other molecules bound to metal in the MHL species (e.g.,, Cl~

for Cu(l)).

complexes differ from their DTT counterparts due to the
positively charged amine group of the ligand. Nevertheless, they
precipitated from solution in a similar fashion below a 4:1
ligand/metal molar ratio. The composition of these precipitates
conformed to the presence of MHL" complexes in solution,
neutralized with equimolar chloride anions, MHL*Cl~ (Table
S2, SI). These mono complexes remain in equilibrium with the
dinuclear M,H;L; complex, which is an intermediate species
between 1:1 and 1:2 stoichiometries (Figure 8b). Similar
species were observed for DTT, but two such intermediate
polynuclear complexes, M;L, and M,L;, were found there. The
presence of the M,H;L; complex was confirmed by UV—vis
spectra (Figure 4).

The bis (MH,L,, where x = 2, 1, 0) complexes of DTBA are
predominant in neutral and basic pH for all of the investigated
metal jons. UV—vis titrations confirmed the speciation derived
from potentiometric titrations, indicating a tetrathiolate
coordination mode. Because the amine group demonstrated
very high basicity, it did not participate in coordination of the
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metal jons. On the basis of this fact, these differently
protonated MH,L, complexes are present in a relatively wide
range of pHs (Figure 9). The pK, values obtained from

a) “HsN b) *HsN €)  HoN
O 00
\ \ \
—S — —
G R
Lﬂs P ﬁ/s P @j
NH3* NH NH,

Figure 9. Schematic representation of bis-complex structures relevant
at neutral and basic pH: (a) MH,L,, (b) MHL,, and (c) ML,.

potentiometry vary between 8.7 and 11.8, depending on the
metal ion. These values are slightly lower than that of the free
DTBA molecule due to electrostatic effects in those complexes,
such as a higher overall charge per amine of the dissociating
species. This indicates that amine group dissociation is not
related to metal binding. UV—vis data (Figure 4) demonstrated
that the geometry of MH,L, differs slightly compared to that of
MHL, and ML,, indicating that the charge state of the amine
affects the geometry of these complexes to a small extent.
Cu(I) is different for two reasons. First, the Cu(I) complex
was found to be present even at pH 2.5, the starting point of
our titrations. This behavior demonstrates a very high affinity of
Cu(I) for DTBA, similar to the case of DTT. Second, the
composition of the precipitate formed by Cu(I) with DTBA at
low pH indicated a possible solution structure of the CuHL
complex. This complex, unlike those with divalent cations, has
neutral charge. Principally, it should retain the same
stoichiometry in the solid state. Instead, the minimal
stoichiometry of the precipitated complex includes another
Cu(I) cation that is neutralized by a chloride anion. This
composition strongly suggests that a chloride ion remains
bonded to Cu(I) in this complex, which thus has a —1 charge in

solution and collects another Cu(I) for neutralization (Figure
8a). Such trigonal coordination is compatible with known
properties of Cu(I) complexes. It occurs because the
dithiobutyl chain of DTBA is too short to provide a linear
arrangement of thiolate ligands around the Cu(I) ion. The only
likely alternative, a dimer composed of two CuHL units, is
indistinguishable from the monomer by potentiometry but can
be excluded on the basis of the composition of the precipitate
(i.e., Cu,H,L, is also neutral and does not need a chloride to be
neutralized) and the rather featureless UV spectrum, which
suggests the absence of additional interactions between Cu(I)
ions and their thiolate ligands. Coordination of chloride to
Cu(]) is also supported by the known high affinity of these two
ions.”®*” Preparation of oligonuclear DTBA complexes using
metal nitrates and sulfates reflects different elemental content
(elevated N and S content, respectively, data not shown) that
demonstrates that anions are required as counterions in the
precipitation process.

Mononuclear Cu(I)—thiolate complexes often absorb at
around 240—270 nm, and clusters have a band at 300—350
nm.** Spectra presented in Figure 4 that correspond to major
complexes absorb above 300 nm with variably pronounced
shoulders. This feature suggests an admixture of di-, tri-, and
higher polynuclear complexes for Cu(I) in equilibrium.
Potentiometry is a quantitative method but only for the
definition of thiol acidity. It cannot readily distinguish between
ML, and M, L,, complexes, for example, without the support of
other techniques. In the case of our data, comparison of
potentiometry with absorption data below 300 nm gives good
support for the potentiometric model (Figure S and Table 3)
but cannot exclude the presence of small amounts of
polynuclear components.

