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Human Brain Creatine Kinase:

Expression, Enzymology and Investigation of Posttranslational

Modifications

by Camille Bodley White

Abstract

The brain isozyme of creatine kinase (CK-BB) appears to be the most ubiquitously

expressed and highly regulated of the four known isozymes of creatine kinase. In order to

facilitate a detailed characterization of human brain CK, the enzyme has been expressed in

E. coli and purified from human placenta to investigate posttranslational modifications.

Expression of the recombinant human CK-BB in E. coli has yielded large amounts

of pure CK-BB, which has enzymatic properties indistinguishable from those of enzyme

purified from tissue sources. The availability of pure, active enzyme has facilitated a

comparative study of recombinant brain and muscle CK isozymes, in which enzymatic,

biophysical and immulogic properties of these clinically important enzymes have been

described. Preliminary results indicate human CK-BB can be crystallized under conditions

favorable for heavy atom replacement.

The protein sequences and exact molecular weights of the recombinant human brain

and muscle CK's were confirmed by high resolution tandem electrospray mass

spectrometry (ESI-FTMS). This technique was used to explore the microheterogeneity of

the CK's, which is believed to be the result of deamidation. This microheterogeneity is

most likely responsible for difficulty in obtaining larger and better diffracting crystals of

CK-BB, although novel crystallization conditions produced 100puM crystals.
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CK-BB was purified from human placenta. Native IEF-PAGE showed CK-BB

purified from tissue had a lower p1 than the recombinant CK-BB, suggestive of a

negatively charged posttranslational modification occurring in vivo. This pl difference was

removed by dephosphorylation in vitro. The dephosphorylated human CK-BB migrated in

an identical position to the recombinant CK-BB on native IEF-PAGE. Phosphorylation of

CK-BB may be a regulatory mechanism, as brain CK has been suggested to be a substrate

for protein kinase C. This posttranslational modification appears to be unique to the brain

isozyme as the muscle and mitochondrial CK isozymes are not phosphorylated. Human

brain CK purified from tissue can be dephosphorylated by alkaline phosphatase in vitro but

there is no evidence of phosphorylation of tissue purified muscle CK. Unsucessful

attempts were made to obtain the phosphorylation site(s) of placentatissue purified CK-BB

by phosphopeptide affinity chromatography and matrix assisted laser ionization desorbtion

mass spectrometry (MALDI).
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Introduction

I eacti

Creatine Kinase is an essential enzyme in the maintenance and regulation of

intracellular ATP levels It catalyzes a phosphoryl transfer reaction in which creatine

becomes reversibly phosphorylated (1-4).

Figure 1.

$H. Creatine CH3
-

Kinase | -2

NH. NH,

+ ADP + H'

Creatine Phosphocreatine

II. General Overview

Phosphocreatine acts as a reservoir of high energy phosphate which helps the cell to

maintain ATP homeostasis. The creatine kinases provide “high energy phosphate” to a

wide variety of tissues in which different isozymes are expressed.

a. Description of the CK isozymes

There are 4 isozymes of creatine kinase (CK), named for the tissues in which they

are most abundant: muscle, brain, and two forms of mitochondrial. The subunit

molecular weight of each CK monomer is ~43,000 Da. The two cytosolic isozymes,

brain and muscle CK, exist as homodimers under normal physiological conditions (1,3).

The oligomeric state of the mitochondrial isozyme is an octamer, and it has been
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localized to the interface between the inner and outer membranes of the mitochondrion.

There are two isozymes of mitochondrial CK which have corresponding tissue types; the

sarcomeric (muscle) and ubiquitous (brain) forms (4).

The cytosolic muscle and brain isozymes exhibit 80% sequence identity to each

other, whereas the mitochondrial isozyme is only 60% identical to the brain and muscle

CK's . In comparing sequence identity of a particular isozyme among mammalian

species, there is >90% identity (5,6). The dimer interface regions of the brain and

muscle isozymes appear to be quite similar, as there is no preference for re-forming

homodimers upon dissociation of muscle and brain homodimers. When dimers are re

formed, a 1:2:1 stoichiometry is observed (MM:MB:BB) (7,8). The rabbit muscle

isozyme differs in sequence identity from the brain isozyme by ~20% (35 positions), with

the brain isozyme having equivalent negatively charged residues and 20% more

positively charged residues than the muscle isozyme (5,6). These differences between

the isozymes may have evolved in order to facilitate the interaction of the individual

isozymes with different cellular structures.

Muscle CK is expressed primarily in differentiated muscle tissue. The muscle

isozyme has been shown to be associated with the M-line of skeletal muscle fibers (9).

This interaction appears to be unique to the muscle isozyme, as the brain isozyme does

not interact with this structure (9-11). In addition, the muscle isozyme is expressed

primarily in muscle tissue, such as skeletal muscle and heart. However, the muscle

isozyme of CK is expressed in small amounts in brain (12,13). The proposed primary

function of muscle CK is to supply ATP for contraction (14).

Elevated levels of the MB heterodimer are found during disease states such as

myocardial infarction. In fact, appearance of CK-MB in the serum is a sensitive

diagnostic indicator of this event (15). While there is only one form of MB-CK in

cardiac tissue (CK-MB2), upon its release into the bloodstream, lysine carboxypeptidase

2



cleaves the C-terminal lysine from the M subunit. This produces a more negatively

charged isoform which can be detected. Identification of this isoform of MB allows for

the diagnosis of myocardial infarct within 6 hours after the onset of symptoms (16).

Developmental regulation of isozyme expression is observed in developing

myocytes. Early in muscle tissue development, brain isozyme of creatine kinase is

expressed. There is a developmental switch in the expression of CK that occurs in the

transformation of myoblasts to myotubules (17). Initially, the brain isozyme is expressed

in undifferentiated myoblasts, while the muscle isozyme expression occurs in post

mitotic spindle-shaped myoblasts where myofibril formation has occurred. In long-term

cultures of adult rat ventricular cardiomyocytes there is a distinct morphological change

in which the features of fetal myofibrils become dominant and brain creatine kinase is no

longer expressed (11). In developing heart tissue, the developmental switch from brain to

muscle CK occurs earlier than in skeletal muscle (18).

The mitochondrial creatine kinase isozymes, CK-MisN■ is (sarcomeric) and CK

Miu Miu (ubiquitous), exhibit patterns of tissue-specific expression similar to that of the

muscle and brain isozymes, respectively. Their oligomeric state is primarily that of an

octamer, and they are localized to the mitochondrial inter-membrane space.

Mitochondrial CK is found along the outer surface of the inner-membrane and at

junctions between the inner and outer leaves of the mitochondrial membrane (19). Since

Mi-CK can be released from mitochondrial association by 250mM KCl, it appears that

this association is most likely the result of ionic interactions. It has been proposed that

the mitochondrial CK is involved in metabolic channeling of high-energy phosphates

from the mitochondrial matrix to the cytosol (4). This somewhat controversial theory is

known as the "phosphocreatine shuttle".

b. mechanism

>
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Extensive kinetic and mechanistic investigations of the muscle form of CK have

been reported and this literature was reviewed most extensively by Kenyon and Reed (1).

