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Figure 9: B-cell biosynthetic pathway for the packaging of insulin'’.

Figure 10: View of insulin dimer coordinated by histidine residues to 2 Zn*" atoms (grey spheres). By
combining with two other dimers, insulin forms a zinc-stabilized hexamer. The hexamer also contains a
Ca?* cation for increased stability. Picture constructed using Chimera viewing software (PDB file: 2ins).

The disulfide bonds that hold the two chains of insulin together are post translational
modifications involved in stabilizing the native structure?’. Research has shown that it is
not only the interchain disulfide bonds that are broken in a reduction reaction of insulin,

but when treated with thioglycolate solutions at pH 5, the major reaction that occurs is the

16



cleavage of the intrachain disulfide bond on the a-chain?!. It is not clear which of the
three total disulfide bonds in the structure are more accessible to reagents and is therefore
the likely candidate to be reduced first, although some researchers suppose that the
intrachain disulfide bond will be reduced first?!. Other researchers have pointed out that
the rate of electrolytic reduction of the two interchain bonds was found to be significantly
faster than that of the intrachain disulfide bond?. It seems that the likelihood of being

reduced first depends on the experimental conditions and reagents used.

In terms of accessibility, it seems like the A7-B7 inter disulfide bond is most accessible
(exposed) based on a ball and stick model in Figure 11 (right). Additionally, because the
hydrophobicity surface is pointed out (remember that B7 is surrounded by leucine and
glycine, which are both hydrophobic) the molecule will want to expose the hydrophilic
cysteine in the same way a micelle will want to fold the hydrophobic tails in a lipid
bilayer inside itself while exposing the hydrophilic heads. On the other hand, the A20-
B19 and A6-Al11 disulfide bonds have hydrophobicity pockets, which might be big

enough to fit a gold thiolate molecule inside but are not quite as accessible.
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A20-BI9 AA0-BI9

Figure 11: Hydrophobicity surface of insulin, where the color gradient is determined by the Kyte-Doolittle
scale, where blue is hydrophilic, red is hydrophobic and white is in between. Picture at right shows the
cysteine residue hydrophobicity surface removed. Picture constructed using Chimera viewing software
(PDB file: 6QQ7, bovine insulin).

Each amino acid residue has an alpha carbon and two Ramachandran angles: y-psi and ¢-
phi, the only two bonds that are available to freely rotate in the backbone, and therefore
define the conformation of the protein. v is the angle between C, and the carbonyl carbon
(Figures 12 and 13), while ¢ is the angle between C, and the amide that joins two
residues together (Figures 14 and 15). The Ramachandran plot can be seen in Figure 16.
Y and ¢ are limited by steric hinderance, as no two atoms may occupy the same space,
and these regions of the Ramachandran plot will therefore be empty of any residues.

These regions are not allowed by sterics.
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Figure 12: Rotation of psi bond®

Figure 13: Rotation of psi bond looking down the alpha carbon with the carbonyl carbon at the back?
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Figure 14: Rotation of phi bond?’

Figure 15: Rotation of phi bond looking down the amide nitrogen with the alpha carbon at the back®
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Figure 16: Ramachandran plot for bovine insulin. Cysteine residues colored red, all other residues blue.
Green lines show the probability contour based on a reference set of high-resolution proteins. Graph
constructed using Chimera viewing software, picking general amino acid as the probability contour (PDB
file: 6QQ7, bovine insulin).

As can be seen in the Ramachandran plot above, the top three cysteine residues (All,
A20 and B7) are most likely parts of loops or turns, the less ordered tertiary structures of
proteins, although the general region where they are located (high psi, negative phi)
usually codes for B-sheet as the most likely structure. The bottom three cysteine residues
(A6, B19 and A7) are parts of a-helices. The Ramachandran plot further supports the
structure above as the more likely structure of insulin and shows that in each disulfide
bond of insulin, one of the cysteines is in a turn or loop, while the other is in an a-helix,
making it difficult to judge the accessibility of one disulfide bond over another. However,

it is possible to deduce something from the energetically unallowable regions of the
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Ramachandran plot. One of such unallowable regions spans the horizontal line where v is
between -20° and 20° %°. This is the clash between an amide nitrogen and the hydrogen
attached to another amide nitrogen. In comparison to the other steric clashes, this one is
not as energetically unfavorable, yet it still provides some hinderance. The two top
cysteine residues of the a-helix group in the Ramachandran plot are inside that region of
N-H steric hinderance, while the bottom residue (A7) is not. This seems to propose that
the A7 residue would be more stable and therefore unlikely to relieve any steric
hinderance, supporting the notion that it would be the least likely to react with any gold
thiolate compound. But that is only half of the disulfide bond, since gold cannot attack
both sulfurs at the same time and will favor one over the other. The sulfur attacked might
be chosen based on the possibility of alleviation of steric hinderance, which would make

the A7 residue less likely to be attacked.