Ni(II) and Co(II) are respectively d® and d” ions, thus having
metal-centered d-d absorption bands. However, the electronic
levels of coordinated thiolates are known to mix with d levels of
these metal ions under favorable geometric conditions resulting
in band intensities nearly as intense as those of charge transfers
(CTs) at wavelengths normally associated with weak d-d
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Figure 10. Comparison of metal-binding abilities of DTBA and DTT over a wide range of pHs. Diagrams were calculated for 1 mM DTBA or DTT
and 0.5 mM metal ions using stability constants both published previously and determined in this study.” The black dashed, red, and blue lines
correspond to free metal ion (M™), M"*—DTBA, and M"*—DTT, respectively.
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electronic transitions. This happens for square-planar Ni(II)
thiolate complexes”*'™** and for tetragonal (e.g, square-
pyramidal) Co(II) complexes.****~*" There are no d-d
absorption bands at wavelengths longer than 650 nm in the
Co(II)-DTBA spectra. Such bands are a fingerprint for
tetrahedral Co(II)—thiolate complexes, and their absence
indicates that Co(1I) formed tetragonal rather than tetrahedral
complexes with DTBA.*** The possibility of a high-spin
Ni(II) pyramidal complex is highly unlikely because they are
usually formed by sterically constrained ligands. Also, in such
complexes, the lowest energy spectral band usually occurs
below 500 nm.**¢° Additionally, aside from broadening, the
fact that there was only a very minor impact of the coordinated
Ni(II) ions on the "H NMR spectra of DTBA and that there
was a fast exchange regime strongly supports the binding
modes in which flexible DTBA molecules are tethered to the
Ni(II) ions solely via sulfur atoms and retain high flexibility due
to the absence of steric hindrance.

The Zn(II), Cd(II), and Cu(I) ions are essentially
spectroscopically silent, being d'° ions, but CT transitions are
present in the spectra of thiolate complexes of these

ns.”'325283175% The positions and intensities of the CT
bands for Zn(II), Cd(II), and Cu(I) are similar to those of
previously characterized ZnS,, CdS,, and CuS, coordination
types seen for DTT complexes”*° and for biologically relevant
thiolate Ii§ands, such as zinc ﬁngers,m_28 metallothio-
neins,'>>>>® phytochelatins,”*”** and low molecular weight
thiols (e.g, glutathione).""*”% Similarly to Ni(Il)~DTBA
complexes, Zn(II)—, Cd(II)—, and Cu(I)~DTBA complexes
demonstrate high coordination dynamics on the basis of a lack
of additional signals observed in the '"H NMR spectra (Figure
SS, SI).

Applications. Comparing the metal-binding abilities of
DTBA with DTT on the basis of their log f values determined
potentiometrically (Table 1 and 2) showed that, despite
structural similarity, they demonstrate significantly different
capabilities in metal ion binding. Figure 10 shows that Zn(II)
and Ni(II) are bound more tightly by DTBA than DTT
throughout the pH range. However, Cd(II) and Cu(I)
demonstrate higher affinity for DTBA at basic and acidic
pHs, respectively. This observation is confirmed by compet-
itivity index (CI) calculations of CI,, values, which are
calculated at pH 7.4. The CI,, values provide a means of
comparing metal-binding affinities of complexes having differ-
ent stoichiometries.'> These values are presented in Table S.

Table 5. Competitivity Index'” Values for Various Metal
Ions with the Disulfide Reductants DTBA and DTT’ at pH
7.4,25 °C, and I = 0.1 M (CL, )"

metal ion DTBA DTT
Zn(11) 9.166 7.894
cd(1n) 12.532 9.00
Pb(II) b 9.69
Ni(11) 9.519 6.47
Co(II) 4912 b
Cu(I) 1421 14.78

“Cl is the logarithm of the conditional stability constant of MZ (the
metal complex of theoretical molecule Z), such that [MZ] =
Zijk,[MiH]-LkA,], at a given overall component concentration. The
concentration of disulfide reductants and Z were set at 0.001 M, and
those of the metal ions at 0.00025 M. ®No data available in the
literature.
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Only Cu(I) binds to DTT slightly stronger than to DTBA. The
main reason DTBA complexes have elevated stability relative to
that of DTT complexes is the positively charged amine group,
which causes a reduction in pK, values of thiols in the ligand
molecule, making them more prone to metal ion-dependent
deprotonation. This effect is less important for Cu(I)
coordination, which is driven by the very high stability of the
Cu—S bonds and is thus relatively less susceptible to differences
in pK, values.”!

Certainly, the high affinity of DTBA for metal ions is a major
disadvantage of this new disulfide reducing agent. Moreover, it
is common knowledge that application of DTT to immobilized
metal jon chromatography (IMAC) frequently results in
binding (transfer) of the metal ion from the resin, resulting
in decreased protein binding capacity and precipitation of
M"—DTT complexes inside the column. On the basis of the
higher affinity of DTBA for metal ions, we expect an even more
significant influence of the reductant on IMAC and
equilibration with metalloproteins. In our previous report
devoted to the coordination properties of TCEP, we showed
that this disulfide reducing agent possesses a very low capacity
for metal ion chelation, making it an agent of choice for the
protection of metalloproteins and metal-binding peptides.”
Among all of the discussed thiol group protectants, DTBA has
the highest affinity for metal ions, whereas TCEP is the most
nonbinding molecule. Figure S7 (SI) compares the binding
capabilities of TCEP, DTT, and DTBA toward Zn(II), Cd(II),
and Ni(II), all metal ions previously studied potentiometri-
cally.”?* For instance, TCEP complexation of Zn(II) is 5.3 and
6.0 orders of magnitude weaker than those of DTT and DTBA,
respectively.

