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ABSTRACT

MASS SPECTROMETRIC CHARACTERIZATION OF ZINC ACTIVATED

PROINSULIN C-PEPTIDE AND C-PEPTIDE MUTANTS

By

Zachary Keltner

Proinsulin C-peptide has recently been demonstrated to ameliorate some chronic

complications caused by diabetes. Recent experiments have shown that this activity is

dependent upon activation with certain metals, such as Fe(II), Cr(III) or Zn(II). In an

effort to gain a greater understanding of the peptide-metal interactions responsible for this

activity, “top-down” tandem mass spectrometry characterization of proinsulin C-peptide

. . . 2+ .

and various C-peptide mutants in the presence or absence of Zn was earned out. Gas-

phase fragmentation of various protonated precursor ion charge states of C-peptide, as

well as Zn-activated C-peptide, yielded extensive sequence coverage. These results

indicate multiple sites for Zn binding, making it difficult to localize the Zn to a specific

residue within the peptide sequence. However, certain product ions indicated a likely role

for acidic residues in Zn binding. Five single-amino acid C-peptide mutants were

synthesized, by substitution of each acidic residue with alanine. These mutants did not

significantly affect the fragmentation behavior for either the unbound or Zn bound

precursor ions, suggesting that any one acidic residue is not critical for binding. However,

a 50% decrease in the relative Zn binding for the mutants was observed compared to the

wild type sequence. Additional studies on a C-terminal pentapeptide sequence EGSLQ,

as well as an alanine substituted mutant, AGSLQ, were also performed. Substitution of

the Glu residue in this peptide was found to affect both the binding and activity,

implicating a role for the Glu27 residue.
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CHAPTER ONE

A biological role for proinsulin C-peptide?

1.1 Diabetes Mellitus and Diabetic Complications

Diabetes mellitus is a disease that affects an estimated 180 million people

worldwide, with this number projected to double by the year 2030 (World Health

Organization). In 2005, an estimated 1.1 million deaths were reported from this disease.

Diabetes is characterized by deregulation of glucose in the body causing hyperglycemia,

i.e., elevated blood glucose levels, due to either a lack of insulin production in the B-cells

of the pancreas or a bodily resistance to the insulin being produced. Diabetes is generally

classified based on the means by which hyperglycemia is caused.

Type 1 diabetes, also called juvenile diabetes or insulin-dependent diabetes, is

characterized by a lack of insulin production due to auto-immune destruction of the B-

cells. This type of diabetes can become fatal but is managed by regular insulin injections.

Type 2 diabetes, also called adult-onset diabetes, results from an inability of the body to

effectively use the insulin that is produced. This form of diabetes is largely diagnosed in

middle-aged adults, but recently has been also found in overweight children. Key factors

associated with the onset of type 2 diabetes are obesity and lack of exercise. This form of

diabetes may largely be managed by diet and exercise. The third category of diabetes is

gestational diabetes which is characterized by hyperglycemia similar to type 2 diabetes

during pregnancy. This form usually ends after pregnancy.

 



Although the disease may be managed using the methods stated above, there is no

cure for diabetes. Additionally, many chronic complications may arise even with proper

treatment. Elevated blood glucose levels lead to glycation of lipids and proteins by an

irreversible Amadori reaction, leading to advanced glycation endproducts (AGES). It has

been shown that type 2 diabetic patients exhibit elevated levels of AGES,1 which act to

deregulate normal enzyme functions. These AGES are also a key source of free radicals

Wthh act to Increase oxidatIve stress In dIabetic patIents.

Macrovascular complications, including heart disease and stroke, are another

serious category of complications associated with diabetes. In fact, it has been estimated

that 50% of diabetic patients die of cardiovascular diseases (World Health Organization).

Hypertension, caused by a constriction of the blood vessels which leads to high blood

pressure, can lead to many of these complications.

Diabetic patients are also subject to several microvascular complications, which

can result in vision disorders (retinopathy), kidney failure (nephropathy) and nerve

damage (neuropathy). Diabetic retinopathy is the leading cause of blindness in adults,

and affects 80% of long term (>20 years) diabetic patients. Diabetic nephropathy is one

of the leading causes of kidney failure, and an estimated 10—20 % of diabetic patients die

ofkidney failure. Nerve damage due to neuropathy is caused by lack ofblood flow to the

extremities, which results in a high rate of foot amputations among diabetic patients.

1.2 Insulin and its Role in Diabetes

Proinsulin is a prohorrnone that is produced in the B-cells of the Islets of

Langerhans in the pancreas. Its structure has been well-defined3, and it consists of 3



subunits, the A and B chains of insulin, and C-peptide, which connects the A and B

chains. The structure and sequence of human proinsulin is shown in Figure 1.1. Once

produced, disulfide bonds between the A and B chains of insulin are formed, which looks

the structure of insulin into place. Proinsulin is then cleaved by two different proteases to

form C-peptide and insulin in equimolar amounts.
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Figure 1.1: Structure of proinsulin, showing locations of cleavage into insulin and c-

peptide. Sequences of the A) A-chain, B) B-chain and C) C-peptide are shown

below the structure. (Adapted and modified from Reference 4)

One protease behaves as an endoprotease and cleaves at the basic residues on each end of

the C-peptide sequence, and another acts as an exopeptidase to remove the basic residues



at the ends of the peptide. The cleavage sites of the proteases are also shown in Figure

1.1. Once insulin is formed, it is stored in secretory vesicles. Upon an increase in

glucose concentration, insulin is released from the B-cells through ATP dependant K+

channel and Ca2+ channels. Upon release of Ca2+, insulin is released from the secretory

vesicles into the blood stream.

Insulin’s main function is to aid in the transport of plasma glucose into cells,

where it is then used as fuel when needed, or stored as glycogen. This acts to regulate the

concentration of glucose in the blood stream when glucose levels are high. Glucose

transport operates mainly through 2 glucose transporters, GLUTl and GLUT4.5 GLUTl

is a ubiquitous carrier that is located in erythrocytes and endothelial cells. It is a large

transmernbrane protein that transports glucose and other molecules such as Vitamin C by

undergoing conformational changes.6 GLUT4 is an insulin-sensitive transporter found in

muscle and adipose tissue, and is located in intracellular vesicles. Insulin binds to the

insulin receptor on the muscle or fat cells, which translocates the GLUT4 transporter to

the cell membrane, where glucose is then transported inside the cell. Once in the cell,

glucose is phosphorylated to glucose-6-phosphate where it undergoes glycolysis.7

In type 1 diabetes, the absence of B-cells does not allow for the production of

insulin, such that glucose transport is inhibited. Type 2 patients suffer fiom insulin

resistance, where the produced insulin is not used effectively, causing the B-cells to

produce even more insulin in response to increased blood glucose levels.

Along with glucose transport, insulin has also been shown to play a role in

endothelium-derived nitric oxide (N0) production.8 NO is produced by endothelial nitric



oxide synthase (eNOS) in response to increased blood flow and has been shown to

promote vasodilation within cells. Insulin has been shown to play a role in the activation

of eNOS, resulting in an increased production of NO, via phosphorylation at the Serl 179

reSIdue of eNOS. Under hyperglycemic condltlons, where Insulin 1s eIther not present

or not effective, NO production is hindered not allowing the endothelial cells to respond

to an increase in the shear stress within the cells. Both type 1 and type 2 diabetic patients

. . . 10 . . .

have been shown to have decreased avaIlabIlity of NO, cauSIng complications such as

hypertension and atherosclerosis.

1.3 Proinsulin C-peptide

While the effects and mechanisms of insulin on diabetes are fairly well-

understood, recent attention has Shifted towards the other by-product of proinsulin

cleavage, i.e., C-peptide. As mentioned above, C-peptide is a variable-length peptide that

bridges the A and B-chains of insulin. Since its sequencing in 1971,11 it has been

thought to aid only the correct folding of insulin, and have no biological activity.12

Because it is secreted in equimolar amounts along with insulin, detection of C-peptide

has been used as a diagnostic marker for diabetes.13 Evidence supporting a lack of

activity for C-peptide has been provided by the lack of primary structure conservation

among different species, while both the A and B chains of insulin are highly conserved. 14

A summary of the sequence homology of C-peptide from 20 mammalian species, is

shown in Figure 1.2. The human C-peptide sequence is listed at the top, while variable



amino acids are listed below. Capitalized letters represent sequence variants observed in

more than one species, while lower-case letters represent sequence variants observed in

only a single species. Letters in boxes indicate conservation in all, or all but one, of the

mammalian species. Dashes indicate possible gaps in the sequences.

EIIIIDLEJVGQVGGGPGAGSLQPLIGSLE]

GVdGP aPAL AaSleLiGgsAGG aVPP

L n mAeA ma sdDerTSp MAQ

e Edt 1e e t 1p liR

r m

Figure 1.2: Sequence homology of C-peptide from 20 mammalian species.

(Adapted and modified from reference 14)

It can be seen from Figure 1.2 that very few amino acids are conserved, while

deletions are present in the internal segments of some species. It has also been

demonstrated that human C-peptide lacks any secondary structure under physiological

. . . . . . 15 . . .

condItIons or In leId env1ronments, further supportmg the contentlon that C-peptrde

plays no biological role in diabetes.

Despite the lack of sequence conservation and secondary structure, recent

experiments have shown that C-peptide exerts favorable effects among patients with type

1 diabetes. In vivo experiments have shown that administration of C-peptide can improve

red blood cell deformability,16 renal and nerve function,l7.21 as well as improve



22, 23

microvascular blood flow. Other in vitro studies have shown that C-peptide can

24, 25 2

activate mitogen-activated protein kinases (MAPK) as well as stimulate eNOS.2

As mentioned before, eNOS plays a key role in chronic diabetic complications such as

hypertension. C-peptide has also been observed to specifically bind G protein—coupled

26 . . . .

receptors on human cell membranes , demonstrating a ham for the act1v1ty of C-

peptide.

While it has been Shown that C-peptide has the ability to bind to cell membranes,

the fate of the bound peptide was not known. Recently, an experiment conducted by

Lindhal et. al.27 using labeled C-peptide demonstrated that C-peptide is internalized

within the cytosol of mouse fibroblast cells as well as human embryonic kidney cells.

This study gives yet more evidence to the biological activity of C-peptide, giving

evidence for intracellular activity.

C-peptide appears to be an unusual case of a peptide which lacks sequence

conservation yet exhibits biological activity. When looking at the C-peptide sequences

. . . . . . 14

for various specres, only 7 resrdues are highly conserved across marnmalran Specres.

These residues mainly consist of Glu and Gln residues, and cover both the N-terminal

and C-terminal regions of the peptide. This may suggest some significance to these

residues. Thus, several studies have been conducted to relate structural elements of C-

14, 18, 24-26, 28-31

peptide to specific biological activities. These experiments have

resulted in conflicting viewpoints about which part of the peptide is active. One

+

experiment studied different segments of rat C-peptide and their ability to stimulate Na ,



K+-ATPase activity.3O Na+, K+-ATPase is involved in the regulation of Na+ and K+

transport into and out of skeletal cells, and is the cause of some muscular dysfunctions in

diabetic patients.32 This study found that the C-terrninal portion of the peptide was

active, with the fragments EVARQ (residues 27-31) and VARQ residues (28-31)

showing 103% and 92% activity over the full length peptide, respectively. The

remaining N-terrninal portion of the peptide sequence only showed 2% activity, while

segments in the middle showed between 3 and 80% activity, with the section consisting

ofresidues 11-19 returning the most activity.

Another study examined the regions ofhuman C-peptide and its ability to displace

human membrane-bound full length C-peptide.31 This study found that the C-terminal

pentapeptide (EGSLQ) could fully displace the membrane bound peptide, while the C-

terminal tetrapeptide (GLSQ) had no effect on the displacement. Free Glu showed about

50% displacement, while the pentapeptide EVARQ corresponding to the pentapeptide of

rat C-peptide was not able to displace human C-peptide. The middle segment (residues

11-19) which showed some activity in rat C-peptide showed no activity for the human

case. The results fiom this study led to a suggestion that the Glu27 residue is key in

receptor binding,31 which is also consistent with the previous experiment showing that

. . . . + + . . 31

the C-termrnal pentapeptIde Is crucral to Na ,K -ATPase act1v1ty.