Combined with the observation that A7-B7 is the most exposed disulfide bond according
to hydrophobicity considerations, the prediction that A7 is less likely to be attacked
suggests that it might be possible to reason about the accessibility of the disulfide bonds
as well as the likelihood that they will be reduced. However, any sort of conclusion is

beyond the scope of this discussion.

The Lees group has recently proposed that aromatic thiols with an elongated alkyl group
on the aromatic ring are expected to increase interactions with the hydrophobic core of
disulfide containing proteins during folding, allowing easier access to buried disulfide
bonds'®. This could be an advantage for the insulin disulfide bonds that are not as

accessible as A7-B7.
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Reaction Between Insulin and Dithiothreitol

From the DeCollo and Lees study it appears that they use DTT as a way to shift the
equilibrium of the reaction toward reduced insulin'. DTT does this by reducing the
aromatic disulfides formed in the interaction between insulin and an aromatic thiol back
to the starting reactants. The reaction between insulin and an aromatic thiol can be seen in
Figure 17 below. After the thiol reduces insulin, it forms a disulfide which, in the
presence of DTT, is subsequently broken to react again with insulin. Thus, DTT is

shifting the equilibrium of the reaction toward reduced insulin.

ArSH + Oxidized Insulin =—= ArSSAr + Reduced Insulin

5

ArS

Figure 17: Reduction of insulin by aromatic thiol in the absence of DTT!

It is known that DTT significantly alters portions of secondary structural elements of
insulin through aggregation, decreasing a-helical content from 34.8% to 13.2%,
increasing B-sheet content from 16.3% to 26.9% and random coil content from 32.3% to

42.6%%.

In comparison to PDI, 5 to 10 times the weight of an aromatic thiol is needed to match
the rate of the reduction of insulin in the presence of DTT!. However, PDI, the in vivo
catalyst, is expensive and can be difficult to separate from other proteins, thus leaving
potential for aromatic thiols to catalyze the reaction more cheaply and just as effectively'.

It is also a possibility to use PDI and aromatic thiols congruently!?.
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Arguably, DTT can also be used to reduce insulin directly, as shown by Holmgren,
during which reaction DTT forms a disulfide (Figure 18). In this reaction, thioredoxin
acts as the redox buffer; however, DTT reduces insulin even without a redox buffer at the

expense of a reduced reduction rate.

SH
/ . )
Dithiothreitol + insulin-S, thioredoxin >
AN
SH
S

/
dithiothreitol | + insulin-(SH).

AN
S

Figure 18: Formation of DTT disulfide as a result of thioredoxin catalysis*

An interesting application of the interactions between DTT and insulin is the percent of
insulin binding to tissues that have been treated with DTT. Komori et al. showed that
binding of '#I-labeled insulin to rat liver membranes increased by 21.3% after the tissues
have been treated with 0.5 mM DTT?’. Furthermore, in rat adipocyte membranes, insulin
binding was increased by 107.2% when the tissues had been treated with 1.0 mM DTT.
Both of these experiments showed elevated receptor affinity*’. However, in rat and
human erythrocyte membranes, DTT decreased binding in a dose-dependent manner,
showing a decrease in receptor affinity*’. This has interesting implications for molecules
with similar biological activities when in contact with insulin to possibly have the same

effect. The importance of insulin binding activity when exposed to DTT lies in that the
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major event of the insulin mechanism in the body is binding to insulin receptors in
tissues. If DTT is impacting the rate of binding, this change might be attributed to the

aggregation of insulin by DTT.

Thiol-Disulfide Exchange

Overview

Thiol-disulfide exchange is an Sn2 reaction?!. It is bimolecular and the rate of reaction is
dependent on both reactants’!. The first step of the reaction is a deprotonation of thiol,
while the second step is the Sn2 attack of thiolate on disulfide®!. The reaction proceeds
through a transition state with a linear orientation of the three sulfur atoms®!. A general

schematic of a thiol disulfide exchange can be seen in Figure 19.