High metal affinity is also reflected in reducing properties
toward disulfide targets. Addition of any of the investigated
metal ions, excluding Co(II), slowed DTNB reduction (Figure
6). Interestingly, this effect correlates very well with the CL,,
values of the DTBA complexes (Figure 11). Zn(II) and Ni(II)
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Figure 11. Linear correlation among the overall affinities of DTBA
complexes at pH 7.4, represented by CI,, and their abilities to protect
DTBA from oxidation by DTNB.

demonstrate the lowest and comparable effects on DTNB
reduction, respectively, whereas Cu(I) eliminated redox activity
of DTBA almost completely. The latter effect is due to the
formation of extremely highly stable Cu(I)~DTBA complexes,
wherein DTBA thiols are not accessible for exchange with
disulfides such as DTNB.
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The influence of metal ions on the reduction of MMTS-
modified papain with DTBA contrasts the effects observed for
the reaction with DTNB. For instance, the Zn(II)-DTBA
complex was least efficient at reactivating the oxidized enzyme
compared to free DTBA (Table 4). The Cd(II)-DTBA
complex, despite its higher thermodynamic stability, reduced
the oxidized enzyme 3.3-fold faster than the weaker Zn(II)
complex. A similar tendency was observed at the beginning of
the reactions with Ni(II) and Co(II) complexes; however, they
subsequently caused unspecific inhibition of the enzyme
(Figure 7). The active site of papain has an anionic character,
and it has been shown previously that DTBA, thanks to its
positively charged amine group, can reduce oxidized papain 14-
fold faster than neutral DTT."*"> The net charge of Cd(II)—,
Ni(II)—, and Co(I)-~DTBA complexes calculated for the
reaction conditions is much more positive than that of Zn(Il)—
DTBA complexes. The Cu(I)-DTBA species, which has a
different stoichiometry at the same pH, marginally slowed the
reactivation of MMTS-papain, although the net charge was
almost neutral. This is probably due to a stereospecific effect
rather than a simple electrostatic interaction; this interesting
issue should be explored further in the future.

As presented above, the unique acidity of DTBA thiols is the
consequence of the presence of a positively charged amine
group. The high basicity of thiols in DTT confirms this
conclusion. Using DTBA for the production of disulfide
reducing resin requires usage of the amino group during
immobilization.” Consequently, this reaction deprives the
DTBA molecule of its positive charge. We expect that
immobilized DTBA will have reducing properties similar to
those of DTT. To maintain the reducing capabilities of the
DTBA resin, another DTBA derivative with an additional
function for conjugation should be used.

DTT was recently applied as a competitive agent to
determine the Cu(I) binding constants of cellular copper
chaperones using electrospray mass spectrometry.>”*" This
application is based on the assumption that actual concen-
trations of rather unstable DTT in studied reaction mixtures are
independently known, because there is no way to quantify
neutral molecules of protonated DTT and its cyclic disulfide
DTT,, by mass spectrometry. Also, because of the very high
Cu(I) affinities of these proteins, enormous DTT concen-
trations had to be used. This brings about the possibility that
artifacts resulting from ionization quenching by DTT may
distort quantitation of Cu(I) transfer from the studied protein
to the competitor. DTBA potentially allows one to avoid all of
these issues on the basis of its charged amine group and higher
metal affinity. Its application could be extended to other
physiologically or toxicologically relevant metal cations,
including those studied in our work.

B CONCLUSIONS

The results presented here demonstrate that DTBA, a novel
dithiol reducing agent, is a very strong and versatile metal ion
binding agent for all of the metal ions tested, including Zn(1II),
Cd(II), Ni(II), Co(II), and Cu(I), forming both mononuclear
and dinuclear complexes. The stabilities of the DTBA
complexes are similar to, or usually even somewhat higher
than, those of DTT, limiting its usage. The strong reducing
abilities of DTBA depend on the very basic amine function;
thus its neutralization (e.g, by immobilization) should be
avoided. Our results demonstrate that metal ions reduce the
capability of DTBA to reduce low molecular disulfide DTNB
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due to its metal-binding abilities and also affect reactivation of
oxidized papain due to stereospecific and electrostatic effects.
On the other hand, strong metal-binding abilities can be
expected to make DTBA a useful competitive ligand for ESI-
MS studies of metal ion affinities to proteins.
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