A conflicting study conducted by Ido et. al. 18 examined albumin permeation

upon addition of insulin and C-peptide. Increased albumin permeation among diabetic

patients leads to vascular dysfunction. It was found that albumin permeation decreased



60-70% in the aorta, uvea, retina and nerves upon administration of both C-peptide and

insulin. It was also found that administration of retro C-peptide (i.e., a reversed

sequence) retained almost full activity, as did rat C-peptide. However, a scrambled full-

length C-peptide was found to be inactive, suggesting that the sequence, but not direction

of the amino acids is critical. C-peptide fragments were also analyzed, and it was found

that fragments containing the N-terminal residues of the peptide were critical for activity,

while the C-terminal region was not necessary. This result is in stark contrast to the

previous results described above that showed the C-terminal pentapeptide was the active

region of the peptide.

Secondary structure analysis was also conducted on human C-peptide by

. l4 . . .

Hennksson et. al. which demonstrated that secondary structure can be Induced In C-

peptide upon addition of a high concentration (80%) of 2,2,2-trifluoroethanol (TFE),

though the peptide retains no secondary structure in aqueous solution. Circular dichroism

(CD) was used to identify the secondary structure present. In these experiments it was

found that the N-terminal portion of the peptide (residues 1-11) formed an (It-helical

structure. The propensity for helical formation further increased when a tetra-alanine

mutant (D4A/V7A/G8A/V10A) was examined. Activity was also demonstrated using

MAPK phosphorylation, and it was found that substitution of the 3 highly conserved

glutarnic acid residues with alanine resulted in a dramatic decrease in the MAPK

phosphorylation. It was also demonstrated that inducing structure in the peptide also

increased MAPK phosphorylation, which increased further with the tetra-alanine mutant,

suggesting that secondary structure is crucial to its activity. Note that while secondary



structure may be induced in C-peptide, the extremely high concentrations of TFE

required are far fi'om physiological conditions.

Other conflicting secondary structure analyses using molecular dynamics33 and

CD18 have shown that the C-terminal region of the peptide exists as a turn-like structure

upon addition of high concentrations of TFE. These studies, compared to the previous

. . l4 . . . . . .

expenment discussed above, also Indrcate dIfferIng percentages of a-helrcal formatlon

in the N—terminal region of the peptide. The middle segment of the peptide has been

shown to adopt hairpin secondary structure upon addition of TFE. However, consistent

with previous reports, C-peptide adopted no secondary structure under physiological

conditions.

From these studies, it can be seen that C-peptide can have several beneficial

effects on the chronic complications caused by diabetes. However, no clear relationship

has been drawn between the structure of C-peptide and its biological function. Although

several reports Show that the C-terminus of the peptide is the active region, other

conflicting studies Show that the N-terminus or middle segments of the peptide can be

active for certain experiments.

1.4 Metals and their Roles in Diabetes

Metals and regulation of their levels in the body plays a crucial role in many

bodily processes.34 One of the most important roles that metals play is to regulate the

levels of reactive oxygen Species which increase oxidative stress. As mentioned before

advanced glycation endproducts are one cause of oxidative stress among diabetic

10

 



patients, which has been shown to decrease insulin secretion levels as well as being a

factor in increased insulin resistance. A variety of metals may act as antioxidants;

. . . . 34 .

however Iron, chromrum and zrnc have proven to be very Important. Although their

effects are well known, including in diabetes, the mechanisms by which these effects

occur has not yet been fully characterized for some of these metals.

Iron is a metal whose effects on the body have been well established. An increase

in the absorption of iron by the body, called hemochromatosis, has been implicated in

diabetes}5 It was found that diabetes developed in 63% of patients who had

hemochromatosis. Furthermore, 22% of these patients developed diabetic complications

such as nephropathy and neuropathy, as well as retinopathy.35

The mechanism by which diabetes caused by iron overload occurs is not yet

understood. However, studies have been conducted to demonstrate that treatment with

. . . . . . . . . . . . 36

chelatron or blood donatIon results In Increased Insulin sensrt1v1ty and Insulin secretion.

Iron has also been linked to cardiovascular disease, a key complication of diabetes.

Diabetic patients exhibiting high iron levels have been shown to have an increased risk of

. . . 37 . . .

developrng cardrovascular disease. Again, some of the cardiovascular ailments may be

. 2+ . .

relieved through Fe chelatron or blood donation.

Chromium is another essential element whose commercial use has been

extensively promoted as being beneficial to diabetes. As mentioned above, diabetic

patients exhibit decreased glucose uptake into cells either because of lack of insulin

11



production or resistance to insulin. Experiments on rats have shown stimulation of

glucose uptake upon addition of Cr3+.38

In experiments performed by Schwarz and co-workers in the 1950s, it was found

that rats fed with a certain diet consisting of chromium-deficient Torula yeast developed

. . . 39 . .

Impaired glucose tolerance in response to exogenous glucose. This led to the discovery

of a new compound termed the glucose tolerance factor, which aided in proper glucose

metabolism. The structure of this factor has not been defined, but it has been determined

3+ . . . . 40

that Cr 18 essential to its function.

When investigating the mechanism by which chromium plays a role in diabetes,

the existence of a small chromium-binding molecule, termed chromodulin, was reported

in the 1980’s.41 Chromodulin is a peptide consisting of only four types of amino acids,

namely glycine, cysteine, glutamic acid and aspartic acid, with a molecular weight of

1500 Da.42 Chromodulin has the ability to bind up to four Cr3+ ions, even though it has

such a small molecular weight. Its mechanism has been investigated, and it is believed to

play a role in increasing the efficacy of the conversion of glucose to carbon dioxide or

. . . . 38, 43 . . . . .

lipid in rat adipocyte cells. This process is essential to cellular respiration.

Chromodulin has also been shown to be active in the processes of signal transduction, as

well as insulin signaling.

Zinc is another important metal whose link to diabetes and insulin has been long

established. It has been shown that 2112+ exists in the B-cells along with proinsulin in

millirnolar concentrations. Once proinsulin is cleaved to form mature insulin and C-

12



. . . . . . 2+ . 44 2+

peptide, the mature insulin eXISts as a hexamer which 18 bound to two Zn ions. Zn

. . 45 .

enters the secretory veSICIe through a transmembrane protein called ZnT—8, where It

binds and forms the insulin hexamer. The vesicles then reach the membrane of the B-cell,

where insulin, C-peptide, and Zn2+ are all released.

Along with the conformational role played by Zn2+ in the organization of the

insulin hexamer, it has also been found that patients with diabetes exhibit elevated levels

of Zn in urine,46 indicating that the Zn is not being used properly within the secretory

vesicles. Destruction of B-cells in type 1 diabetes results in a lack of Zn to perform other

functions, such as reducing oxidative stress. As mentioned before, oxidative stress is a

key problem associated with tissue damage in diabetic patients.

Metals play a key role in the development and progression of diabetes and

diabetic complications. As shown above, metals such as Zn are in high concentrations in

the pancreas where insulin is produced and secreted, and other metals such as chromium

have shown to interact with insulin and facilitate glucose metabolism. As C-peptide is

secreted along with insulin, it would be reasonable to hypothesize that C-peptide could

have an ability to interact with these metals, which may help explain some of the

inconsistencies obtained from the C-pcptide experiments.

1.5 Metal-Activated C-peptide

Recently, Meyer et. a1.47 demonstrated that human C-peptide has the ability to

release ATP fiom rabbit erythrocytes. ATP is a known stimulant of endotheliumoderived

l3

 



nitric oxide, and it has been shown that erythrocytes have the ability to release ATP in

response to different stimuli. It has also been shown that diabetic erythrocytes release

50% ATP with respect to non-diabetic erythrocytes. It was shown that ATP release was

increased three-fold over a period of 8 hours when C-peptide was added to a sample of

erythrocytes. From these results, it was also demonstrated that upon addition of C-

peptide, ATP levels in human patients with type 2 diabetes could be restored to those

observed in healthy control patients.

It was observed however, that the increased ATP release was time dependent.

After 25-36 hours following preparation of C-peptide in water, ATP release was

dramatically decreased to baseline levels compared to erythrocyte controls. Following

analysis of the C-peptide sample using electrospray ionization (ESI) mass spectrometry,

it was observed that the peptide was intact and no degradation products were found.

However, in a freshly prepared solution of C-peptide, adducts formed with Fe2+, as well

as K+ and Na+, were observed. Solutions of HPLC purified C-peptide and water were

. . 2+ . . . 2+

then spiked With Fe solutions and It was found that a major Fe adduct was formed,

indicating a preferential binding of C-peptide to Fe2+.

ATP release experiments revealed that upon addition of fresh solutions of Fe2+ to

solutions of C-peptide, ATP release was increased. As a control, a peptide solution

which had been stored for 30 days was incubated with erythrocytes and demonstrated no

activity. C-peptide purified by HPLC also showed not activity. Solutions of Fe2+ were

then added to previously inactive C-peptide samples, and the activity was restored. The

14



effect of the oxidation state of iron was studied by incubating the erythrocytes with

samples of C-peptide and Fe3+, which displayed no increase in ATP release. These

samples were subjected to ESI-MS analysis where it was found that minimal Fe3+ adduct

. 2+ . . +

was formed. It was determined that upon exchange of Fe With ions such as Na and

+ . . . . . 2+ 3+

K in solution over time, or oxrdation of Fe to Fe , the ATP release was observed to

. . 2+

decrease. Thus, the increase In ATP release was due to the presence of an Fe

‘activated’ C-peptide.

To determine whether other metals could ‘activate’ C-peptide with respect to an

increase in ATP release fiom erythrocytes, the effect of Cr3+ was also examined by

Meyer et. al. Following addition of Cr3+ to a C-peptide sample, a dominant Cr3+ adduct

with C-peptide was observed by mass spectrometry analysis. Furthermore, an increase in

ATP release was observed for a period of 72 hours for the Cr3+ activated sample, as

opposed to 24 hours for that of Fe2+. Again, inactive C-peptide samples, where fi'esh

Cr3+ was added displayed an increase in the ATP release. The same results were

obtained when applied to glucose uptake measurements. There was a 31% increase in the

+

amount of glucose entering the erythrocytes upon incubation of C-peptide and Cr3 .

These results were significant in that this was the first demonstration of metal

interactions with C-peptide, and that metal interactions with C-peptide are responsible for

a specific biological activity. As mentioned before, various metals play integral roles in

the body as well as complications due to diabetes. Zn is an extremely important metal

15



and is observed in high concentrations (mM) within the pancreas, so it is not

unreasonable to believe that C-peptide-metal interactions could occur with Zn. Thus,

ATP release and glucose uptake experiments were conducted with C-peptide activated

+

with an .48 It was found that ATP release increased by 31% over control levels (i.e.,

erythrocytes alone) upon addition of Zn2+ activated C-peptide, while C-peptide addition

without added metal or the addition of Zn only did not produce any increase in ATP

release. Similar results were obtained for glucose uptake measurements, measured using

1A'C-labeled glucose, where it was found that glucose transport into diabetic rabbit

erythrocytes increased by 36%, although this was a smaller effect than that of control

non-diabetic rabbit erythrocytes, which increased transport by 64%.

It is clear from these studies that C-peptide activated with certain metals plays a

crucial role in certain biological activities. When attempting to gain a complete

understanding of a biological molecule, both its function and structure must be

understood. The functional significance of metal activated C-peptide has now been

established, as described above. However, a greater understanding of the specific metal-

C-peptide interactions that give rise to these functions remains to be determined.