Other more recent reviews have focused on kinetics and mechanism for the brain (20)

and mitochondrial (21,22) isozymes. Early mechanistic studies at pH 8.0 (23) for rabbit

muscle creatine kinase propose an equilibrium random bimolecular, bimolecular

mechanism, with phosphoryl transfer being the rate limiting step. The equation for the

mechanism for creatine kinase is shown in Figure 2.

Figure 2:
Kinetic Mechanism of Creatine Kinase

K. (Mg-ATP) K. (Mg-ADP)

E+Mg-ATPF E-Mg-ATP E-Mg-ADP = E + ADP

Km (Cr) / Km (PCr)kcal

E-Mg-ATP-Cr = E-Mg-ADP-PCr

Km (Mg-ATP) / \ Km (Mg-ADP)K, (Cr) K, (PCr)
—- -

E + Cr = E-Cr E-PCr E E + PCr



However, at pH 7.0, the mechanism is more complex. The mechanism is ordered

in the forward direction, with MgATP added before creatine and random in the reverse

direction (MgADP+ phosphocreatine) (24). Additional studies by Maggio and Kenyon

(25) suggested that synergism of substrate binding occurs at pH 9.0. We sought to

confirm these results with recombinant human muscle and brain CK. These results are

presented in Chapter 2. Although the kinetic constants were relatively similar to those

reported previously, we did not observe any significant synergy in either recombinant

human brain or muscle CK isozyme. Initial observations of synergy were observed with

the recombinant rabbit muscle CK isozyme.

Much work has been done in our laboratory to elucidate the mechanism of

creatine kinase. In particular, we have sought to identify the residues of rabbit muscle

CK involved in catalysis and substrate binding. Previous studies summarized by the

Kenyon and Reed review had implicated a histidine, arginine, lysine, cysteine and

tryptophan residue as being essential for catalysis and substrate binding. Analysis of

conserved residues of CK and guanidino kinases has targeted particular histidine,

cysteine and arginine residues as possible candidates for these essential functions.

Cysteine 282 is fully conserved in all CK's and it appears to be essential for

catalysis. This important residue was found to be alkylated by the creatine analog

epoxycreatine (26) and it appears to be in or near the active site of CK. Studies by Dr.

Lorenzo Chen in our laboratory suggest that Cys 282 may be important for proper protein

folding as well, as many of the Cys282 mutants are inactive or expressed at low levels

(Chen, unpublished).

The pH studies of the CK reaction by Cook, et al. suggested that a histidine is

acting as an acid-base catalyst (27). Five conserved histidines have been identified, and

they were systematically mutated in an attempt to identify this acid-base catalyst.

Although all mutants have some catalytic activity, it appears that H295N shows the most

ºfºà
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dramatic reduction in catalytic activity and substrate binding (15 fold lower creatine

binding and a reduction of 1000-fold for kcat.) (28). Since all five conserved histidine

mutants have significant enzymatic activity, it is unlikely that H265N has the role of a

general acid base catalyst in the active site.

Previous work by Borders and Riordan (29) have shown that an arginine residue

modified by phenylglyoxal or butanedione/borate leads to complete inactivation of rabbit

muscle creatine kinase. Current efforts to identify this arginine by chemical modification

and (ESI-FTMS) are ongoing in collaboration with Dr. Troy Wood. Since the

inactivation rate is reduced by MgATP or MgADP and this modification eliminates

nucleotide binding, it is suggested that this residue is critical for binding ATP.

III. The brain isozyme of creatine kinase

a. tissue specific expression and cellular localization

The brain isozyme of creatine kinase is expressed in a wide variety of cell types

as diverse as neurocytes, photoreceptor cells, kidney, gut enterocytes and epithelial cells

of the urogenital system (13). It is found in a wide variety of non-muscle tissues, with

lower levels of expression in some muscle tissue such as heart (4). Brain CK has also

been found in Brockmann bodies, organized cellular bodies that serve the functions of the

endocrine pancreas in salmon (30).

In the brain, the localization of brain CK is specific for Bergmann glial cells (13),

astrocytes and oligodendrocytes (31), whereas neurons express muscle CK and have

much lower levels of brain CK expression than other neural cell types. It is postulated

that brain CK has an important role in supplying oligodendrocytes with ATP during

myelinogenesis (32). In astrocytes, these investigators found brain CK present in the

nucleus as determined by analysis of serial optical sections through the astrocyte

monolayer using confocal microscopy. Particulate staining of CK is characteristic of a

nucleoplasmic or karyoplasmic distribution. There appeared to be twice as many
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fluorescent nuclei of dividing astrocytes as that in quiescent cultures. It is postulated that

there may be a CrP/CK "energy shuttle" from the mitochondria to the nucleus in

astrocytes, as creatine phosphate derived from mitochondria is converted back to creatine

by brain CK in the nucleus (13).

b. gene regulation

The promoter for the brain CK gene is structurally complex, and it appears to

contain two superimposed promoters which have regulatory elements associated with

other eukaryotic genes and DNA binding proteins (33). The human CK-BB gene has two

TA rich sequences and two possible CAT sequences which are upstream of the TATA

elements (34). In addition, the first TATA sequence is recognized by TARP which is

different from the classical transcription factor TFIID (35).

The brain CK promoter has structural similarities to viral promoters for viruses

implicated in cellular transformation events. The brain CK promoter shares considerable

sequence identity with the adenovirus E2E gene, which encodes a DNA binding protein

involved in viral replication. This suggests that the CK-BB gene could be regulated by

the viral activator E1a, whose oncogenic products regulate E2E's expression (36).

Messenger RNA levels and activity of CK-BB were induced by the oncogenic products

of the E1a region of adenovirus type 5. This oncogenic induction of CK-BB could be a

significant event in cellular transformation. It appears that domains 1 and 2 of E1a which

are associated with transformation and DNA synthesis induce CK-BB expression (36).

Human Cytomegalovirus (HCMV) infection results in the increase of some cellular

transcripts including CK-BB. Regions encoding the predominant early transcripts of

HCMV (IE 1, 2 and 3) complement adenovirus type 5 early promoters (37). The role of

CK-BB in these two viral systems may be complicated by other transforming viruses

which have yet to be identified.
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These studies suggest that the promoter region of CK-BB is unusually complex

and may be susceptible to activation by viral oncogenes and hormones. It has not been

shown if this activation is a transforming event itself or if it is among the cascade of

events involved in cellular transformation. There have been no in vivo studies using

animal model systems which have shown CK-BB as the target of these viral oncogenes.

In a study of estrogen induction of mRNA synthesis of the brain CK transcript in rat

uteri, mRNA levels increased significantly at 30 minutes. This may indicate that CK-BB

is one of the "intermediate early" group of induced proteins along with c-fos and c-jun

(38). Transcription of brain CK has been found to be repressed by p53 while

transcription of the muscle CK isozyme is activated by this important tumor suppresser

gene (39). CK-BB is a useful early marker for the action of estrogen and other steroid

hormones (40,41). The role of steroid induction and regulation of CK-BB as a causative

agent in mammary, uterine and prostate cancer has not been established. The current

clinical and biochemical data show a link between increased hormone production and

regulation of CK-BB.