(1) HSR="SR + H*
(2) ‘SR +R’SSR’= "SR’ +RSSR’
Figure 19: Generic thiol-disulfide mechanism
Thiol-disulfide exchange is essential in structural and functional modifications that occur
in many proteins®!. The formation of mixed disulfides between glutathione or cysteine
and proteins is thought to play a role in cell signaling and regulatory pathways that are

important in oxidative stress, apoptosis and aging?'.

Protein-Folding Thiol-Disulfide Exchange Reactions

When proteins are overexpressed in bacteria, they are isolated as aggregates of inactive
protein known as inclusion bodies, and to obtain the active form of the protein, the
inactive protein is denatured and then folded in vitro!. The folding of disulfide containing
proteins from denatured protein to native protein involves numerous thiol-disulfide

interchange reactions'. A number of these reactions include a redox buffer, which is a
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mixture of a thiol (RSH) and the corresponding disulfide (RSSR)!. A study conducted in
2001 by Todd DeCollo and Watson Lees concluded that aromatic thiols speed up the
thiol disulfide exchange reaction between dithiothreitol (DTT) and insulin, as seen in
Figure 20!. The proposed reason for the higher catalytic activity of the aromatic thiols is
the similarity of their pKa to that of the in vivo catalyst, protein disulfide isomerase
(PDI), with lower pKa values correlating to a higher increase in protein folding and
unfolding rates!. It is also known that aromatic thiolates (pKa=5~6) are better leaving
groups than aliphatic thiolates such as glutathione (pKa=8.7), due to their lower thiol pKa
values!®. Additionally, aromatic thiolates are better nucleophiles than aliphatic thiolates

with similar thiol pKa values!'3.

R
S & HS HS
g, s HS—/~sH
1eq _
HO
HO
o-chain
DTT B-chain
2eq

NATIVE INSULIN

Figure 20: Reduction of native insulin by aromatic thiol and DTT at pH 6.5!

Using an aromatic thiol, the rate would be expected to not only increase when folding the
protein, but in the reverse reaction as well. There are many factors that become important
when studying protein folding. In many cases when proteins are overexpressed in

bacteria, they are isolated as aggregates of inactive protein known as inclusion bodies!.
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To obtain the active version of the protein, the inactive protein is denatured and then
folded!. For proteins containing disulfide bonds (such as insulin) the folding rate is
usually limited by a thiol-disulfide interchange reaction. This reaction occurs in the
protein itself as well as between the protein and the redox buffer, mentioned earlier!. The
reaction occurs in the protein by breaking or forming the two disulfide bonds that hold
the two peptide chains of insulin together, and it occurs between the protein and the redox
buffer by breaking the disulfide bond on the outside of the alpha chain and also probably
interacting with the newly formed thiolates on the inside of the two chains, as seen in
Figure 21. The standard redox buffers, until the DeCollo/Lees study, were
mercaptoethanol and cysteine derivatives such as glutathione'. As a precursor to the
study, DeCollo and Lees sought to design small molecule thiols as redox buffers for
protein folding, basing their predictions on thiol pKa values and inherent nucleophilicity
of PDI'. During their study, they found that, as stated above, aromatic thiols significantly
increased the rate of reaction between DTT and insulin'. They also found that the two-
step reduction of protein disulfides to dithiols is an important component of the folding

process as it removes intermediates with mismatched disulfide bonds, as seen in Figure

211,
.—~\ lR
R-s© $ &-r-s°
S S S —_— g S — | g-S
é F[{ é S-—S S’S
S-S S‘s s@
L1/ / e
Protein with Native
Mismatched Disulfide Protein

Bonds

Figure 21: Folding of a protein with mismatched disulfide bonds!
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As can be seen in the figure, instead of holding the two chains of the protein together, the
mismatched disulfide bonds prevent the protein from being effective, which is
problematic, since only correctly folded proteins are functional. The refolding process
gains native protein, which is fully functional. Since disulfide bonds are the only covalent
bonds formed during in vitro folding, their formation is usually the rate-determining
step®2. A number of factors affect the folding rate of a disulfide containing protein with
an aromatic thiol, namely the concentration of thiol in the neutral RSH form, the
concentration of the thiolate anion and the reactivity of the thiolate anion'®. The
concentration of thiol in the thiolate form is important because thiolate is the reactive
species in the thiolate-disulfide interchange reaction!®. As stated above, the reactivity of
the thiolate is linked to the thiolate pKa: the lower the aromatic thiolate pKa, the higher
the reactivity of the thiolate, although compared to aliphatic thiols with the same pKa, the
aromatic thiols are more reactive'3. In short, the thiol must have a small pKa (be

relatively acidic).