Examination of which residues in the C-peptide sequence are involved in metal binding

and the relative binding strength of these residues needs to be understood. Such studies

may also aid interpretation of the multiple conflicting prior studies described above that

suggested different regions of the C-peptide sequence were important to activity. One

technique that has been successful in these type of analyses is mass spectrometry.

l6



1.6 Metal-Binding Analysis by Mass Spectrometry

Early studies on peptide-metal associations were performed using fast atom

bombardment (FAB) ionization which produced singly charged peptide-metal

49-55 . . .

complexes. The more recent development of electrospray Ionization (ESI) has

subsequently enabled the analysis of peptide- or protein-metal complexes involving much

53, 56-59

larger biomolecules. Many different transition metal-peptide or protein

complexes have been investigated by ESI-MS. However, to obtain information regarding

the site of binding on the peptide or protein, collision-induced dissociation tandem mass

spectrometry (CID-MS/MS) is typically used to fragment the ion along the peptide

backbone while maintaining the non-covalent metal-peptide interaction. The details of

this process will be discussed in the next chapter. These studies allow for the binding

. . . . . . . 49,

interactions of complexes to be determined, and have been investigated With alkali, 50

. 51, 52 . . 53, 54 .

alkaline earth, as well as transrtion metal elements. Generally, the Site of the

metal interaction has a strong influence on directing the fragmentation reactions. For

example, abundant [bn_1+Cat+OH]+ product ions from monovalent alkali-containing

peptide ions are observed due to coordination of the metal to two amide carbonyl

groups.50 Other reports have demonstrated alkali metals binding to the carboxylate

. . 55 . . . . 2+

terminus of the peptide. The binding of transrtion metals such as Ca have been

. . . . 53

shown to occur at deprotonated carboxylate groups of ac1d1c ammo acrds. It was

17



determined by Yu et. al.56 that the gas-phase complexes are similar to their solution-

phase counterparts.

One study on the binding properties of angiotensin peptides with Zn2+ showed

that CID-MS/MS of the doubly protonated precursor ions of both angiotensin I and II

resulted in extensive b- and y-type sequence ions,60’ 61 while CID-MS/MS of the

[M+Zn2+]2+ precursor ions showed abundant Zn-bound fragment ions of the form

7 This allowed localization of the er2+ to the His6 and His9[M+aZn2++(c-2a)H+]C+.5

residues.

Another more recent experiment explored the Zn2+-binding properties of the

amyloid fragment AB(1-16).58 ESI-MS/MS was used to locate the Zn binding sites to 3

histidine and l arginine residues which are known to direct the peptide into a hairpin

conformation. Zn has also been shown to bind to cysteine as well as acidic residues such

. . . . 62

as glutamic acrd and aspartic acrd.

The binding properties of Cr3+ to the synthetic acidic peptides AAADA,

EAAAG, AGGAAAA, GGDDAA, AAGEEAA, DGDAAA, EAEAAA, DAADAA,

EAAEAA, EAAAEA, EAAAE, EEE, DDDD, AND EEEEEEE have also been

explored.59 These peptides are similar to C-peptide in that C-peptide has 5 acidic

. . . . . . . . 3+

resrdues and no histidine or cysteine resrdues. This study determined that the Cr was

binding to the carboxylate groups of the acidic amino acids. Sequential losses of water

from the Cr3+ bound molecular ion indicated that not all acidic residues within the

18



peptide are involved in the binding. It was also found that a peptide such as

AGGAAAA-OCH3 which contains no acidic residues was still able to bind Cr3+, even

though this occurred at low abundances. This suggests that carboxylate groups may not

necessarily be the only groups involved in binding.
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Aims of This Thesis:

AS described above, MS and MS/MS methods have been shown to be useful tools

for the analysis of non-covalent peptide-metal complexes when ESI is used as the

ionization source. Therefore, in order to obtain further insights into the binding

interactions of metal ions to proinsulin C-peptide, the following specific aims were

formulated.

1. Characterization of proinsulin C-peptide using ‘top down’ MS/MS

+

2. Characterization ofZn2 binding Sites within activated proinsulin C-peptide

3. Characterization of proinsulin C-peptide mutants formed by single amino acid

substitution using ‘top down’ MS/MS

. . 2+ . . . . . . . .

4. Characterization of Zn binding Sites Within promsulin C-peptide mutants formed

by single amino acid substitution using ‘top down’ MS/MS

5. Determination of the effect of single amino acid substitutions or C-peptide segments

on the relative binding of Zn2+ to proinsulin C-peptide.

6. Characterization of the Zn2+ binding sites of the C-terminal pentapeptide of C-

peptide (EGSLQ) and its mutant AGSLQ, and examination of their biological

activity.

20

 



CHAPTER TWO:

Strategies for the Synthesis and Characterization of Proinsulin C-peptide, its

Mutants and Metal Binding

2.1 Solid Phase Peptide Synthesis (SPPS) of the C—peptide Mutants

2.1.1 Materials

Synthesis was conducted from the C- to N-terminus on a Wang resin preloaded

with an N-a-Fmoc protected glutamine residue purchased from EMD Biosciences (San

Diego, CA). N-a-Fmoc protected amino acid building blocks Fmoc-G1n(Trt), Fmoc-Leu,

Fmoc—Ser(tBu), Fmoc-Gly, Fmoc-Glu(OtBu), Fmoc-Ala, Fmoc-Pro, Fmoc-Val, Fmoc-

Asp(OtBu) were purchased from EMD Biosciences (San Diego, Ca) as well. Sequenal

grade trifluoroacetic acid (TFA) was purchased fiom Pierce (Rockford, I1). Reagent

grade dimethyl formamide (DMF) was purchased from Jade Scientific (Canton, MI) and

dried under 3A molecular sieves (Spectrum Chemicals, Gardena, CA). Reagent grade

O-(Benzotriazol-l-yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate (TBTU) and l—

Hydroxybenzotriazole hydrate (HOBt) were purchased from Peptides International

(Louisville, KY). Reagent grade piperidine, diisopropylethylamine (DIPEA), phenol,

potassium cyanide, ninhydrin, ethanedithiol (EDT), triisopropylsilane (T18) and pyridine

were purchased from Sigma Aldrich (St. Louis, MO).

Resins were weighed into 5 mL Toriq fiitted-syringes (Fisher Scientific,

Pittsburgh, PA) fitted with a 3-way stopcock (VWR, West Chester, PA). Washing was
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achieved using a Vac-Man laboratory vacuum manifold (Promega, Madison, WI), which

also allowed multiple syntheses to be conducted at once.

2.1.2 Synthesis

SPPS was achieved through a stepwise procedure consisting of two steps. The

first step is deprotection of the Fmoc protecting group from the N-terminal end of the

resin bound amino acid. The second step involves activation of the next amino acid

followed by coupling to the resin. The final step, carried out after the sequence is

completed, involves final deprotection of the N-a protecting group at the N-terminus,

followed by cleavage of the peptide from the resin as well as any orthogonal protecting

groups on the Side chains of any amino acids. These steps will be outlined below. The

sequences of the C-peptide mutants and C-peptide segments that were prepared in this

study are listed below in Table 2.1

 

Sequence Abbreviation

 

 

" " ‘”BAEDIL‘QVGQVBLGGGPGAGSLQPLALAGSIJQ'“'“" " " "

r.‘ . , ‘ ‘ . .

Sf: - 1‘n'f'";"i1ll:‘ wawfifififtffri's'h ‘\\‘L

EAEDLQVCovEIGCGPGAGSLQISILAILBCSES"“ EllA

 

*EAEZLWQVGQVELGGGPGAGSLQPLALEGSLQ " ”DEA”

l1; ‘.-:'Lf-l+'.:s:i',1‘.:-;-"- , ,. " .‘ ' . ' 7 . ‘ ;. '37.. ; .. .75.“,v.:.:t~,-‘;+~§fis,.-less-a 3

EAADLQVGQVELGGGPGAGSLQPLALEGSLQ E3A

AAEDLQVGQVELGGGPGAGSLQPLALEGSLQI m3

 

Table 2.]: Sequences of the single amino acid mutants of C-peptide that were

synthesized, along with their respective abbreviations. Locations of the alanine

substitutions are labeled in bold and underlined on the sequences.
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Synthesis of the E27A mutant was performed on a 0.15 mmol scale. Synthesis of the

BIA, E3A, D4A, E1 1A mutants, the C-terrninal peptide segment EGSLQ and the alanine

substituted C-terminal peptide segment AGSLQ, were performed on a 0.1 mmol scale.

2.1.2.1 Deprotection

After swelling the resin in 3 mL DMF for 15 minutes, the resin was then washed

once with 30% piperidine in anhydrous DMF. 3 mL of the piperidine solution was then

added and the resin was thoroughly mixed for 25 minutes. The resin was then filtered

and washed resin 8 times with 5 mL DMF until the pH was < 8.

2.1.2.2 Coupling

For each coupling step, at least a 5:1 excess of amino acid to resin was used. The

amino acid was pro-activated by dissolving in 1.5 ml activator solution (0.5 M TBTU, 0.5

M HOBt in DMF) and 300 11L of DIPEA. The solution was vortexed to completely

dissolve the amino acid, then added to the resin. The resin was then mixed for 15

minutes, filtered and washed 5x with SmL of DMF.

2.1.2.3 Ninhydrin Test

To determine if the coupling reaction was successful, a ninhydrin color test was

used.63 Ninhydrin reacts with primary amines to form a deep blue color. Therefore, in

the event of an incomplete coupling, deprotected primary amines will be present on the

residual N-terminus of the initial peptide, which will cause the resin to turn blue when the
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test is conducted. If the coupling is successful, all resin-bound peptide will be coupled

with a protected amino acid.

This test was performed by taking a small amount of resin (2 mg) from the

syringe and placing it in a glass test tube. The resin was then washed with 2 mL of

ethanol. Then, 150 uL each of 0.28 M ninhydrin in ethanol, 42.5 M phenol in ethanol,

and 20 uM (aq) KCN in pyridine were added to the resin, and the solution was mixed

thoroughly. After incubation at 100 °C for 10 minutes, the color was inspected. If the

solution and resin were blue in color, the coupling process was repeated using the same

amino acid as described above. If the solution was yellow, the synthesis was continued.

During the synthesis, it was observed that for particular residues, such as

glutamine, more than two coupling events were required in order to completely couple

the amino acid. In this event, a 10:1 excess of amino acid: resin was used and the

coupling time was increased from 15 to 20 minutes. The dissolved amino acid was also

left to activate in solution for 5 minutes prior to addition to the syringe.

2.1.2.4 Final Deprotection/Cleavage

Once the target amino acid sequence was completed, a final round ofdeprotection

was performed. After the deprotection, the resin was then washed with 5 x 5 mL of

ethanol and allowed to dry. The resin was observed to shrink as the methanol

evaporated. A cleavage solution containing 95% TFA, 0.5% water, and 0.5% TIS was

freshly prepared, then added to the resin. The stopcock of the syringes were removed and

replaced with a cap, and the solution was left to mix thoroughly for 3 hours.
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2.1.2.5 Work up/Extraction

Once the cleavage was completed, the contents of the syringe were emptied into a

100 mL round-bottom flask, and then washed with 2 mL of TFA. The TFA was then

evaporated under nitrogen until about 100 11L of solution remained. The crude peptide

was then precipitated by adding 10 mL of cold ether. The precipitate was then vacuum-

filtered over a 30 mL Buchner funnel attached to a 125 mL side-arm flask. The

precipitate was then put into another 100 ml round-bottom flask and reconstituted in

water and, if necessary, a minimal amount of 25% acetic acid solution. The peptides

were then lyophilized overnight.

2.2 High Performance Liquid Chromatography (HPLC) Purification of C-peptide

and its Synthetic Mutants

All peptides were purified by Reverse Phase-High Performance Liquid

Chromatography (RP-HPLC) using a Shimadzu (Columbia, MD) LC-20AB solvent

delivery system coupled with a SPD-ZOAV UV/VIS detection system. Samples were

dissolved with vortexing in a minimal amount of water, and up to 20% ACN was added

in cases where the peptide was not completely soluble. Samples were injected using a

Rheodyne model 9215 injection valve (Oak Harbor, WA) and a 2 mL stainless steel

sample loop onto a Vydac C18 Protein and Peptide column purchased from Grace

(Deerfield, IL). For purification of human proinsulin C-peptide (Genscript, Piscataway,

NJ), a linear gradient from 100% buffer A to 100% buffer B over 60 minutes was used.

A variety of gradient conditions were evaluated to achieve optimal separation of the
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synthesized C-peptide mutant peptides. Ultimately, peptides were eluted using the non-

linear gradient conditions shown in Table 2.2

Solvent A consisted of 0.1% HPLC-grade TFA (Pierce, Rockford, IL) in water

purified using a Nanopure Diamond filtration system from Barnstead (Dubuque, IA) with

a resistance of 18.2 MO. Solvent B consisted of 60% HPLC-grade acetonitrile (ACN)

purchased from EMD biosciences (Gibbstown, NJ), containing 0.089% HPLC-grade

TFA. Solvents were sparged with helium for 15 minutes prior to running the HPLC.