There is a wealth of clinical literature describing an association of CK-BB with

neoplastic disease. These reports have focused primarily on measuring serum and CNS

CK-BB levels in cancer patients although there has been an attempt to examine tumor

tissue for CK-BB activity (42). In addition, elevated serum CKmi levels have been

associated with metastatic malignancy (43). The association of CK with cancer is not

unreasonable as the function of creatine kinase is of vital importance to cell metabolism

and energetics. It is important to note that the clinical literature has not rigorously

assessed important biochemical evidence, such as the enzyme's regulation at the

transcriptional, translational and cellular level. Results from these experiments will

establish the significance of CK's role in neoplastic disease.



Of all the cancers, small cell lung carcinoma (SCLC) appears to be most

commonly associated with increased mRNA levels and subsequent increased expression

of CK-BB (44). In many tumors, CK-BB activity is increased (45,46). Elevated serum

levels have been used as a diagnostic indicator for SCLC and neuroblastoma (47,48).

There are no review articles available for total serum CK-BB activity in patients with

malignancies, although serum levels of CK-BB in cancer patients has been shown by

clinical literature to be a relatively insensitive tumor marker and a poor indicator of

disease progression (42). However, CK-BB activity in the CNS appears to be a sensitive

marker for CNS malignancies secondary to breast cancer (49).

In order to determine the role played by brain CK in cellular transformation we

must examine its altered expression levels, regulation, specific posttranslational

modifications, differences in primary sequence or conformation, effects of

phosphorylation and altered kinetics in normal and neoplastic tissue.

The identification of brain CK as a regulatory enzyme for signal transduction, an

effector of hormone and viral activation and its negative regulation by p53 would make

brain CK an important target for chemotherapy. The most recent prospect for CK in

cancer therapy is the use of creatine and cyclocreatine, a substrate analog, to retard

tumor growth. Significant growth rate inhibition of subcutaneously implanted tumors

was obtained in rats and athymic nude mice by feeding them diets containing

cyclocreatine and creatine (50). Tumor growth inhibition rates over 24 days varied from

35-50% with diets containing 1% cyclocreatine and 1-2% creatine for mammary tumors

in rats. The inhibitory effects of diets containing 1% creatine and cyclocreatine on MCI

sarcoma tumor growth rates in rats varied from 26-53% and in athymic mice, and human

neuroblastoma CHP-134 tumor growth rates were reduced by 33% with a 1%

cyclocreatine diet and 71% for 5% creatine diet.



Phosphorylation of CK-BB may be involved in its regulation by signal

transduction pathways involving protein kinase C(PKC). CK-BB has been suggested to

be a substrate for protein kinase C in vitro, which is a critical part of signaling pathways

involved in cell growth (51-53). PKC is known to be activated by tumor promoting

phorbol esters (TPA) and many growth factors, hormones and neurotransmitters (54). In

an in vivo system in mouse epidermis, phosphorylation of p40 which was later identified

as CK-BB was shown to increase approximately two-fold upon PKC activation with

phorbol ester (51). These data suggest that PKC phosphorylation of CK-BB acts as a

regulatory mechanism. This phosphorylation event has been shown to increase the CK

BB Vm by 33% and also to decrease the Km for phosphocreatine from 2.6 mM to 1.7 mM

(52). These data are consistent with phosphorylated chicken CK-BB having a lower Km

for phosphocreatine, although the specific kinase was not identified (55). The

implications of CK-BB's interaction with PKC suggest that CK-BB may be regulated by

important cellular signal transduction pathways that are upregulated during neoplastic

transformation (56,57).

The first chapter describes novel properties of the OmpT protease located in the

outer membrane of E. coli which are associated with activity under extreme denaturing

conditions. The Torpedo californica cDNA of creatine kinase was expressed in E. coli as

insoluble aggregates, or inclusion bodies, in our laboratory (58)and was refolded to

obtain soluble, active protein after the removal of a contaminating protease. This

protease was identified as OmpT and the characterization of its activity under extreme

denaturing conditions is described in Chapter 1. This chapter is presented exactly as

published in the June 2, 1995 issue of the Journal of Biological Chemistry by White, C.

B., Chen, Q., Kenyon, G. L., and Babbitt, P. C. entitled "A Novel Activity of OmpT:

Proteolysis Under Extreme Denaturing Conditions."
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The brain isozyme of creatine kinase has been previously purified from human

tissue sources such as human brain (59-61) and placenta (62). Kinetic studies of CK-BB

purified from human brain and CK-MM purified from human muscle have been reported

by Jacobs and Kuby (63). The expression of recombinant CK-BB protein in eukaryotic

cells from baculovirus (64) and a human cell line by Lin. et al. (65) have been reported.

Lin et al. report comparative kcat and Km values for recombinant human muscle and

brain CK's purified from a eukaryotic expression system. The expression and

characterization of CK-BB from E. coli has not been previously reported, and the details

are described in Chapter 2. This chapter includes a kinetic, immunologic and biophysical

comparison of the recombinant human brain and muscle CK's. The purification method

for initial crystallographic trials of recombinant CK-BB expressed in E. coli is described

in detail, as well as a comparison of purification methods, specific activities and yields of

CK-BB from different tissue sources. In addition, a comparison of purification yields

and specific activities of the recombinant human CK-BB expressed in E. coli and human

CK-BB purified from placenta are detailed in Chapter 2.

The creatine kinases have been difficult enzymes to crystallize, and a long

standing problem has been the microheterogeneity of purified enzyme preparations.

There are discrepancies in the literature regarding the exact cDNA sequence of both

human muscle and brain CK. In order to determine the source of microheterogeneity of

the muscle and brain CK's and resolve discrepancies in the literature regarding their

cDNA sequences, highly purified muscle and brain CK from our laboratory was sent to

Dr. Troy Wood in the laboratory of Dr. Fred McLafferty at Cornell University for high

resolution Fourier transform mass spectrometry. The details of this work appeared in

December 1995 issue of the Proceedings of the National Academy of Science, USA

under the title "Sequence verification of human creatine kinase (43kD) isozymes by high

resolution tandem mass spectrometry". by Wood, T. D., Chen, L. H., White C. B.,

11



Babbitt, P. C., Kenyon, G. L. and McLafferty, F. W. The manuscript is presented exactly

as published in Chapter 3.