A mechanism for the refolding of insulin that was proposed by Gabor Markus predicts
that the chance establishment of the first correct disulfide bond will greatly increase the
chances of the formation of the next correct bond, by a) reducing the degrees of freedom
available for random recombination, and by b) helping to align properly one or more
additional pairs of correct sulthydryl partners?®. However, as insulin may interact not
only with the reducing DTT but also with the RSH/RSSR buffer, the following eight

reactions may be occurring during the in vitro folding of a protein disulfide®? (Figure 22).
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Figure 22: Eight variations of the thiol-disulfide reaction that can occur during in vitro folding of a protein
disulfide with a small molecule thiol (RSH) and a small molecule disulfide (RSSR)??
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The first four of the reactions involve the protein thiolate acting as the nucleophile, while
the last four reactions have the small molecule thiolate (DTT and/or aromatic thiol and/or

gold thiolate) acting as the nucleophile?2.

Optimized Conditions for Protein Folding

As found by the Lees research group, the yields of protein folding decrease with
increasing protein concentration, so naturally, folding at low protein concentrations is
advantageous’. However large amounts of refolding solution are needed to refold the
protein, making it impractical on the large scale®. As an efficient strategy, the addition of
folding aids was utilized (usually guanidine hydrochloride, urea, arginine, and glycerol)°.
The proposed method that folding aids utilize for increasing the folding yield is by
interfering with the intermolecular hydrophobic interactions that lead to protein
aggregation during in vitro folding®. While aggregation causes reduced overall yields,
folding aids are a way to increase yield, but folding aids generally decrease the rate of
protein folding®. This is where aromatic dithiols were utilized. Aromatic dithiols were
observed to increase both the rate of folding and overall yield, which has not been
achieved by any other type of molecule so far’. Aromatic thiols are also much more cost
effective compared to glutathione and PDI (aromatic thiols are about 1% the cost of

glutathione)®.

Effect of Disulfide Bond Cleavage on Biological Activity

Studies have shown that disulfide cleavage affects biological activity very drastically?.
The half-maximal inhibition concentration for human insulin was found to be 0.71 nM
(100%), while insulin mutants that had a deleted disulfide bond only had 0.2% of this

activity, with some having a percentage that is even 4 to 5 times smaller than that?.
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Furthermore, the deletion of the disulfide bonds has an effect on the secondary structure
of insulin?®. Insulin contains approximately 45% a-helical content, whereas mutants with
a deleted disulfide bond had anywhere from 11 to 22% oa-helical content, and one had no

a-helical content at all?3.

Gold Thiolate, Disulfide Exchange

Overview

The influence of gold(I) on the mechanism of thiolate, disulfide exchange was studied
thoroughly over the past several years. It was found that gold(I) can indeed participate in
thiolate-disulfide exchange due to several factors, such as gold(I)’s high affinity for
sulfur and selenium?!. Cellular targets for gold compounds primarily include cysteine
and/or selenocysteine-containing proteins®!. In addition, early studies have shown that
gold accumulates in inflamed synovial tissues, and similarly to other heavy metals, Au(T)
ions lead to expression of thionein?!. This and other evidence cited above suggests that

the gold thiolate-disulfide exchange mechanism is important and warrants further study.

The rate law for a gold thiolate-disulfide exchange reaction is overall second order, first
order in gold(I)-thiolate and disulfide?!. Electrochemical/chemical research is consistent
with a mechanism involving the formation of a [Au-S,S-S], four-centered metallacycle

intermediate during the exchange (Figure 23)3!.