Peptides were monitored at 215 nm and individual fractions were collected into 15 mL

centrifuge tubes. The purity of these fractions were then determined by mass

spectrometry analysis. Pure fractions containing the desired peptide were pooled and

 

 

  

lyophilized overnight.
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Table 2.2: Gradient used for C31 mutant purification
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2.3 Mass Spectrometric Analysis

2.3.1 Introduction

Mass Spectrometry involves the formation of gas-phase ions that are then

separated by various mass analyzers on the basis of their individual mass to charge (m/z)

ratios. The separated ions are then detected and a spectrum is output as a function ofboth

the rn/z and the abundance of the ions present in the sample. Additionally, selected ions

may be isolated and subjected to dissociation, followed by mass analysis of the resultant

product ions, to allow for structural information to be obtained. The two crucial

components of a mass spectrometer are the ionization source and the mass analyzer. An

in-depth discussion of the theory behind the mass spectrometry methods employed in the

studies performed in this thesis is given below.

2.3.2 Ionization Sources

A variety of ionization methods have been developed over the years, including

electron impact ionization (EI), chemical ionization (CI), fast atom bombardment (FAB),

electrospray ionization (E81) and matrix-assisted laser desorption-ionization (MALDI).

Both ESI and MALDI have gained wide use in the analysis of biological molecules

because of their ability to transfer these large molecules intact into the gas-phase. Both

MALDI and ESI were used in examination of the structure and binding of proinsulin C-

peptide and its mutants, and these ionization methods are described in more detail below.
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2.3.2.1 Electrospray Ionization (ESI)

ESI is an atmospheric pressure ionization technique that was introduced by John

. 64 . . . . . . .

Fenn and coworkers in the 1980’s . This is In contrast to prevrous lomzation methods

such as CI and EI where the ions were required to be formed under vacuum. Formation

of ions under higher pressures allows for “soft” ion formation, where the ion is formed

with minimal internal energy, thereby undergoing minimal fragmentation. ESI also

produces multiply-charged ions, which allow for the analysis of very large biological

molecules in mass analyzers with a limited m/z range. The dissociation of different

multiply charged ions often results in different fragmentation pathways, often giving rise

to different structural information for each charge state.

In ESI, the sample is dissolved in a solution typically consisting of methanol,

acetic acid and water. The sample is pumped through a narrow (100 um i.d.) silica

capillary tubing, with the tip of the capillary placed near the entrance to the mass

Spectrometer (~2 cm). A schematic of a typical ESI interface is shown in Figure 2.1.

The tip of the capillary is maintained at atmospheric pressure. A high voltage (3-5 kV) is

applied to the capillary with respect to ground which is normally the entrance to the mass

spectrometer, and the solution is pumped at flow rates in the 1-10 uL/min range. The

high voltage in combination with the short distance from the counter electrode creates a

large electric field, resulting in charge buildup at the tip of the capillary. The exiting

solvent therefore forms a Taylor cone at the tip to alleviate the charge density. When the

charge density on the Taylor cone becomes too great, a continuous series of electrostatic

dr0plets form, which then undergo a series of coulombic fission events whereby solvent
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is evaporated from the droplet to form the ions. Figure 2.1 also shows a schematic of

droplet formation and evaporation.
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Figure 2.1: Representation of droplet formation in ESI. (Adapted from reference

65)

The mechanism for the formation of ions by ESI has been a subject ofdebate over

many years. Two main theories have been proposed: the charge residue model (CRM)

67,68

66 and the ion evaporation model (IEM) . The CRM mechanism proposes that as the

droplets lose solvent molecules through evaporation, Coulombic fission occurs when the

surface charge density on the droplet becomes greater than the surface tension of the
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liquid. This will occur when the charge is greater than a limiting value, termed the

Rayleigh Limit, and is given by Equation (1)

£12 = 84280703 (1)

where q is the charge on the droplet, y is the surface tension, and D is the diameter of the

spherical drop. When this limit is reached, the droplet will explode into smaller droplets,

and will continue until a droplet is formed with only a single analyte molecule. As the

remaining solvent evaporates, a gas-phase ion is formed. The IBM suggests that the

droplet undergoes a series of Rayleigh breakdowns similar to the CRM to form

successively smaller droplets. However, in contrast to the CRM, the IBM proposes that

ions are evaporated directly from the surface of the droplet as the electric field increases

due to solvent evaporation. Once the electric field becomes stronger than the solvation

forces, the ion will be evaporated directly into the gas phase. Even though both theories

. . . . . . 67 .

offer competing Views for gas-phase ion formation, It has been shown that ions can be

formed by either mechanism, where smaller molecules are formed by IBM, and larger

biological molecules are formed by CRM.

2.3.2.2 Matrix-Assisted Laser Desorption Ionization (MALDI)

Matrix-assisted laser desorption ionization is a technique developed by Karas and

co-workers in the late 1980’s 69 for the analysis of large molecular weight biomolecules.

This ionization method involves the use of a laser for desorption of the analyte as well as

for ionization. In this technique, the sample is dissolved (typically in water and organic
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solvents such as acetonitrile (ACN), along with small amounts of trifluroacetic acid

(TFA)), and is then mixed on a sample stage with a matrix compound containing a UV-

absorbing chromophore. The sample is then allowed to evaporate, co-crystallizing the

analyte and matrix together. The selection of the matrix component is crucial to a

MALDI experiment, in that the compound must absorb at the wavelength of the laser to

be used, and it also must have a low vapor pressure that it will not evaporate once

inserted into the vacuum chamber. The sample is then inserted into the source region of

the mass spectrometer, which is maintained at vacuum. The laser is then pulsed onto the

sample, and the matrix will absorb the laser radiation. The ionization process ofMALDI

. . 70, 71 . . .

is still not well understood , but both analyte and matrix ions are formed. This

causes interference ions due to clusters of matrix ions in the low-mass region of the

Spectrum.

MALDI has become a very effective technique for analyzing large molecular-

weight and polar molecules, such as biomolecules. Because this process forms primarily

singly-charged ions, the ranges of mass analyzers that are effective for this technique are

limited. Typically, TOF mass analyzers are used as they have the advantage ofunlimited

mass range. However, in the experiments conducted, due to the relatively low mass of

the C-peptide and its mutants, MALDI was able to be used to obtain tandem mass spectra

for the singly protonated [M+H+]+ ions of C-peptide and its mutants, using a linear

quadrupole mass analyzer.
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2.3.3 Mass Analyzers

In order to obtain a mass spectrum, the gas-phase ions that have been formed

must be separated according to their m/z values. Ion formation allows for manipulation

of the ions using various fields. A number of mass analyzers have been developed over

the years including magnetic sector, time of flight (TOF), quadrupole (Q), quadrupole ion

trap (QIT) (ineluding both 3D and linear configurations) and Fourier transform ion

cyclotron resonance (FT-ICR). In the experiments conducted here, quadrupole ion trap

and linear ion trap mass analyzers were used. Ion traps, coupled with ionization methods

such as ESI are particularly attractive for use in the analysis of both small and large

biomolecules, as they are capable of multiple stages of tandem mass spectrometry MS“)

to obtain structural information.

2.3.3.1 Quadrupole Mass Analyzer

Ideally, a quadrupole mass analyzer consists of 4 hyperbolic-shaped rods aligned

parallel to one another as shown below in Figure 2.2. However, cylindrical rods are

typically used for cost effectiveness and practicality. Ions entering through the z-

dimension of the mass analyzer experience a quadrupole electric field which consists of

an alternating current (AC) signal and a direct current (DC) signal. The DC Signals on

one opposing pair of rods is of opposite Sign with respect to the other pair, while the AC

signal on each pair of rods are 180 degrees out of phase with respect to each other. When

positive ions enter the trap, they are attracted to a pair of rods when a net negative

potential is observed and repelled from a pair of rods (i.e., focused toward the center of

the assembly) when a net positive potential is observed. Because an AC signal is applied,
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the polarities on the rods will change rapidly, which will focus the ions to the center of

the quadrupole as the ions are passing through along the z-axis.

 
Applied Potential ((195.7

Figure 2.2: Schematic of a quadrupole mass spectrometer, showing applied AC and

DC potentials ((D0).

The applied potential is given the symbol (D0, and is described by the following

equations

(Do = +(U-Vcos cot) and -(I)0 = -(U-Vcos wt) (2)
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where U is the applied DC signal, V is the zero-to-peak amplitude of the AC signal in the

RF region, and 0) is the angular frequency, which can be given in terms of the applied RF

frequency, f ((0 = 27rf). Ions entering the quadrupole assembly along the z-axis

experience forces in the x and y directions. These forces can be expressed by equations

(3) and (4) below

2

Fx — mi—x = —-ze£32

dtz 5x

2

Fy=mi—;-=— 862

dt 5y

where (I) is a function of both x and y and can be written in terms of (D0

(x2 —y2)(U — Vcos (at)
 

2 2 2

(ny=(D0(x ‘y )/’0 = 2

r0

(3)

(4)

(5)

Equation (5) can be differentiated and rearranged to achieve the equations of ion motion

in the x and y directions, given by equations (6) and (7) respectively

dzx 22e

—+

alt2 mro2

 
(U — V cos 600x = 0
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d2y _ 2ze

dtz mroz

 (U — V cos (ot)y = O (7)

When comparing these equations to the equation solved by Mathieu72 given below in

equation (8), the working equations for the quadrupole mass analyzer can be determined

231+(a —2q c052§)u-0 (8)
déz U u

In equation (7), it represents motion in either the x or y direction, and 6 = tot/2. The

variables a and q are dimensionless parameters. When equations (6) and (7) are

rearranged in terms of the parameters a and q, the working equations of ion motion in the

quadrupole are obtained as shown in equations (9) and (10).

82eL/

a. =a. =—ay =—7—, (9)
ma) r0

4zeV

qu=qx:—qy=—2—2— (10)

mar r0

These equations state that ions of a given mass-to-charge ratio in the quadrupolar

field will pass through the assembly as long as the motion along the x and y directions

does not exceed the value of r0 (the distance between the center of the quadrupole and the
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rods). It can be noted that equations (9) and (10) are a function of both m/z, the applied

DC amplitude U, and the applied RF amplitude V. For a given experiment, r0 and a) are

fixed, and e is the elementary charge (1.602 x 10'19 C) which remains constant.

Therefore, the stability of an ion is determined as a function of the amplitudes of the RF

and DC potentials applied to the rods. Equations (9) and (10) can be rearranged to solve

for U and V, respectively, giving equations (11) and (12).

 

 

2 2

U: H mm r0 (11)

826

2 _2

V u ma) )0 (12)

426

A stability diagram plotting the a vs. q parameters can be constructed which will

Show values of a and q, and therefore values of U and V, where the ions in the

quadrupole will be stable and pass through the trap. This is shown in Figure 2.3. In this

figure, the area under the curve represents where ions will pass through the instrument.

Because a and q are dependent upon m/z, U, and V, fixed values ofU and V will result in

differing different a and q values for ions of various m/z. The apex of the curve

occurring at a = 0.237 and q = 0.706 represents the point where only one In/z value will

remain stable, creating a mass filter. By adjusting the parameters U and V over time so

ions of increasing rn/z will successively pass through the apex of the diagram, the

quadrupole may be operated as a mass analyzer.
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Figure 2.3: Stability diagram for a quadrupole mass analyzer.

In contrast, by not applying a DC potential (i.e., a = 0) to the quadrupole, ions

will lie along the x-axis of Figure 2.3, where many different m/z values may be passed

through the assembly, only being limited by a low-mass-cutoff imposed by the RF

amplitude which results in ions with q values higher than 0.908 being unstable. The

application of this will be discussed in more detail in the next section in terms of the

quadrupole being used as an ion trap as opposed to a mass filter.

2.3.3.2 Quadrupole Ion Trap Mass Analyzer

A quadrupole ion trap consists of a hyperbolic-shaped ring electrode capped by

two hyperbolic end cap electrodes. Each end cap electrode has a hole drilled in the center

for ion injection/ejection. A schematic of a quadrupole ion trap is shown in Figure 2.4,
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where r0 is the distance from the center of the trap to the ring electrode and 20 is the

distance from the center of the trap to the end cap electrodes.