Chapter 4 details the purification and characterization of human CK-BB purified

from placenta. Human CK-BB purified from placenta was dephosphorylated in vitro

with alkaline phosphatase, and a pi shift of ~0.75 pH units was observed, indicating that a

negatively charged species had been removed. No pI shift was observed upon

dephosphorylation of purified recombinant CK-BB expressed in E. coli which suggests

that the nature of the posttranslational modification of the enzyme purified from tissue is

phosphorylation. CK-BB purified from placenta was subjected to tryptic digestion, and

the digested enzyme was analyzed for phosphate ion by matrix assisted laser desorbtion

ionization mass spectrometry (MALDI/MS). Efforts to obtain evidence of a

phosphopeptide derived from CK-BB purified from human placenta were unsuccesful,

and the phosphorylation site(s) have yet to be determined. Phosphorylation studies by

other investigators using mouse (51-53) and chicken tissue (55) have shown that there are

multiple phosphorylated species and the kinetics of the phosphorylated enzymes are

different from the non-phosphorylated enzyme. In vitro phosphorylation studies in our

laboratory using protein kinase C were successful in phosphorylating a known substrate

for PKC, myelin basic protein, but recombinant CK-BB was not phosphorylated. These

results are also described in Chapter 4.
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Chapter 1

A Novel Activity of OmpT: Proteolysis Under Extreme Denaturing Conditions

Abstract

A novel property of the bacterial outer membrane protein T, (OmpT) has been

discovered: It is active under extreme denaturing conditions. This finding emerged

during characterization of a protease associated with the degradation of recombinant

proteins expressed as inclusion bodies in E. coli. These inclusion body proteins are stable

to proteolytic degradation until they are solubilized by denaturation. The protease that

degrades them under denaturing conditions was identified as OmpT on the basis of

substrate specificity, inhibitor profile and confirmation that its N-terminal sequence is

identical to that of OmpT. A previously unknown property of this enzyme, OmpT’s

preference for denatured substrates may provide a clue to its physiological function. To

facilitate further characterization of this proteolytic activity, we have optimized a system

to extract and assay OmpT under denaturing conditions using a soluble substrate, rabbit

2.
º
º
º-£

muscle creatine kinase.
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Introduction

The OmpT protease, located in the outer membrane of E. coli, has a narrow

substrate specificity, primarily for paired basic residues (66,67). OmpT expression is

thermoregulated showing much lower expression levels below 32°C (68). Although

OmpT has been purified (69) and the ompT gene cloned and sequenced (70), little is

known about the in vivo function of the enzyme. The ompT gene is apparently not

essential as its deletion has no effect on growth rate of E. coli (71). Although no natural

substrates for OmpT have been identified, observations of activity on recombinant

proteins expressed in E. coli are suggestive of possible physiological functions. For

example, a fusion protein carrying the HlyA transport signal, which was expressed in E.

coli and secreted through the outer membrane, was observed to be cleaved by OmpT

(72). OmpT cleaves another fusion protein including both the C-terminal domain of the

Neisseria Igap protease precursor and the Vibrio cholerae toxin B subunit (CtkB),

causing the extracellular release of CtzB (73). In addition, OmpT appears to be involved

in the degradation of a fl-lactamase-protein A fusion protein in the periplasmic space of

E. coli (74). These observations point to a possible role for OmpT in the processing of

precursor polypeptides and suggest that it may also have a role in turnover/degradation of

membrane proteins of both the inner and outer membranes of E. coli.

Other possible roles for OmpT may be hypothesized from analogy to other

proteases. There are functional and structural similarities between OmpT and the

plasminogen activator (Pla) of Yersinia pestis (47% sequence identity) and OmpT is

able to cleave plasminogen to plasmin (75). Since Pla is a virulence factor, it has also

been suggested that OmpT may contribute to the pathogenic potential of E. coli (76).

OmpT is known to create problems in the expression of recombinant proteins.

Several recombinant proteins expressed in the cytosol have been proteolysed by OmpT

14



after cell lysis (67,75,77-80). As mentioned above, OmpT also interferes with recovery

of expressed proteins by degrading recombinant fusion proteins secreted into the

periplasmic space (74). Our results identify OmpT as the protease involved in the

degradation of denatured inclusion body proteins, and this has led to the discovery of a

previously unknown property of the OmpT protease: activity under extreme denaturing

conditions.

!-
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Materials and Methods

Bacterial Strains and Growth Conditions. Torpedo californica creatine kinase (TCK)

was expressed as insoluble inclusion bodies in the E. coli strain JA221 as previously

described (81). OmpT was overexpressed in the E. coli strain UT5600 (an OmpT

deletion mutant) transformed with the plasmid pVIL19 (70) containing the ompT gene (a

generous gift from Professor George Georgiou). UT5600 cells and overexpressed OmpT

(UT5600 harboring pmL19) were grown to an O.D.600 of 2.0 in LB at 37°C.

Extraction of the Protease Activity from TCK Inclusion Bodies. The TCK inclusion

bodies were resuspended at approximately 0.5 mg/ml of TCK in 50mM Tris pH 8.5

containing 2.5% octyl glucoside (OG) (Sigma) and 5% fl-mercaptoethanol. This

suspension was incubated with slow shaking at 37 °C for >16 hours and centrifuged at

12,000 x g for 30 minutes. Purification of inclusion body proteins was evaluated by

SDS/PAGE. The extract was exchanged by ultrafiltration into 1% OG, 50 mM Tris pH

8.5. Protein concentration was determined by the bicinchoninic acid (BCA) protein

concentration assay (Pierce), using bovine serum albumin as a standard.

Protease Degradation Assay of Inclusion Bodies. TCK inclusion body protein was

resuspended to ~1 mg/ml in 50mM Tris pH 8.5. Thirty microliters of this suspension was

centrifuged for 10 min. at 12,000 x g, and the supernatant was discarded. The protein

pellet was resuspended to a concentration of 2 mg/ml in 50 mM Tris pH 8.5. Solid

ultrapure urea (U.S. Biochemical Corp.) and 1M DTT were added to give final

concentrations of 8M and 100 mM, respectively, when the total volume was adjusted to

30 pil (1 mg/ml protein). The extracted and unextracted TCK inclusion bodies were

assayed for protease activity under either native (DTT only) or denaturing (DTT + urea)
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conditions by incubation at 37°C for 30 minutes. Degradation products were analyzed by

SDS-PAGE .

RMCK Degradation Assay using Protease Extract. Rabbit muscle creatine kinase

(RMCK) was used as a soluble substrate for the protease. The reaction contained:

RMCK (1 mg/ml), protease extract (0.1 mg/ml protease extract), DTT (1mM), urea (4M,

for denatured samples only), and 0.15% OG in 50mM Tris pH 8.5 in a final assay volume

of 100 pil. Assay conditions were identical to those used for inclusion bodies. Inhibition

experiments were done using the soluble RMCK assay by adding potential inhibitors to a

final concentration of 0.5, 1, 5, 10 or 12.5 mM to the assay mixture immediately prior to

adding the protease extract. The degree of protease inhibition was assumed to correlate

with the amount of full length RMCK remaining as judged by SDS/PAGE.

Determination of the Urea Optimum of the Protease Extract. Residual CK activity was

measured following refolding of RMCK (81) denatured at various urea concentrations (0–

8 M) in 50 mM Tris pH 8.5. CK activity was determined by the method of Tanzer and

Gilvarg (82).

Preparation of Membrane Extracts. OmpT deletion mutant strain UT5600 cells and

UT5600 transformed with phasmid pVIL19 (overexpressing OmpT) (70) cells, grown as

described, were resuspended in 50 ml of 50mM Tris pH 8.5 with 0.5 mg/ml lysozyme,

incubated overnight at 4 °C and sonicated. The cell lysate was centrifuged at 20,000 rpm

for 30 minutes and the insoluble material was extracted as described.