AL'J—'SR
R’S——SR’

Figure 23: Four-centered metallacycle intermediate
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Gold Thiolate, Disulfide Exchange Mechanism

In general, a proposed gold thiolate-disulfide exchange between insulin and either
Et;PAuSpy or Et;PAuSba can be seen in Figure 24 below where the first reactant is the
gold thiolate complex, the second reactant is insulin, the first product is an assumed gold
thiolate-insulin complex, and the other product is a mixed disulfide formed from the

thiolate ligand and the other part of the insulin that is not involved in the gold complex.

Et;PAu-SR + R’SSR”” — Et;PAu-SR’ + RSSR™’

Figure 24: Predicted gold thiolate-disulfide exchange with an unsymmetrical disulfide

However, research has shown that gold-thiolates undergo exchange in a two-step manner,

first forming an unsymmetrical disulfide and then reacting this disulfide again to produce

a symmetric disulfide (Figure 25)%34.

R3PAuSR' + R*SSR* 2 RsPAuSR* + R*SSR’
R3PAuSR' + R*SSR' 2 RsPAuSR* + R'SSR’

Figure 25: Two-step reaction of gold-thiolate with symmetric disulfide®*.

Gold Thiolates as Disulfide Bond Cleavage Reagents

According to recent gas phase research, the high affinity of gold to sulfur suggests gold(I)
complexes may prove useful as disulfide cleavage reagents®>. Possible sites of cleavage
are seen in Figure 26. It was found that disulfide bond (Figure 26 bond 1) cleavage

becomes less favorable as the size of the peptide increases®®. The fragmentation is instead
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dominated by amide bond (Figure 26 bonds 3 and 4) cleavage via elimination of
CH>NH>, and no disulfide bond cleavage is observed*®. This is because in comparison to
the energetics of simple amide bond cleavage, S-S bond cleavage reactions are higher in
energy>*3%. However, out of all coinage metal systems studied, Me;PAu" was superior in
promoting disulfide bond cleavage (60% S-S bond cleavage, where the second highest

was Ag with 10.8% S-S bond cleavage)®.

OH
H’N/ﬁ( N/W‘/
- H
O
H
HEN\/I& N
OH

®

Figure 26: Possible bond cleavages in a disulfide bond between two cysteine residues®

ZI

A proposed electrophilic mechanism that was based on potential high S affinities and
previous studies was proposed by the Lioe research group (Figure 27). In the case of
insulin, one chain would form product A, while the other chain would form the cyclic
byproduct, where the B-chain is expected to contain a five-membered ring at each

cysteine location with the sulfur of the cysteine bound to the C-terminal amide nitrogen.
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This is supported by further studies?’. It is worthwhile to point out that this mechanism is
based on ionic versions of the metal complex and insulin and is also based on the method
of low-energy collision-induced dissociation (CID) reactions, which provide structural

information on peptides containing a disulfide bond*’.

S-S cleavage neighbouring group mechanism

Il
YHN—CH-C—X

CHa.g
CH,
YHN—CH [ ﬁ CHa.g
Metal—S+ c—XH YH N—CH-C—X YHN—CH |
[ — 7 Q — 2 Na—X
o Il L + c—
?"\ HQN—ClH—C—X [ I
CH, CH, SMetal °©
YHN—CH—ﬁ—XH SMetal A

Figure 27: Proposed electrophilic neighboring group mechanism for the cleavage of disulfide bonds upon
the coordination of a metal complex to one of the sulfurs of the disulfide bond. X and Y are nearby amino
acids®.

Proteins as a Mode of Transport for Gold Thiolate Compounds

It is known that upon entering the body, Au(I) becomes bonded to cysteine sites in
glutathione, blood proteins and enzymes and is extensively distributed around the body
while undergoing rapid ligand displacement reactions®3®. It is known that most of the
circulating Au from antiarthritic drugs is bound to the cysteine-34 of serum albumin
(pKa~5) and transcription factors (Jun, Fos, NF-kB), which have cysteine residues
flanked by basic lysine and arginine residues®. Albumin can transfer Au(I) into cells via a
thiol shuttle mechanism’. When a phosphine gold ligand binds to Cys-34 of albumin, it
flips the cysteine residue from the buried pocket of albumin to the surface, where it is

more readily accessible (Figure 28)%.
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Figure 28: Structural transition induced by Au(I) in serum albumin®’.

Since most gold drugs release the EtsPAu™ moiety in vivo, the other attachment in the

complex could potentially regulate the permeability into the cell and the ease of transport.