Source

    

End Cap Electrode

Ring Electrode

Detector

Figure 2.4: Schematic of a quadrupole ion trap (Adapted and modified from

Reference 72)

A variable-amplitude radio frequency (RF) is applied to the ring electrode which follows

the same relationship as equation (1). The end cap electrodes are typically held at ground.

Ions entering the trap will experience the RF potential in three dimensions (r and

z), and stable ions will be bound inside the trap. Much like the quadrupole, the working
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equations for ion motion in the trap may be derived using the Mathieu equation (8), to

obtain equations (13) and (14)

— l6zeU

771(7‘02 + 223 )a)2

 

(13)
au =aZ=—2ar :

828V

qu =_2qr =q2= 2 2 2 (14)

m(rO +220 )a)

 

Again, r0, 20, and a) are all fixed for a given instrument. For an ion of a given m/z ratio,

the parameters a and q are a function of the RF and DC potentials as in the quadrupole

mass analyzer. An ion will be stable in the trap as long as the trajectories along the r and

2 dimensions do not equal r0 and 20. A stability diagram can be constructed by plotting a

vs. q, and is shown in Figure 2.5
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Figure 2.5: Mathiew stability diagram for a 3D ion trap showing stability of ions of

different m/z values. Larger balls indicate larger m/z values. (Adapted and

modified from Reference 72)

,6 is a fundamental stability parameter and will be discussed in more detail later.

This diagram Shows the regions of a and q, and therefore the values of U and V where

ions will be stable in the trap. In commercial instruments, no DC potentials are applied,

therefore a = 0 and ions will be aligned along the x-axis of the diagram. The boundary of

the diagram where ,6 = 1 is at q = 0.908. This means that an ion having a q-value

approaching 0.908 will become unstable and travel farther than 20. This point is termed

40



the stability limit. Looking at equation (14), the value of q is proportional to the

amplitude of the applied RF potential, and inversely proportional to the m/z ratio of the

ion. Therefore, ions of higher m/z will have a lower q-value, and ions of small m/z will

have a larger q-value, bringing them closer to the stability limit. This imposes a low-

mass-cutoff value for the ion trap.

Ions are injected into the trap, where they encounter an inert bath gas, typically

helium. This gas is held at a constant pressure of 1 mTorr, and ions will collide with the

gas and transfer kinetic energy to the Helium. This “collisional cooling” focuses the ions

into the center of the trap, which improves the trapping efficiency. Another factor in the

trapping efficiency of the ions is the Dehmelt pseudopotential well, which is given by

equation (15)

— V zeV2

Dzzqz§=

 

(15)
2 2 2

m(rO + 220 )a)

A graphical representation of equation (15) is shown below as a function of q in Figure

2.6. The potential well is a measure of how stable the ion is in the trap. Ions that lie in

the q region around 0.8 are held at the lowest potential and are therefore most stable.

41



   
 

  

Figure 2.6: Diagram of Dehmelt pseudopotential well in a 3D ion trap. ERE is the

energy where resonance ejection typically is carried out. (Adapted from Reference

73)

To acquire a mass spectrum, the RF amplitude is increased, which brings the ions

closer and closer to the stability limit. As an ion approaches a q value of 0.908, its

motion along the z-axis will increase and the ion will travel farther than the dimension 20.

When doing this, the ion will pass through a hole in the end cap electrode where it will

strike the detector. Thus, as the RF potential is ramped, ions of increasing m/z will reach

the stability limit and become ejected from the trap through the z-axis. This method is

termed ejection at the stability limi‘ This, however, is not the most effective way of
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acquiring a mass spectrum. The pseudopotential well depth near the stability limit

becomes very steep, which can cause more than one m/z value to be ejected at a certain

RF potential. This results in a loss of resolution in the mass spectrum.

Another method called resonance ejection is used instead. In this method, a high

amplitude RF potential is applied to the end-cap electrodes, termed the supplemental

voltage, with a frequency that corresponds to a q ~ 0.8. As mentioned before, ions at this

q value are in the deepest part of the potential well. Due to intertia, ions in the trap will

be oscillating at a secular frequency, f, which is less than the frequency, v, of the RF field

applied to the ring electrode. The relationship between the applied fi'equency and the

secular frequency is shown in equation (16)

 

f.= ; <19

where [32 is the stability parameter mentioned above, and is related to a and q by equation

(17), when q < 0.4.

fizz az+ L (17)

As shown in Figure 4, ,6 will have a maximum value of 1 at q = 0.908, the stability

boundary. Therefore, ions will be oscillating in the trap at a maximum of one-half the

fundamental frequency. As the RF potential on the ring electrode is ramped, the secular

frequencies of the ions in the trap will approach that of a supplemental frequency that can
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be applied to the end caps. When the ions become in resonance with this supplemental

frequency, their kinetic energy will increase and they will begin to move farther along the

z-axis until they exit the trap and reach the detector. The main benefit of resonance

ejection is an increase in resolution. Ions of the same m/z coming into resonance with the

supplemental frequency will become coherent, resulting in a “packet” of ions which

allows for the ions of same m/z to be ejected in a smaller range of RF potentials.

Resolution is inversely proportional to the rate at which the RF potential is increased,

called the scan rate. Therefore, greater resolution may be obtained at the cost of analysis

time.

2.3.3.3 Tandem Mass Spectrometry (MS/MS)

One of the main benefits of ion trap instruments is their ability to perform multi-

stage mass spectrometry. This consists of consecutive steps of trapping ions, isolation of

a desired precursor ion, fragmentation of the precursor ion resulting in a series of product

ions, followed by mass analysis. A single fragmentation event is termed tandem-mass

Spectrometry, or an MS/MS experiment. Multiple stages of isolation and fragmentation

can be conducted, and are called MSn experiments.

The process of ion injection and storage was discussed previously. Once ions

have been trapped, a precursor ion must be selected for isolation. This is done by

applying a high amplitude “notched” broadband supplemental RF potential to the end cap

electrodes. This potential will ideally contain all frequencies except for that of the

desired ion. Application of this potential will excite all other ions and eject them out of

the trap, leaving only the desired ion. This ion is then subjected to fragmentation by the
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application of a low amplitude supplemental RF potential corresponding to the secular

frequency of the isolated ion stored at a particular q value. The ion will become

translationally excited, and collide with the helium bath gas, whereby translational energy

is converted to vibrational energy, causing the ion to fragment. Newly-formed product

ions will fall out of resonance with the supplemental RF signal as they will have new

secular fi'equencies. These ions will become focused in the center of the trap through

‘cooling’ collisions with the background gas, following which mass analysis by

resonance ejection can be performed. If the fragmentation is conducted at a high q-value,

many of the low-mass fragment ions may be below the low-mass cutoff and will not

remain in the trap. To circumvent this, ion activation is performed at a lower q-value,

(typically q = 0.25) to ensure that fragment ions remain in the trap while allowing enough

energy to be input into larger molecules to allow them to fragment without ejecting them.

2.3.3.4 Linear Ion trap

While quadrupole ion traps have their advantages, a few disadvantages arise due

to their design. First, as mentioned above, ions entering the trap experience the

quadrupolar field in all three dimensions. Positively charged ions entering the trap during

the positive cycle of the applied RF potential, when the amplitude is high, will be

repelled away fiom the trap and be lost. During high negative amplitudes, positively

charged ions will be accelerated in the z-dimension and pass through the trap undetected.

Only a small range of RF values will therefore allow ions to be stably trapped. This

property is termed ion injection efficiency and is a major limit to sensitivity in ion trap

MS.

45



Another disadvantage arises from the ability to eject ions out of the trap, termed

ejection efficiency. In 3D traps, ions are excited along the z-axis in both directions.

Therefore, when performing resonance excitation, half the ions will be ejected out of the

entrance endcap electrode trap in the direction opposite to the detector. To overcome

this, a positive potential barrier can be applied to the source-end of the ion trap which

will repel ions out to the detector, thereby increasing ejection efficiencies and therefore

sensitivity.

The third disadvantage that 3D ion traps exhibit arises from the number of ions

that the trap can store. Ions are stored at the center of the trap. Therefore, as the number

of ions in the trap increases, positively charged ions of the same m/z that are oscillating

with the same fiequency will repel one another, causing the distribution of fi'equencies to

increase, which causes peak broadening and a loss of resolution. This phenomenon is

termed space-charge.

. . . . . . . 74, 75

To overcome each of these limitations, a 2-dimenSIonal linear ion trap may

be used. This instrument employs a normal quadrupole mass analyzer as shown in Figure

2.2 operated in RF only mode to trap ions in the x- and y-dimensions. A positive DC

potential is applied to electrodes positioned at the ends of the quadrupole, which

effectively traps ions in the z-dimension. In the linear ion trap, ions are stored along the

z-axis of the trap, which decreases space-charge effects and allows for greater ion storage

capacity. Also, the ions feel very little of the applied quadrupolar field in the z-axis,

which greatly increases ion injection efficiencies. For mass analysis, ions are ejected

radially in the x dimension, through holes cut into the rods, by resonance ejection similar

to that in the 3D ion trap. Dual detectors placed on each Side of the trap allow for greater
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detection efficiencies. Linear ion traps therefore allow for much better sensitivities and

are capable of higher resolutions than 3D ion traps. Therefore, the linear ion trap was

employed for experiments requiring high resolution, such as resolving isotopic

distributions of precursor and product ions.

2.3.4 Peptide Fragmentation Nomenclature

Peptides or proteins subjected to CID-MS/MS will proceed to fragment along

various bonds within the peptide backbone. Cleavage at the same bond on succesive

amino acids will result in the loss of the mass of the amino acid. These are called

sequence ions, and comparing ions formed due to sucessive cleavages along the peptide

or protein will allow the sequence to be determined. Depending on whether the charge is

retained on the N- or C-terminus along with the location of the cleavage will result in

different different sequence ions. A summary of the nomenclature for peptide

fragmentation is shown in Figure 2.7. Peptides or proteins subjected to CID will

typically undergo fiagmentation at the amide bond, forming b- and y- type ions. When

the charge is retained on the C-terminus, a yn —type ion is formed, where n represents the

number of amino acids contained in the ion. If the charge is retained on the N-terminus,

a bn-type ion is formed.
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Figure 2.7: Nomenclature for peptide fragmentation

2.3.5 Instrumentation

Two different mass spectrometers were used in the current study; i) a Thermo

Fisher Scientific (San Jose, CA) model LTQ linear ion trap equipped with nanospray

(nanoESI) ionization, and ii) a Thermo Fisher Scientific (San Jose, CA) model vMALDI

LTQ XL linear ion trap equipped with a MALDI ionization source.

2.3.5.1 MALDI-LIT Analysis

For MALDI experiments, 1 pM peptide samples were prepared in milli-Q water,

as well as 50 mg/mL solutions of DHB matrix in 50% acetonitrile and 0.5% TFA. 0.5 11L

each of the peptide and matrix solutions were spotted onto a stainless steel 96-well

MALDI plate from Thermo (Waltham, MA), and allowed to crystallize. The plate was
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then inserted into the instrument, and the correct spot was located- The laser power was

adjusted to achieve maximum signal, but still obtain optimal resolution. This was found

to be 40%. For MS spectra, 15 scans were acquired and averaged. Singly protonated

+ . . . . .

([M+H] ) precursor ions were isolated usrng a wrndow of 4 mass units to ensure that the

entire isotopic distribution was isolated. The peptide was then fragmented using a

normalized collision energy of 25% for a period of 30 msee at an activation q value of

0.2, and 200 scans were collected to achieve maximum signal to noise. As the sample

was being ablated, the signal began to drop, so the laser spot was relocated to an area

where more signal was obtained.