Enzyme Purification. JA221 cells expressing TCK (15.5 g) were lysed and the protease

activity extracted (58). The extract was exchanged into 1% OG, 50mM Tris, pH 8.0

º~
º
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(buffer A) by ultrafiltration. Protease extract (27 mg) was filtered (0.2puM) and loaded

onto an AP-1 Waters column (10x100mm) containing benzamidine Sepharose

(Pharmacia). The column was washed with 40 ml buffer A. The protease activity was

eluted using a linear gradient of buffer B (buffer B contains 1M NaCl + buffer A) in one

peak at 200 mM NaCl, 50 mM Tris pH 8.0. The active fraction contained 9.5 mg of

protein and was exchanged back into buffer A. The benzamidine-purified extract was

then loaded onto a HR(5/10) MonoC) anion exchange column (Pharmacia). The column

was washed with 20 ml buffer A and the protease activity was eluted using a linear NaCl

gradient (buffer B) and eluted from the column in 4 incompletely resolved peaks from

180 mM NaCl to 240 mM NaCl. The active fractions from MonoG) contained 3 mg of

protein.

N-terminal Sequence Determination of the Protease Extracted from Inclusion Bodies.

The most active fraction from the MonoO anion exchange column was fractionated by

SDS/PAGE, electroblotted onto a Problot membrane and stained with Coomassie Blue R

250. The protein in the enriched 37kD band was subjected to 8 rounds of automated

Edman degradation at the UCSF Biomolecular Resource Center.
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Results

Proteolysis Occurs Under Denaturing Conditions. Formation of inclusion bodies is a

major problem encountered in bacterial expression systems. During attempts to recover

active enzyme by denaturation and refolding, we have observed proteolytic degradation

in inclusion bodies containing both Torpedo Californica creatine kinase (TCK) and

bovine pancreatic trypsin inhibitor (BPTI) (58,81,83). As reported previously, this

proteolysis occurs under the extreme denaturing conditions (8M urea) which are

necessary to solubilize inclusion body proteins prior to refolding. The proteolytic activity

can be isolated by detergent extraction of the insoluble pellet containing the TCK

inclusion bodies and membrane fragments.

In order to characterize this protease activity in a soluble system, we optimized

the assay reported earlier (81). (Fig. 3) TCK inclusion bodies under native conditions

were not degraded (lanes 1, 3), but were degraded extensively after incubation with 8M

urea (lane 2). There was no significant degradation of denatured TCK inclusion bodies

after the protease was extracted (lane 4). The protease activity that is removed by

detergent extraction contains a mixture of proteins as shown in lane 5. It can be

incubated with soluble RMCK, under denaturing conditions, to give a similar degradation

pattern (lane 7) to the denatured TCK inclusion bodies (lane 2). The RMCK is not

proteolyzed when denaturant is left out of the assay mix (lane 6). These data show that

soluble RMCK incubated with detergent-extracted protease can be used in place of

inclusion body TCK to assay for the proteolytic activity. This result is not surprising as

TCK and RMCK are very similar proteins, (85% sequence identity).
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Figure 3.

SDS-PAGE (12.5%) comparison of protease activity in TCK inclusion

bodies and in a soluble assay system

SDS/PAGE (12.5%) comparison of protease activity in TCK inclusion bodies and in a
soluble assay system . Lane 1: TCK inclusion bodies under native and, Lane 2:
denaturing conditions (8M urea). Lane 3: TCK inclusion bodies after the removal of
proteolytic activity under native and, Lane 4: denaturing conditions. Lane 5: The
protease extract (concentrated 100-fold over amounts used for the degradation assays
shown in lanes 6 and 7). Lane 6: The detergent extract containing the proteolytic
activity was incubated with soluble RMCK under native and, Lane 7: denaturing
conditions (4M urea).
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Optimum Denaturant Concentration for Proteolysis. The optimum denaturant

concentration for protease activity was determined by both the SDS/PAGE assay and by

quantitation of residual CK activity following refolding of RMCK in the presence of the

protease extract. Urea was used in preference to guanidine-HCl because it can be used in

a gel assay, and care was taken to use only freshly prepared, ultrapure urea in the

experiments. The urea optimum for the proteolytic activity on substrate RMCK was 4

5M urea (Fig. 4). Although the degradation of RMCK (data not shown) also correlated

with the loss of residual CK activity following refolding, residual CK activity was a more

quantitative indicator of the protease activity under a range of denaturant concentrations

than the gel assay.
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Figure 4.

Denatuant optimum for protease activity on substrate RMCK.

Urea (M)
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Identification of the Protease as OmpT. Characterization of this protease allowed us to

ask whether this activity could be attributed to any known bacterial protease. Our

experimental evidence suggests that the E. coli protease OmpT is responsible for the

proteolytic degradation of TCK inclusion bodies under the denaturing conditions required

for solubilization and refolding. This conclusion is based on several types of

experimental evidence as detailed below.

The protease extract isolated from TCK inclusion bodies has a substrate

specificity for the scissile bond between paired basic residues, the same specificity as that

previously reported for OmpT (66) (Fig. 5).

The protease extract also has the same inhibitor profile as that reported for OmpT

(69) (Table 1). Benzamidine, ZnCl2 and CuCl2 inhibit proteolysis of substrate RMCK at

millimolar concentrations as previously reported for OmpT (69) whereas EDTA and

PMSF do not.

Table 1.

Inhibition of the protease activity on denatured substrate RMCK was

measured by loss of full-length RMCK on 12.5% SDS-PAGE gels

Inhibitors of Protease Activity

*ZnCl2 +

*CuCl2 +

*Benzamidine ++

EDTA
-

PMSF
-

Inhibitor concentrations for the protease degradation assay were determined by the
amount of inhibitor required to block any degradation of RMCK at that concentration.
Inhibitors marked with an asterisk are known inhibitors of the protease OmpT. The
inhibitors that completely block the protease activity at 5mm are labeled + and at 0.5 mM
++.

EDTA and PMSF did not inhibit the protease activity at or below 12.5 mM.
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Using the RMCK assay, the degradation pattern for the protease extracted from

TCK inclusion bodies (Fig. 5, lane 2) is essentially the same as that of the overexpressed

OmpT extract (Fig.5, lane 4). In contrast, the detergent extract from a membrane

preparation of the OmpT deletion mutant has no proteolytic activity using our assay

conditions (Fig. 5, lane 6).

A comparison of membrane extracts from cells overexpressing OmpT and cells

that do not express OmpT shows a large band of about 37 kD present in the

overexpressed OmpT extract (Fig. 6, lane 2) and absent in the UT5600 extract (no OmpT

expressed) (Fig. 6, lane 3). The purification of the protease extracted from TCK

inclusion bodies is also shown in Figure 6 (lanes 4,5 and 6). This extract also contains a

37kD band that increases in intensity at each step of the protease purification. The N

terminal sequence of this enriched band is STETLSFT, which is identical to that of the

mature OmpT protease (70). N-terminal sequence analysis of the large band directly

below the band identified as OmpT (Figure 6, lane 6) suggests that they are the porin

proteins, Ompf and OmpC. This band was blotted and subjected to 6 rounds of Edman

degradation resulting in a primary and a secondary sequence. The primary sequence is

AEIYNK, which is the N-terminal sequence for the mature Ompf porin protein (84,85).