Gold Thiolate as Redox Buffer

If the formation of the DTT disulfide in this reaction is possible, then it is also possible
that an aromatic thiol or a gold thiolate could interact with DTT in the same way that
DTT interacts with aromatic thiols, namely a gold thiolate could be used to reduce the
DTT disulfide and shift the equilibrium of the reaction toward reduced disulfide.
However, phosphine gold(I) thiolate complexes have been shown to react with aromatic
disulfides via two pathways: 1) thiolate-disulfide exchange and 2) pathway that leads to
the formation of phosphine oxide**. These pathways are in competition. If gold thiolates
are reacting with aromatic disulfides, it could be possible that they may be reacting with

DTT disulfides after DTT reduces insulin.
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METHODS

Materials

Insulin (bovine, > 25 USP units/mg (HPLC), powder) and KxHPO4 were acquired from
Alfa Aesar. Dithiothreitol (DTT) was acquired from Fluka BioChemika and Acros
Organics. EtsPAuCl, Trizma, d-Chloroform, DMSO, 4-mercaptobenzoic acid and 2-
mercaptopyridine were acquired from Sigma-Aldrich. EDTA, KH,PO4, HCI, and NaOH
were acquired from Fischer Scientific. Ethanol was acquired from Pharmco-Aaper.

Et;PAuSpy and Et;PAuSba were both synthesized in lab.

Preparation of insulin stock solution # 122

To prepare a 10 mg/mL insulin stock solution, 0.0250 g of bovine insulin was dissolved
in 4 mL of 0.05 M Tris-Cl buffer, pH 8.00, and adjusted to pH 2 by the addition of 1 M
HCIl and rapidly titrated back to pH 8 with 1 M NaOH (about 4 drops each of HCI and
NaOH). The solution was then adjusted to 5 mL total volume with distilled water. The

stock solution was stored at freezing temperature.

Preparation of insulin stock solution # 2!

To prepare a 0.167 mM insulin stock solution, 1 mL of a 10 mg/mL solution of insulin
(stock solution 1) was diluted to 8 ml with 0.1 M phosphate buffer. This cloudy solution
was made clear by adjusting to pH 3 by adding 1 M HCI dropwise and then rapidly
adjusting to pH 8 by adding 1 M NaOH dropwise. The final volume of insulin was
adjusted to 10 mL with distilled water. The stock solution was stored at freezing

temperature.
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RESULTS AND DISCUSSION

Each experiment contains a Methods section and a Results and Discussion section. It
seems more convenient to use this method of organization so that the reader can refer to

the components of the reaction vessel when reading the results and discussion.

Table 1: List of experiments, reactants and final concentrations in cuvette (mM). All experiments
conducted in a buffer were at pH 6.5 (buffer pH). Insulin’s pH is 8.

Experiment Name Reactants Final Concentration
in Cuvette (mM)

A 4-mercaptobenzoic acid, DTT, | 0.266, 0.333, 0.0556
insulin

B DTT, insulin 0.333, 0.0556

C 4-mercaptobenzoic acid, 0.266, 0.0556
insulin

D 2-mercaptopyridine, DTT, 0.266, 0.333, 0.0556
insulin

E Et;PAuSpy, DTT, insulin 0.266, 0.333, 0.0556

F Et;PAuSpy, insulin 0.266, 0.0556

G Et;PAuSpy, DTT varied (titration)

H EtsPAuCl, insulin 0.266, 0.0556

1 Et;PAuCl, DTT 0.266, 0.333

Experiment A (4-mercaptobenzoic acid, DTT and insulin)

Methods: To prepare 20 mL of a 5.0 mM 4-mercaptobenzoic acid solution, 0.0154 g
(0.0999 mmol) were dissolved in 20 mL of phosphate buffer. The solution was stirred
and heated until all of the solid was dissolved in the solution. To prepare 20 mL of a 25.0
mM dithiothreitol solution, 0.0778 g (0.504 mmol) were dissolved in 20 mL of phosphate
buffer. The solution was stirred until all of the solid was dissolved in the solution. Insulin
stock solution 2 was warmed to room temperature. The UV-Vis was autozeroed on
phosphate buffer, not air. To make the cuvette solution, 1 mL of insulin stock solution 2

was added to the cuvette, followed by 1.8 mL of phosphate buffer, 160.0 uL of 4-
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