2.3.5.1 ESI-LIT Analysis

For MS and MS/MS analysis of C—peptide, C-peptide mutants or segments,

samples were prepared in water by dilution from 33.7 11M (0.1 mg/ mL) peptide stock

solutions. In order to reduce the observation of alkali metal adducts, the Barnstead water

purification system was left to run for thirty minutes before making any solutions. Then,

all samples were prepared using centrifuge tubes that had been thoroughly washed before

filling to remove any excess salts from the tubes. For examination of Zn-activated C-

peptide, C-peptide mutants or segments, samples of 10 11M C-peptide, C-peptide mutants

or segments containing 10 uM ZnC12 were prepared by dilution from 1 mM ZnC12 and

33.7 11M (0.1 mg/ mL) peptide stock solutions. Samples were injected using a 250 uL

syringe (SGE, Ringwood, Australia) into a nESI source using a silica capillary transfer

tubing (360 um OD. x 100 um I.D.) purchased from Polymicro Technologies (Tuscon,

AZ). For Zn-binding experiments, 250 uL of a 10 11M ZnClz solution was first flushed
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through the lines in order to minimize the observation of sodium and potassium adducts

in the mass spectra. This was done both at the beginning of the experiment as well as

between samples. The sample was then pumped through a PicoTip emitter purchased

from New Objective (Wobum, MA) with a tip diameter of 30 pm at a flow rate of 0.5

uL/rnin where it entered the mass spectrometer using a spray voltage of 1.8 kV and a

capillary temperature of 250 °C. Other instrument settings included a capillary voltage of

20 V and a tube-lens offset voltage of 120 V. For MS spectra, 200 scans were acquired

and averaged. For MS/MS, precursor ions were isolated using a window of 4 mass units

to ensure that the entire isotopic distribution was isolated, fragmented using a normalized

collision energy of 25% for a period of 30 msec at an activation q value of 0.2. 100 scans

were collected to achieve maximum signal to noise. All spectra were acquired using the

high resolution ZoomScan mode. MS and MS/MS spectra of solutions containing 1 uM

C-peptide with 1 uM Zan and 1 uM E27A with 1 11M ZnClz were also acquired using

the same instrument conditions. Instead of flushing with 20 uM ZnClz, the lines were

flushed with a solution of 1 uM ZnClg at the beginning of the experiment as well as in

between samples.
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CHAPTER THREE

Characterization of Proinsulin C-peptide, C-peptide Mutants, and Their Binding

, 2+

wrth Zn

3.1 Top-down Characterization of Proinsulin C-peptide

3.1.1 Bottom-up and Top-down Proteomics

Currently, two methods for sequencing proteins are being employed, “bottom-

up” and “top-down” proteomics. In “bottom-up” up proteomics, a protein sample is first

digested, separated by HPLC and injected into the mass spectrometer. The individual

peptides may be subjected to MS/MS analysis to sequence the individual peptide ions.

The product ion masses along with the precursor ion mass can be input into a database

where the protein may be identified. However, proteolytic digestion greatly increases

9
. . . . . . 7 77 .

mixture complexrty, making the analySIs more difficult. “Top-down” proteomics is

a developing method which involves injection of a whole protein sample directly into the

mass spectrometer. Similar to the “bottom up” approach, MS/MS analysis may be

conducted, except the analysis is performed 011 the whole protein as opposed to individual

peptides. The problem of mixture complexity is minimized using this technique,

however other problems arise. Large molecules do not fi'agment well by CID due to the

large number of vibrational modes available for energy redistribution. Therefore, higher

charge states must be selected to provide the molecule with sufficient energy following

collisional activation.
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It has also been found that greater sequence coverage may be obtained by

. . . 78,79 . . .

fragmenting multiple precursor ion charge states , each givmg access to different

fragmentation pathways. This results in the formation of complementary sequence

information amongst the various MS/MS spectra, resulting in an increase in sequence

coverage. The differing fragmentation patterns for the different charge states has been

determined to be due to differences in the ability of the ionizing proton(s) to move along

the peptide backbone, causing fragmentation at each amino acid. This is termed “proton

mobility”.80 When the number of protons is less than or equal to the number of arginine

and lysine residues within the protein sequence, limited fragmentation is typically

observed. These are termed “non-mobile” and “partially-mobile” conditions. When the

number ofprotons is greater than the combined number ofbasic residues (arginine, lysine

and histidine), the ionizing proton(s) are considered to be “mobile” and thus may move

along the peptide backbone to yield more extensive sequence information. The

fragmentation pathways for different proteins and peptides under different charge state

.. . . 78,81,82

conditions have been extensrvely studied.

Although C-peptide, with a length of 31 amino acids and molecular weight of

3021 Da is not a protein per se; its analysis was performed on the intact biological

peptide, without prior use of a digesting agent. Therefore, a top-down characterization

strategy can be considered as being applied.
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3.1.2 Characterization of proinsulin C-peptide

The ESI mass spectrum of HPLC-purified proinsulin C-peptide in water, obtained

using a linear quadrupole ion trap mass spectrometer, is shown in Figure 3.1. The

[M+2H+]2+, [M+3H+]3+ and [M+4H+]4+ charge states are all observed. Note that two

. . . . . . . + +

major adduct ions corresponding to ionization of C-peptide wrth K and Na were also

observed, consistent with the previously reported C-peptide metal activation

. 47 . . + + .

experiments. These ions are most likely formed due to the presence of Na and K in

the water used to dilute the samples, as well as on the insides of the fused-silica capillary

tubing that was used for introduction of the sample to the instrument. While not critical

to the characterization of the protonated C-peptide, minimization and control of these

adduct levels will prove important in the Zn2+ - binding experiments (see below).

Analysis by MALDI yielded the singly protonated precursor ion (data not shown).
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Figure 3.1: ESI Mass spectrum of 10 11M C-peptide in water.
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To obtain maximum sequence information, the [M+H+]+, [M+2H+]2+,

+ 3+ + 4+ .
[M+3H ] , and [M+4H ] charge states were subjected to CID-MS/MS. The MS/MS

spectrum obtained for the [M+2H+]2+ charge state is shown in Figure 3.2. The MS/MS

spectra for the [M+H+]+, [M+3H+]3+, [M+4H+]4+ are given in the Supporting

Information section as Figures S1, S2, and S3, respectively. Extensive fragmentation for

each charge state was observed.

To correlate a product ion in the mass spectrum with a sequence ion fiom the

peptide, the charge of the ion was first determined. This was accomplished by examining

the spacing of the peaks in the isotopic distribution, which follows the relationship given

in equation (18)

z = l/Am (18)

where z is the charge of the ion and Am is the spacing between adjacent isotopic peaks.

Once the charge state and therefore the mass of the ion was determined, it was then

matched with a theoretical sequence ion mass. In the case of ions where a loss of 18

. . 0

mass umts was observed corresponding to a loss of water, a symbol was used.

Sequence ions observed to have a loss of 17 mass units corresponding to a loss of

*

ammonia have a label. The charge state of the ion, if greater than one, is designated on

the label.
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A summary of the product ions that were assigned and the sequence coverage that

was obtained for each of the individual charge states, as well as an overall summary of

the product ions and sequence coverage, are given in Figure 3.3. Product ions that were

above 25% abundance in the mass spectra are labeled on the product ion and sequence

coverage summaries.

From an examination of Figures 3.2, Figures 81, 82, and S3 and Figure 3.3, it can

be seen that almost complete sequence coverage was obtained for nearly every charge

state. Indeed, the only ions that are not observed are the low-mass b- and y-type ions,

which is expected due to the limited low-mass cutoff of the ion trap. The overall

sequence coverage in Figure 3.3 indicates that complete sequence coverage was obtained.

This high degree of sequence coverage is unusual, particularly for large peptides. One

. . . . . + +

rationale to explain this extensrve sequence coverage, espeCIally for the [M+H ]

precursor ion, is the lack of basic residues within the peptide. As mentioned above, the

presence of basic residues such as lysine or arginine will sequester ionizing protons,

limiting their ability to move along the peptide backbone to facilitate fragmentation. For

the C-peptide sequence however, which lacks basic residues, even the singly-charged ion

is categorized as having a mobile proton. Thus, the proton is free to move along the

backbone, allowing for fragmentation at nearly every bond. A few common cleavage

patterns are present across the various charge states. For every charge state, the y9 ion

was observed as an abundant ion, and in the case of the [M+3H+]3+ and [M+4H+]4+

charge states, it was observed as the base peak. This product ion is formed by cleavage

N-terminal to the Proz3 residue. Enhanced proline cleavage has previously been observed
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. . . . . . 81 . 78 .

to be a dominant process in prollne-contalnlng peptides and proteins under partially-

mobile and mobile protonation conditions. Other dominant ions such y19 and y24 ions

. . . . 64

are also consrstent wrth known peptide fragmentation patterns. The wealth of sequence

information obtained by fragmentation of C-pcptide will be useful when comparing to the

fragmentation of C-peptide bound with Zn2+ (see below).
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Figure 3.3: Product ion and sequence coverage summaries obtained from the CID

spectra of the A) [M+H+]+, B) [M+2H+]2+, C) [M+3H+]3+, D) [M+4H+]4+, and E)

combined product ion and sequence coverage summary for all charge states

observed for C-peptide. The [M+H-F]+ were acquired using MALDI while all others

were acquired using ESI. Ions with a relative abundance greater than 25% are

labeled on the summary.
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3.2 Characterization of Proinsulin C-peptide Bound to Zn2+

As mentioned in Chapter 1 above, C-peptide has previously been observed to bind

to Zn2+. Figure 3.4A shows the ESI mass spectrum of 10 llM C-peptide containing 10

uM ZnClz, obtained using the linear quadrupole ion trap mass spectrometer. Abundant

ions corresponding to the doubly ([M+Zn2+]2+), triply ([M+H++Zn2+]3+) and quadruply

+ 2+ 4+ . .

([M+2H +Zn ] ) charged precursor ions of Zn-bound C-peptrde were all observed.

Notably, ions corresponding to Na+ and K+ adducts were not observed. This was

achieved by equilibrating the transfer line and ESI spray tip with 250 1.1L of a 10 uM

ZnClz solution before the sample was introduced.

In order to unambiguously identify the ions at m/z 1029.7 and m/z 1542.7 Da in

Figure 3.4A as the Zn-bound [M+H++Zn2+]3+ and [M+Zn2+]2+ ions, respectively, high

. -l . . 79 .

resolution ‘UltraZoom’ (28 m/z sec resonance ejection scan rate) scans were acquired

for the two charge states, and are shown in Figure 3.48 and 3.4C, respectively. By

observing the isotopic distributions for these ions and by comparison with the theoretical

distributions for the Zn-bound C-peptide, it was found that the experimental results

agreed with the theoretical distributions, thereby confirming the identity of the Zn-bound

C-peptide.
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charge state.

scan of the [M+H++Zn2+]3+ charge state C) UltraZoom scan of the [M+Zn ]2+

61

Figure 3.4: A) Mass spectrum of 10 uM C-peptide and 10 uM ZnClz B) UltraZoom
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To characterize the metal-binding site(s) within the Zn-bound C-peptide, CID-MS/MS

was then performed on the [M+Zn2+]2+, [M+H++Zn2+]3+ and [M+2H++Zn2+]4+ charge

states. Figure 3.5 shows the MS/MS spectrum of the [M+Zn2+]2+ charge state. Figure

3.6 shows the product ion and sequence coverage summary for the [M+Zn2+]2+,

[M+H++Zn2+]3+ and [M+2H++Zn2+]4+ charge states, as well as a combined product ion

and sequence coverage summary. Ions above a relative abundance of 25% in Figure 3.3

are labeled in Figure 3.4. MS/MS spectra for the [M+H++Zn2+]3+ and

+

[M+2H +Zn2+]4+ charge states are shown in the Supporting Information section as

Figures S4 and S5, respectively.

For each of these spectra, the presence of Zn within a given product ion was

assigned based on the observation of its characteristic isotope distribution. Similar to the

spectrum of protonated C-peptide, the charge state of the product ions was first

determined in order to determine the mass of the ion. Ions bound to Zn were identified

by their characteristic isotopic distribution in the same manner as identifying the intact

Zn-bourid C-peptide precursor ions. Product ions that contain Zn were given in bold

along with a T label.