The secondary sequence that was obtained from this band, AEVYNK, corresponds to the

N-terminal sequence of the mature OmpC porin protein (86).
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Figure 5.

SDS/PAGE (12.5%) comparison of protease activity from membrane
extracts of JA221 cells (used to express TCK), UT5600 (OmpT-) and

UT5600 + p.ML.19 (overexpressed OmpT).

Protease extract OmpT+ OmpT

Lane 1: Substrate RMCK incubated with membrane detergent extracts from E. coli
JA221 cells used to express TCK under native and, Lane 2: denaturing conditions (4M
urea). Lane 3: Substrate RMCK incubated with an extract from UT5600 cells with
overexpressed OmpT (pML.19) under native and, Lane 4: denaturing conditions (4M
urea). Lane 5: Substrate RMCK incubated with an extract from UT5600 cells under
native and, Lane 6: denaturing conditions (4M urea).
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Figure 6.

Purification of the protease activity extracted from TCK inclusion bodies

compared to membrane extracts of OmpT- and overexpressed OmpT.

kDa

94 -

Lane 1: M.W. marker, Lane 2: membrane extract from overexpressed OmpT (UT5600
+ pML19), Lane 3: membrane extract from OmpT- (UT5600). The purification of the
protease extract from TCK inclusion bodies, Lane 4: unpurified protease extract, Lane
5: benzamidine Sepharose fraction and, Lane 6: MonoC) anion exchange fraction.
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Discussion

We have found the E. coli protease OmpT to be responsible for the degradation of

TCK inclusion bodies under extreme denaturing conditions required for the solubilization

of inclusion body TCK. The identification of this protease as OmpT was based on four

criteria: substrate specificity, inhibitor profile, the complete lack of proteolytic activity of

an OmpT mutant and N-terminal sequence confirmation that the 37kD band enriched by

purification of the protease activity is identical to the N-terminal sequence of OmpT and

corresponds to its predicted molecular mass. The overexpressed OmpT also appears to

have the same degradation pattern as the protease activity extracted from TCK inclusion

bodies.

Technical difficulties in extraction and purification of the protease from inclusion

bodies resulted in incomplete purification, preventing us from obtaining direct

confirmation of its identity. The major contaminants were identified as the E. coli porin

proteins, Ompf and OmpC. The physical nature of inclusion bodies has not been

explored and little is known either about the forces which hold inclusion bodies together

or exactly how they are formed. Although the scheme used to purify the protease was

quite similar to that reported for OmpT, the extraction conditions required to remove the

protease from the TCK inclusion bodies required high detergent concentrations (2.5%)

and was much more rigorous than that required for the removal of OmpT from the

membrane. This resulted in extraction of other integral membrane proteins not present in

the reported descriptions of OmpT purification (69) and led to increased difficulty in

purifying the protease activity from the inclusion body extract. Even though this resulted

in an incomplete purification, the enrichment of the 37kD band verified as OmpT by N

terminal sequence determination shows that OmpT was present in relatively high

concentration in the most active fraction.
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The fact that OmpT is active under extreme denaturing conditions has

implications for elucidating the currently unknown function of this enzyme. Although no

native substrates for OmpT have been found, its location in the outer membrane

combined with its unusual and selective substrate specificity and the preference for

denatured substrates lends support to a suggested role in processing proteins secreted

through the outer membrane (69,72,73). This raises the question of whether OmpT has a

functional homolog in eukaryotic systems. We find no evidence, however, for an

ancestral link between OmpT and eukaryotic processing proteins such as kex2 in yeast, a

unicellular eukaryote (87). Thus, even though the substrate specificity of OmpT is

similar to that of kex2 (the scissile bond is on the carboxyl side of two consecutive basic

residues), their inhibitor profiles are markedly different. Kex2 is sensitive to thiol

modifying reagents, whereas OmpT is not inhibited by thiol modifying reagents, but

rather is sensitive to the serine protease inhibitor DIFP (69). In addition, there appears to

be no sequence similarity between kex2 and OmpT.

The preference of OmpT for denatured substrate as observed in our system is an

interesting and as yet not well understood property of the enzyme. This finding may help

to illuminate other observations of OmpT degradation of regions of recombinant proteins

expressed in E. coli which appear to contain relatively unorganized structures in the

native protein. For example, a conformational study of rhuman IFN-Y shows that the 20

amino acids at the C-terminus lacks structure in comparison to the rest of the molecule.

This was the only region of the protein susceptible to proteolysis under non-denaturing

conditions (69). When O-helix breaking amino acids were introduced into a linker

sequence of the fusion protein containing PhoA and Hemolysin A expressed in E. coli,

the cleavage of OmpT sites in the linker sequence was substantially increased (72). One

likely explanation for these results is that OmpT acts on relatively unstructured regions of

the substrate, mimicked in our soluble assay system by addition of denaturant. At high
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denaturant concentrations (above 5M urea), there is reduced activity of OmpT on

substrate RMCK. As the urea concentration increases, it is likely that the protease itself

begins to denature, leading to a loss of activity. This suggests that the optimum

denaturant concentration for OmpT proteolysis will be substrate dependent. The

efficiency of proteolysis will involve a trade-off between substrate stability and OmpT

stability at a given concentration of denaturant. (Creatine kinase shows loss of activity

and denaturation of tertiary structure at urea concentrations below those used in our assay

(72,88-90).) Under our assay conditions, there is presumably sufficient denaturant

present to induce a relaxed creatine kinase structure susceptible to proteolysis. The

concentration of urea required to achieve this is, however, insufficient to denature OmpT

itself.

The preference of OmpT for denatured substrates, its limited substrate specificity

and its activity under denaturing conditions make OmpT particularly well suited for

specific and selective modification of proteins not only in vivo but in vitro as well.

Trypsin, which is also active in 4M urea (91), is most commonly used for this purpose,

although the substrate specificity is broader. The narrower substrate specificity of OmpT

suggests its potential for use in obtaining internal sequence of proteins without excessive

degradation. In addition, OmpT appears to be a highly efficient enzyme under denaturing

conditions: Ten pug of the unpurified extract can degrade 100 pig of CK at 37 °C in 30

min. to give reproducible degradation patterns. Work to develop this enzyme as a

biochemical tool is on-going.

The ability to proteolyse substrates at high denaturant concentrations is not a

property unique to OmpT. Some other proteases which retain activity in 8M urea are

subtilisin (92), papain (93), thermophilic aminopeptidase I (94), extracellular protease

from Penicillium notatum (95), thermolysin (96) and Aeromonas aminopeptidase (97). It
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would be interesting to determine whether the stability of OmpT can be correlated with

structural properties similar to those exhibited by some of these other enzymes.

Our conclusion that the protease responsible for the degradation of inclusion body

CK in the presence of denaturant is OmpT may be useful in resolving problems

associated with the recovery of active proteins expressed as inclusion bodies in E. coli.

For example, the BL21 strain of E. coli, used with a range of commercially available

expression vectors, is OmpT. In cases where proteolysis of inclusion body proteins

occurs during denaturation and refolding, use of such a strain might provide a simple and

viable solution. Alternatively, use of OmpT inhibitors may be useful for recovery of

inclusion body proteins from such systems. Although the generality of this proteolysis

phenomenon has not been formally established, two recombinant proteins (TCK and

BPTI) have been shown to be proteolysed during denaturation and refolding from

inclusion bodies (81). We suggest that this protease may be responsible for the

proteolysis of other inclusion body proteins degraded during the denaturation and

refolding procedures used to recover soluble protein from such systems. Many schemes

for recovery of inclusion body proteins include extraction procedures for removal of

contaminating proteases prior to denaturation. It is possible that OmpT proteolysis of

inclusion body proteins could be minimized by such procedures as Triton X-100 washes.

As reported previously, however, Triton treatment may only be effective with OmpT

when it is used in the lysis buffer (58). In contrast to OG, extensive Triton or

Triton/Deoxycholate washes of the inclusion body CK after the cells were lysed did not

extract the protease effectively (31).
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Chapter 2

Expression and Purification of Recombinant Human Brain Creatine Kinase; A

Comparative Study of the Recombinant Human Brain and Muscle Creatine Kinase

Isozymes

Abstract

The brain isozyme of creatine kinase (CK-BB) is a key enzyme in the regulation

of cellular energetics. Despite its more ubiquitous expression and association with a

number of disease states, including cancer, it is less well understood than the muscle

isozyme. In order to compare and contrast the properties of muscle and brain CK, we

present a comparative kinetic, biophysical and immunologic comparison of the

recombinant human CK isozymes expressed in E. coli.

Overexpression of human CK-BB in E. coli to generate large amounts of soluble,

active enzyme has facilitated the characterization of this important CK isozyme. We

report here the expression and purification of the human brain isozyme of creatine kinase

as soluble enzyme in E. coli and compare these results to human brain CK purified from

placental tissue. This is the first reported expression of human CK-BB in E. coli. CK

BB has been purified to high homogeneneity using blue sepharose affinity

chromatography and MonoC) anion exchange chromatography. There is extensive

microheterogeneity of the recombinant human brain isozyme as observed by native

isoelectric focusing PAGE (IEF-PAGE). The microheterogeneity of the brain isozyme is

distinct from muscle CK as shown by native IEF-PAGE.

Despite enzyme purification of high specific activity and purity, attempts to

obtain diffraction quality crystals of recombinant human brain CK were unsuccessful. In

collaboration with Dr. Robert Stroud, initial crystallization trials have yielded crystals of
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100pum in diameter under unique crystallization conditions favoring heavy atom

replacement.

The recombinant human brain and muscle CK isozymes demonstrate similar

kinetic properties to those reported for the human CK muscle and brain isozymes purified

from tissue and those reported for recombinant rabbit muscle CK, although specific

activities for the brain CK tissue preparations in different laboratories varied

considerably. The kinetic constants obtained for human brain and muscle CK were

compared to results published in the literature from tissue sources. The pH rate profiles

for recombinant human muscle and brain CK show a pH optimum of 9.0 for the forward

reaction (the conversion of creatine to phosphocreatine), which is consistent with

previous published reports.

The recombinant human brain and muscle CK's have distinct immunologic

features as observed by western blot analysis. This result is also in agreement with

published clinical radioimmunoassays (RIA) for the human brain and muscle CK

isozymes purified from tissue. Antibodies raised to human brain and muscle CK's

purified from tissue crossreact with the recombinant CK's, indicating that

posttranslational modifications of CK are not essential for antigenic recognition.
-*sº
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Introduction

Creatine Kinase is an essential enzyme in the maintenance and regulation of

intracellular ATP levels (1,3,4). There are four isozymes of creatine kinase, muscle, brain

and two forms of mitochondrial. In addition to their importance in cellular energetics, the

CK isozymes have been deemed to be of major of clinical importance in several disease

states. Under normal physiological conditions, the soluble CK isozomes (muscle and

brain) are expressed as homodimers. However, the detection of CK-MB heterodimer is a

diagnostic indicator of myocardial infarction (15,16)

The brain isozyme of creatine kinase has been shown to be a diagnostic indicator

of certain cancers and may become a target for chemotherapy. Detection of serum and

CNS levels of CK-BB have been used as a diagnostic indicator for neuroblastoma and

small cell lung cancer (47,48). In many tumors, CK-BB expression is increased relative

to normal tissue (45,46) Creatine kinase inhibitors such as cyclocreatine have been used

recently in vivo to inhibit the growth of tumors and tumor cells in rodents (39,50.98).

Unlike the other CK isozymes, brain CK is posttranslationally modified by

phosphorylation and may be regulated by protein kinase C (39,51-53) and steroid

hormones such as estrogen (38). Transcription of brain CK is induced by the oncogenic

E1a protein of adenovirus (36) and increased synthesis of brain CK mRNA is observed in

early HCMV infection (37). Transcription of the brain CK isozyme is repressed by the

p53 oncogene (39), whereas activation of transcription of the muscle isozyme is

observed.

In contrast to the ubiquitous expression of the brain CK isozyme, the muscle CK

isozyme is expressed primarily in differentiated muscle tissue, such as skeletal muscle

and heart (10,14,99) Developmental regulation of isozyme expression is seen in the

differentiation of myoblasts to myotubules. In myoblasts, the brain isozyme is expressed
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early in development until the formation of myotubules where there is a developmental

switch to the expression of the muscle isozyme (17,99). The brain and muscle CK

isozymes are also expressed on different chromosomes. The brain isozyme is found on

chromosome 15 whereas the muscle isozyme is found on chromosome 19 (100).

The brain and muscle CK isozymes under normal physiological conditions are

cytosolic homodimers of ~80kD. The isozymes have 80% sequence identity but remain

immunologically distinct, suggesting that surface epitopes are quite different. It is known

that the isozymes associate with different cellular structures. The muscle isozyme has

been shown to associate with the M-line of muscle (9), and expression of the muscle

isozyme is limited primarily to skeletal muscle and heart tissue. Both isozymes have

been shown to associate with cytoskeletal elements in different cell types.

Immunofluorescence studies have shown that the muscle CK isozyme is associated with

intermediate filaments of the cytoskeleton in cultured 3T3 cells (101). The brain isozyme

is localized in the terminal web region of intestinal epithelial cells (102). There is

evidence to suggest that myosin and brain CK are functionally coupled in the brush

border circumferential ring (103). It is also possible that the brain isozyme interacts with

membrane components as it has been suggested that brain CK is phosphorylated by

protein kinase C (52,53,103).