The observation of product ions in both bound and unbound forms indicates that

multiple populations of the Zn-bound C-pcptide are present, suggesting that the Zn is not

preferentially bound at any one Specific site or region within the peptide sequence,

making localization of the binding site difficult. This is also confirmed by the

observation of Zn-bound product ions at both the N- and C-terminal regions of the
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peptide. Another factor further confounding the ability to localize the metal binding Site

to a particular location is the number of fragment ions observed. Abundant product ions

such as the y9 and y19 ions present in the unbound MS/MS spectrum in Figure 3.2 are

also present in Figure 3.5. As mentioned before, previous studies have found that

fragmentation of metal-peptide complexes resulted in a decreased number of fragment

ions, as the metal acts as a ‘non-mobile’ charge, which can direct the fragmentation to

occur at the binding site(s). From the MS/MS spectra in Figure 3.5 and Figures S4 and

85, as well as Figure 3.6, however, almost complete sequence coverage was achieved,

indicating a lack of a specific binding site for 2112+ to C-peptide.

Despite the similarity of the two MS/MS spectra, some conclusions may be

reached when examining the distribution of unbound, “mixed” (i.e. bound and unbound),

and bound ions. Unbound sequence ions are observed to occur for small sequence ions,

where binding is not observed to occur before the y5 ion. Ions corresponding to cleavage

in the middle region of the peptide appear to be mixed, while high mass sequence ions

corresponding to cleavages near the termini of the peptide are observed as only Zn-bound

ions. This would suggest roles of multiple residues in the binding of Zn.

, + 2+ 3+ + 2+ 4+ ,

Note that In the [M+H +Zn ] and [M+2H +Zn ] charge state product ion

and sequence coverage summaries in Figure 3.6 the presence of y-type ions containing

Zn were only observed for y5 and above . The y5 ion corresponds to cleavage at the N-

terrninal side of the Glu27 residue, which as discussed above has shown to have potential

biological activity. The observation of bound y5 and unbound y4 ion would therefore
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suggest that some binding is occurring at the Glu27 residue, which is consistent with the

studies discussed previously showing that transition metals bind to deprotonated

carboxylates of acidic amino acids.
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bold.

of C-peptide from Figure 4A. Ions observed to have Zn bound are labeled with 1* in

Figure 3.5 CID MS/MS Spectrum of the [M+Zn2+]2+ charge state ( m/z = 1542.7)
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Figure 3.6: Product ion and gequence coverage summaries obtained from the CID

+ +

spectra of the A) [M+Zn2 ] , B) [M+Zn2++H+]3+, C) [M+Zn2++2H+]4 charge

states of C-peptide as well as D) the overall product ion and sequence coverage

summary. \ indicates an unbound b or y ion, \ indicates only the Zn-bound

fragment was found, and \ indicates that both bound and unbound ions were

identified.



3.3 Top-down Characterization of the Proinsulin C-peptide Mutants

To gain a greater understanding of the effects of the potential residues involved in

metal-binding to C-peptide, several single amino acid mutants were synthesized using

solid-phase peptide synthesis. Each of the acidic glutamic acid and aspartic acid residues

were individually replaced with alanine (termed E27A, E1 1A, D4A, E3A, and EIA) then

the mutant peptides were first characterized in their protonated forms by CID-MS/MS,

and compared to the data obtained from protonated C-peptide. A representative CID-

MS/MS spectra for the [M+2H+]2+ charge state of the E27A mutant is given in Figure

3.7. The CID-MS/MS spectra acquired for the [M+H+]+ through [M+4H+]4+ charge

states for each of the five mutants are provided in Figures S6 through S24. As with the

wild type C-peptide, CID-MS/MS spectra for the singly protonated precursor were

acquired using MALDI. A product ion and sequence coverage summary from the

[M+2H+]2+ charge states for each of the five mutants is given in Figure 3.8. The overall

product ion and sequence coverage summaries from the 3 observed charge states for each

of the 5 mutants for is given in Figure 825. Product ions whose relative abundances were

observed above 25% are labeled on the summaries. When compared to the MS/MS

spectra of protonated C-peptide, the spectra for the mutants were all very similar,

demonstrating that the presence of the single mutations did not significantly affect the

fragmentation behavior. As with C-peptide, complete sequence information was obtained

from each of the mutants.
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Figure 3.7

E27A.

CID MS/MS Spectrum of the [M+2H ]

+2+
charge state ( m/z = 1482.6) of
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labelled on the summary.

E) ElA mutants of C-peptide. Ions with relative abundance greater than 25% are

charge state of A) E27A, B) E1 1A, C) D4A, D) E3A, and

Figure 3.8: Product ion a

spectra of the [M+2H+]2+
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3.4 Characterization of the Zn2+-bound C-pcptide Mutants

Identical to the method employed for analysis of the Zn-bound C-peptide, each of

the five C-peptide single amino acid mutants were analyzed by ESI-MS in the presence

of Zn. Figures 3.9 and 3.10 show the resultant ESI mass spectra obtained for the E27A,

E1 1A, D4A, E3A, and ElA peptides.

Similar to the Zn-bound C-peptide spectrum in Figure 3.4A, the doubly

([M+Zn2+]2+), triply ([M+H++Zn2+]3+) and quadruply ([M+2H++Zn2+]4+) charged

precursor ions were all abundant. Note that while the spectrum in 3.4A did not contain

+ +

Na and K adducts, these adducts were all present in the C-peptide mutant spectra,

albeit at variable abundance. This will be discussed later in this thesis in regard to the

relative binding experiments.

CID-MS/MS Spectra were then acquired to determine if the fi'agmentation

behavior of the Zn-bound C-peptide was altered upon substitution of a single acidic

residue, and whether this allows information to be obtained in regards to the metal

binding. Ions were labeled using the same process as for the Zn-bound C-peptide

experiment.

’7 ’7

The MS/MS spectrum for the [M+Zn"+]"+ charge state of the E27A mutant is

shown in Figure 3.11. The MS/MS spectra for the [M+H++Zn2+]3+ and

+ 2+ 4+ . . . .

[M+2H +Zn ] charge states are shown In Figures S26 and S27, respectively. Figure

+ +

3.12 Shows the product ion and sequence coverage summary for the [M+Zn2 ]2 ,

[M+H++Zn2+]3+ and [M+2H++Zn2+]4+ charge states, as well as a combined product ion
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and sequence coverage summary for the E27A mutant. Figures 828 through S39 contain

the MS/MS spectra for the [M+Zn2+]2+ through [M+2H++Zn2]4+ charge states of the

remaining four mutants. A product ion and sequence coverage summary for the

[M+Zn2+]2+ charge state for the remaining four mutants is given in Figure 3.13. Overall

product ion and sequence coverage summaries for the four remaining mutants are given

in Figure S40.

When comparing the MS/MS spectra for C-peptide in Figure 3.5 and that for the

E27A mutant in Figure 3.11, there are many similarities. The y9 ion corresponding to

cleavage N-terminal to proline is dominant in both cases, as is the Zn-bound b30 ion. The

overall sequence coverages are similar, and when examining the distribution of bound

and unbound sequence ions, a similar pattern was observed to that of C-peptide.

Another measure of the similarity of the binding was obtained by examination of

the ratio of bound: unbound intensities for dominant ions. When looking at the y9 ion,

for example, the unbound ion is dominant in all cases, with the Zn bound ion occurring at

low intensities. These ratios remain consistent for similar charge states of C-peptide and

E27A.

One main difference however, is the lack of a Zn-bound y5 ion in any of the

. . . + 2+ 3+

spectra of the E27A mutant. This Ion was observed In the [M+H +Zn ] and

[M+2H++Zn2+]4+ MS/MS spectra of C-peptide, although at low abundance. The lack of

binding on the N-terminal region of E27A suggests a role for Zn binding of the Glu27

residue.
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When comparing the mutant spectra with each other, again, there were again very

few differences. Similar dominant product ions as well as binding ratios of the y9 ions

indicated that one amino acid does not play a crucial role to the binding of Zn. Again,

‘bound’ sequence ions at both the N- and C-tcrminal region of the sequences were

observed, indicating non-Specific binding.
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Figure 3.9: ESI mass spectra of 1011M ZnClz and 1011M A) E27A, B)E11A, C) D4A
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Figure 3.1 1

of the E27A mutant of C-peptide from Figure 9A.
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CID MS/MS Spectrum of the [M+Zn2+]2+ charge state (m/z = 1514.44)
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3.5 Effect of Amino Acid Mutations on the Relative Binding of Zn2+ to C-peptide

While it has been shown that substitution of a potentially metal-binding amino

acid has little to no effect on the fragmentation behavior of C-peptide, it is possible that

elimination of one of these residues could play a role in the amount of Zn that the peptide

can bind, thereby providing information regarding the residues that are important to C-

peptide metal interactions. Therefore, ESI-MS spectra were acquired in triplicate for

. . . 2+

each of the C-peptide mutants 1n the presence of one molar equivalent of Zn .

Representative spectra for each peptide are shown in Figure 3.4A for the C-peptide and in

Figures 3.9A-C and 3.10 A-B for the mutants. Compared to the wild-type C-peptide

. . + + . .

spectrum m Figure 3.4A, where no Na or K adduct ions were observed 1n the spectrum,

+ + , ,

Na or K adducts of variable abundance were observed 1n the spectra from the mutants

in Figures 3.9and 3.10, indicating a lower affinity for Zn2+ for these mutants.

To quantitatively measure the amount of Zn binding for the C-peptide versus the

mutants, a ratio of bound: unbound can be calculated from each spectrum. This was

performed by summing the intensities of each of the charge states observed for the ions

containing Zn, and dividing by the summed intensities of the charge states observed for

+ +

the unbound ions (Figure 3.14A). Also, to account for the presence of the Na and K

salt adducts in the mutant peptide spectra, a modified bound: unbound ratio was

calculated after summing the intensities of the salt adduct peaks with the unbound ions

Figure 3.143). It can be seen from Figure 3.14 that an approximate 50% decrease in the

amount of Zn binding was observed in each of the mutants compared to the wild-type C-
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peptide. Thus, while mutation of any individual acidic residue results in a decrease in Zn

binding, it appears that no specific acidic residue is critical. This is consistent with the

MS/MS data which demonstrated that the fragmentation behavior did not change upon

substitution of a single acidic residue.

Previous activity studies conducted on C—peptide have been performed using

. . . 2+ .

equimolar concentrations of C-pepttde and Zn in the nanomolar range. The mass

spectrometry studies conducted here were performed using 10 11M concentrations of both

. 2+ . . .

C-peptlde and Zn . In an effort to examtne any concentratton dependence on the Site of

binding in C31 and the E27A mutant, as well as the relative binding of Zn2+, ESI-MS

and ESI-MS/MS experiments were conducted on the full length C—peptide and E27A

mutants at 1 11M concentrations (data not shown). The MS spectra were essentially

identical, suggesting that a 10-fold decrease in the concentration did not significantly

. 2+ . . . . . .

affect the Site of Zn binding. Results from a relative bindmg experiment (data not

shown) showed an overall decrease in the amount of Zn2+ binding at the 1 11M

concentration, although the relative binding ratios of C-peptide : E27A between the 10

11M samples and 1 11M samples remained relatively constant. This suggested that a

decrease in concentration did not affect the relative binding.
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3.6 Characterization and Activity Studies of the C-terminal Pentapeptide of C-

peptide

In order to more closely examine the effect of a single acidic residue on Zn

binding and activity, a c-peptide segment containing residues 27-31 (i.e. in the absence of

the other four acidic residues) was examined. As discussed in Chapter 1, this fragment of

the C-peptide sequence has been shown to exhibit biological activity, and requires the

. 14, 31 . .

presence of the Glu27 res1due. Thus, as an extetislon of the mass spectrometric

binding characterization studies described above, the EGSLQ peptide was synthesized

and subjected to MS and MS/MS analysis in both its unbound and Zn-bound forms.

Similar experiments were also conducted on a AGSLQ peptide sequence in which the

previously reported critical Glu27 residue was substituted with an alanine.

ESI-MS spectra for the EGSLQ and AGSLQ peptides in the presence of 10 uM

Zn are shown in Figures 3.15A and 3.158, respectively. From these spectra, it can be

seen that there is a dramatic decrease in the amount of binding as compared with C-

peptide and the full length single amino acid mutants. This is likely a result of a

decreased number of locations for Zn binding, as the EGSLQ peptide contains only a

single acidic residue. While triplicate experiments were not conducted, decreased binding

was observed for the AGSLQ peptide, consistent with that expected due to the lack of an

acidic residue. Note however, that the C-terminal carboxylate group is available for

binding in both peptides.
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CID-MS/MS spectra from the [M+Zn2+]2+ precursor ions of the EGSLQ and

AGSLQ peptides are shown in Figures 3.16A and 3.168, respectively. Limited sequence

information was observed for both peptides. Dominant product ions corresponding to the

102+ To

neutral losses of water (labeled as M and M 02+) were observed in both spectra.

This is similar to the full-length peptides.

Examination of the other dominant ions in the CID-MS/MS spectra in Figure 3.16

allow for insights into the binding properties of this peptide. In the MS/MS spectrum of

EGSLQ, the Zn-bound b4 and unbound y1 ion are dominant. These two ions correspond

to cleavage at the same bond: the Leu/Gln amide bond. The Zn—bound b4 ion indicates

that Zn is retained on the N-terminal region of the peptide. This end contains the

potentially-critical Glu27 residue, which from earlier experiments on the full-length

single amino acid mutants was implicated in the Zn-binding. In the spectrum ofAGSLQ

in Figure 3.16B, this ion pair is much less dominant. Instead, there is a dominant bound-

y3/ unbound-b2 ion pair. This corresponds to cleavage of the Gly/Ser bond, where the Zn

is retained on the C-terminal region. This could indicate that binding is occurring at the

C-terminal carboxylate of the peptide or at the side chain hydroxyl group of the Ser or at

a carbonyl oxygen of the amide backbone. Also of note is the presence of the bound-b4

/unbound-y1 pair in the spectrum of AGSLQ is observed, albeit at much lower abundance

compared to their abundance in the spectrum of EGSLQ. As there are no acidic residues

to bind Zn in the b4 fragment, which would again implicate Zn binding involving the

carbonyl oxygens or the Ser residue.
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The ratio of the b4/y1 pair to the y3/b2 pair indicates a measure of the competition

for the Zn at the N- and C- termini for each peptide. The spectrum of EGSLQ contains

the y3/b2 pair at only minor abundance, indicating a much weaker competition of the C-

terminal carboxylate for Zn. The y3/b2 pair for AGSLQ is present at a much higher

abundance, indicating a greater affinity of the Zn to the C-terminal carboxylate.

2+ . . . . . . 83

Zn has been shown to exhibit tetrahedral coordination geometry in proteins

These structures were based on solution-phase calculations where water molecules aid in

the stabilization of the metal. In the case of EGSLQ, there are only two main sites for the

Zn to interact, and because a gas-phase ion is being measured, no water molecules are

. . . . . 3+ . . .

available to interact wrth the Zn. Studies conducted usmg Cr on ac1d1c peptides have

. 59 . . .

proposed two-coordinate gas-phase complexes, which would suggest a Similar

geometry for the gas-phase EGSLQ-Zn2+ complexes. The AGSLQ peptide only has one

carboxylate group, and as mentioned before the Ser residue or possibly the amide

carbonyl groups could aid in the stabilization.

While the binding data on the single amino acid mutants and the results from the

EGSLQ fragment indicate a role for the Glu27 residue in the binding of Zn2+ to C-

peptide, it is necessary to correlate these results with a specific biological activity. Thus,

similar ATP release experiments to those performed on Zn-activated full length C-

peptide described in Chapter 1, were performed using the EGSLQ and AGSLQ peptides

(these data were provided by Ms Jennifer Meyer and Prof. Dana Spence).
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ATP release experiments were performed using a luciferin/luciferase

chemiluminescence assay.47 Rabbit erythrocytes were incubated for two hours with an

appropriate volume of 8.3 uM stock solution of peptide and ZnClz in a physiological salt

solution to yield a final peptide and Zn2+ concentration of 10 nM. Chemilurninesence

was measured using a photomultiplier tube (PMT). Fi gurc 3.17 shows the summary of

the ATP release data with n = 7, and statistical significance was calculated using a single-

sided students t-test with p = 0.025

Incubation of the erythrocytes with the EGSLQ peptide in the presence of Zn

resulted in a greater than 100% increase in ATP release. Notably, this was statistically

equivalent to the ATP released upon incubation of the erythrocytes with the full-length

C-peptide. The AGSLQ mutant, however, showed no increase in ATP release activity

over the control level. These data are therefore consistent with the mass spectrometry

results described above, that indicate a possible role of the Glu27 residue in Zn binding.
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Figure 3.16: CID-MS/MS spectra of the [M',+Zn2+]2+ precursor ions of A) EGSLQ

and B) AGSLQ.
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Figure 3.17: Bar graph showing Normalized ATP relase in erythrocytes for C-

peptide as well as the EGSLQ pentapeptide and the AGSLQ mutant.

Measurements were taken with n = 7, and error bars are plotted as the standard

error of the mean. A * indicates a statistically significant difference was calculated

using a single sided students t-test (p = 0.025).

87



3.7 Conclusions and Future Directions

+

It has been demonstrated that proinsulin C-peptide has the ability to bind an ,

and that Zn-activated C-peptide may play a key role in alleviating certain

microvasculature complications of diabetes. From the results outlined in this thesis, using

MS and MS/MS analysis of Zn bound C-peptide and various single amino acid mutants,

as well as C-peptide segments, no specific Zn binding site is apparent. However, the

results indicate that elimination of any one of the acidic residues within the C-peptide

sequence results in a decrease in the overall binding to approximately 50% compared to

that of the wild type full length C-peptide sequence. Activity studies demonstrate a

critical role for the Glu27 residue in the ability of the Zn activated EGSLQ peptide to

release ATP from erythrocytes, where AGSLQ did not return any activity.

Future work should include activity measurements on the single amino acid

mutations synthesized for the binding experiments. This will allow for a correlation

between the activity and Zn-binding for full-length peptides, as opposed to the C-terminal

pentapeptide fragment. While the Glu27 residue has shown to be active in the segment, it

has not yet been demonstrated that elimination of this residue in the full length sequence

has any effect on the activity of the peptide. Since it is clear fi'om the experiments

performed that substitution of one acidic residue does not eliminate the Zn-binding,

synthesis of peptides containing multiple mutations of the acidic residues will need to be

performed. This will allow for a greater understanding of the peptide-metal interactions.

Synthesis of peptides containing four mutations will allow for the effect of a single acidic

residue in the full length sequence to be studied.
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Figure S2

C-peptide

CID MS/MS Spectrum of the [M+3II+]
3+

charge state (m/z = 1007.6) of
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C-peptide

Figure S3 CID MS/MS Spectrum of the [M+4H ]
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Figure S4

1007.6) of C-peptide

CID MS/MS Spectrum of the [M+Zn2
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Figure SS

772.0) of C-peptide

CID MS/MS Spectrum of the [M+2H +Zn

+

2] 4+ charge state (m/z
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Figure S6

2962) of E27A

MALDI CID MS/MS Spectrum of the [M+H ]
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Figure S7

E27A

CID MS/MS Spectrum of the [M+3H+]
3+

charge state (m/z = 988.6) of
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Figure S8

E27A

CID MS/MS Spectrum of the [M+4H 1
+4+

charge state (m/z = 741.5) of

8
.
3
3
E
l
-

aouepunqv

 
8
.
3
3
E
1
—

souepunqv

  

Y
9

+
3
+

2
+

1
3
1
4
2

b
2
2

b
i
s
°

1
,
1
3
2
+

:
1

b
1
8
2
+
b
z
7
3

2
1
b
i
'
2
y
1
8
2
+

1
3
+

1'

b
6
!

Y
6

1’
5

Y
7
]i
fl
I
—
‘
y

/
’
,
t
l

i
t
’
7

1 1
3
+
1

1
3
5

Y
2
\
5

'

+

N

.é'"
+

N

3.
>5

1::
M

..D

“a“

+

N

2‘

..O

+

m

\O

.S'

+

N

N

..D

+

M

.5

2

>5

.3

N

3‘.

>5

  

‘2

>5

2

+..o

N

N-

N

..D

/

 

""’-F“"“"'

a
-..--.-

n a“---

 
 

 

----~r

M

S: \
---- ..D

 
 

 

5
0
0

6
0
0

7
0
0

8
0
0

9
0
0

1
0
0
0

1
1
0
0

1
2
0
0

L
A

-
.
A
.

‘
-

A
-

_
.

‘
-
.
_

.
1

‘
u

M
_
_
_
_
.
_

I
I
I
I
T
fi
‘
I
I
I
I
'
I
I
I
I
I
I
I
I
I
I

1
3
0
0

1
4
0
0

1
5
0
0

1
6
0
0

1
7
0
0

1
8
0
0

1
9
0
0

2
0
0
0

m
/
z



Figure S9

2962.5) of E11A

MALDI CID MS/MS Spectrum of the [M+H+]+ charge state (m/z
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Figure 810

of E11A
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Figure 811

El1A

CID MS/MS Spectrum of the [M+3H ]

-+3+
charge state (m/z = 988.6) of
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Figure 812

El1A

CID MS/MS Spectrum of the [M+4H

+

]

4+

charge state (m/z = 741.5) of
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2976) of D4A

Figure 813 MALDI CID MS/MS Spectrum of the [M+H ]
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of D4A

Figure s14: CID MS/MS Spectrum of the [M+2H+]2+ charge state (m/z = 1489.5)
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Figure SIS

D4A

CID MS/MS Spectrum of the [M+3H+]3+ charge state (m/z = 993.5) of
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MALDI CID MS/MS Spectrum of the [M+H ]
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Figure 818

of E3A

CID MS/MS Spectrum of the [M+2H-I]2+ charge state (m/z = 1488.5)
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igure Sl9

E3A

CID MS/MS Spectrum of the [M+3H ]

-+3+
charge state (m/z = 988.5) of
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Figure 820

E3A

CID MS/MS Spectrum of the [M+4H+]4+ charge state (m/z = 741.6) of
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2962.4) of EIA
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Figure 822

of EIA

CID MS/MS Spectrum of the [M+2H ]

+2+

charge state (m/z = 1488.5)
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Figure 823

ElA

CID MS/MS Spectrum of the [M+3H ]

+3+
charge state (m/z = 988.5) of
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Figure 824

ElA

CID MS/MS Spectrum of the [M+4H ]
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charge state (m/z = 741.5) of
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D4A, D) E3A, and E) ElA mutants
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1008.9) of E27A

115

CID MS/MS Spectrum of the [M+Zn2++H+] 3
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758.0) of E27A

Figure 827 : CID MS/MS Spectrum of the [M+Zn2++2H+] 4
+

charge state (m/z
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Figure 828

of El1A

CID MS/MS Spectrum of the [M+Zn2] 2+ charge state (m/z = 1514.4)
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1008.9) of El1A

Figure 829 CID MS/MS Spectrum of the [M+H ++Zn

23+

1 charge state (m/z =
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Figure S31

D4A

CID MS/MS Spectrum of the [M+Zn2]2+ charge state (m/z = 1521.6) of
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1014.0) of D4A

Figure S32 CID MS/MS Spectrum of the [M+H-'F+Zn2]3

+

charge state (m/z
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Figure S33

760.7) of D4A

CID MS/MS Spectrum of the [M+2H++Zn

24+

1 charge state (m/z
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Figure S34

E3A

CID MS/MS Spectrum of the [M+Zn2]
2

+ charge state (m/z = 1513.6) of
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Figure S35

1008.9) of E3A

CID MS/MS Spectrum of the [M+H +Zn ]

23+
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757.0) of E3A

Figure S36 CID MS/MS Spectrum of the [M+2H++Zn
24+

1 charge state (m/z =
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Figure S37

of EIA

CID MS/Ms Spectrum of the [M+Zn2]2+ charge state (m/z = 1513.38)
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Figure S38

1009.9) of EIA

CID MS/MS Spectrum of the [M+H++Zuz]3
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charge state (m/z
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757.8) of EIA

Figure S39 CID MS/MS Spectrum of the [M+2H++Zn
2 44-

] charge state (m/z
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Figure S40: Overall Product ion and sequence coverage summaries obtained from

2+ 2+ + 2+ 3+ + 2+ 4+

the CID spectra of the [M+Zn ] , [M+H +Zn ] , and [M+2H +Zn ] charge

states of A) El 1A, B) D4A, C) E3A, D) ElA, mutants of C-peptide.\'\ indicates an

unbound b or y ion, \ indicates only the Zn-bound fragment was found, and \

indicates that both bound and unbound ions were identified.
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