The rabbit muscle isozyme of creatine kinase has been the focus of kinetic and

mechanistic studies of the CK reaction. The mechanism of rabbit muscle creatine kinase

at pH 8.0 as shown in was first proposed to be a rapid equilibrium random bimolecular,

bimolecular reaction with the phosphoryl transfer step being rate-limiting (23). The rapid

equilibrium random mechanism was confirmed by isotope exchange studies (104,105),

where exchange rates for interconversion of creatine-phosphocreatine and MgATP

MgADP at equilibrium were approximately equal. In addition, quench flow studies (106)

at pH 8.0 indicated that the rate limiting step is the phosphoryl transfer reaction. Further
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characterization of substrate specificity and the reaction mechanism of rabbit muscle CK

using pH studies (27) and chromium nucleotides (107) has led to a more detailed

understanding of the catalytic role of Mg2+ in the CK reaction and the effect of pH on the

kinetic mechanism and binding of substrates.

Further analysis of the substrate specificity and reaction mechanism has led to the

proposal of synergism of substrate binding by Maggio, et al. (25). A three-fold decrease

in Km relative to Ks for creatine and MgATP as observed by Maggio, et al. (25)

suggested synergism of substrate binding, indicating that a conformational change

occurred upon binding of the first substrate to the apoenzyme which facilitated binding of

the second substrate to the binary complex. A similar kinetic analysis of human brain

and muscle CK's purified from tissue was performed by Jacobs and Kuby (63). They

reported a larger decrease in Km relative to Ks for MgATP (7-fold) and three fold

decrease in Km relative to Ks for creatine for thehuman brain isozyme. For the human

muscle CK isozyme, they report an 2.5 fold decrease in Km relative to Ks for both

substrates. The Kuby results for human brain and muscle CK purified from human tissue

were used as a basis of comparison for a comparative kinetic study of the recombinant

human brain and muscle CK's.

The cytosolic homodimers of muscle and brain CK are quite similar in primary

structure and enzymatic activity, yet they have important differences. The similarities

are reflected in the high sequence identity of the isozymes, and their enzymatic

properties. Their differences are reflected in their distinct immunologic crossreactivity,

their tissue specific expression and different chromosome location. The CK isozymes

have specific functional roles which is highlighted by their physical interactions with

different cellular structures.

The overexpression and purification of the recombinant human CK isozymes

from E. coli will allow for detailed kinetic, structural and enzymatic characterization of
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these important enzymes. The availability of large amounts of highly purified human

CK's from recombinant sources will be useful for diagnostic purposes. Our results

compare purification methods, yields, specific activities and kinetic parameters of

recombinant human brain and muscle CK from E.coli prepared in our laboratory to

reports in the literature for the human brain, human muscle and rabbit muscle CK. In

addition, recombinant human muscle and brain CK's are shown to be immunologically

distinct, yet crossreactive to antisera raised to the tissue purified CK's.
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Materials and Methods

Sub cloning of the human brain creatine kinase gene: The cDNA for human brain

creatine kinase in the pSG5 eukaryotic expression vector was a generous gift from

Professor Benjamin Perryman. An Ndel restriction site encoding the initiating ATG

codon and a Sall site encoding a translational stop codon 3’ to the coding region were

introduced into the human brain CK gene by PCR. The PCR was carried out on a Perkin

Elmer/Cetus DNA Thermal Cycler 480 using 25ng of dsDNA and 25 pmols of each

oligonucleotide primer. The PCR protocol used to introduce the sites was as follows: 94

°C, 1’, 40 °C, 1’, 74 °C, 1’ (for 5 cycles), then 94 °C, 1’, 74 °C, 1’ (for 30 cycles), 74°C

for 10'. The amplified DNA was purified using glass beads from the Geneclean kit

(USBioClean), digested with Nde 1 and Sal 1, and ligated into the pBAce vector which

contains a phoA promoter. The construction was ligated with T4 ligase (New England

Biolabs) using standard reaction conditions. The ligation reaction contained 5 pil of

purified pET17B, 5pil of HCKB, 0.8 pil of 10mM ATP, 2.0 pil of T4 ligase 10x buffer, 1

pil of T4 ligase and 6.2 pil sterile water. This construct was designated HBCK-pBAce.

The HBCK-pBAce construct was then digested with Nde 1 and Sal 1, and the insert was

ligated into pBT17b which contains a T7 promoter. This construct was designated

HBCK-pET17b (Appendix 2B). The HBCK-pET17B plasmid DNA was sequenced by

the chain termination method using a Sequenase DNA (US BioClean) sequencing kit.

Sequence determination of the HBCK-pET17b construct by this method is shown in

Appendix 3.

Expression and purification of human brain creatine kinase in E.coli: The HBCK

pBAce construct was transformed into competent E.coli DH.50 cells, and the cells were
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grown overnight on LB/carbenicillin plates (50 pg/ml) at 37 °C. A fresh colony was used

to express human brain creatine kinase (hCK-BB) using low phosphate induction

medium MOPS overnight at 30 °C. DNA from a plasmid preparation of HBCK-pBAce

was used to construct the HBCK peT17B expression plasmid. The HBCK-pET17b

construct was transformed into E. coli BL21 plysS cells, and the cells were grown on

LB/carbenicillin/chloramphenicol plates (50 pg/ml, 34 pg/ml, respectively). A fresh

colony was used to express CK-BB using LB/carbenicillin/chloramphenicol, and CK-BB

expression was induced at 0.6 O.D.600 with 0.04mM IPTG. Expression of CK-BB using

both constructs resulted in active, soluble enzyme.

Buffers used in the purification of human CK-BB:

MES (2-[N-Morpholino)ethanesulfonic acid) Buffer, pH 6.0 for Blue Sepharose

Chromatography (1 liter)

10mM MES, pH 6.0 (50 ml of 200mM stock solution)

40mM KCl (40 ml of 1M stock solution)

1 mM DTT (154 mg solid)

5mm/■ EDTA (20ml of 250 mM stock solution)

0.1 mM PMSF (1 ml of 100mM stock solution in DMSO)

TES (N-tris[Hydroxymethyl]methyl-2-aminoethane-sulfonic acid) Buffer, pH 8.0 for

Blue Sepharose Chromatography (1 liter)

10mM TES, pH 8.0 (50 ml of 200mM stock solution)

(same as MES buffer)

Tris Buffer for MonoC) Anion Exchange Chromatography (1 liter)

50mM TriS.HCl (50 ml of 1M stock solution)

39



5mM 3-mercaptoethanol (352 pul)

5mm EDTA (20 ml of 250 mM stock solution)

0.1 mM PMSF (1 ml of 100mM stock solution in

IsoPropanol)

The cells (~6.5g per liter of culture) were harvested by centrifugation 4 hours

post-induction (5,000 x g for 15 minutes). The cells were resuspended in 5 ml of MES

buffer pH 6.0. The cells were lysed by sonication using a pulsed signal, 50% efficiency

(3 x 3 min. at 4 °C on ice). The lysed cells were centrifuged for 30 min. at 35,000 rpm to

remove cellular debris. The cell lysate was then filtered using a 0.2 puM filter to remove

particulates. The clarified cell lysate was applied to a 50 ml blue sepharose (Pharmacia)

affinity column equilibrated with MES buffer at a flow rate of 5 ml/minute room

temperature. The column was rinsed with buffer A at this flow rate until all unbound

protein was eluted from the column. The bound protein containing hCK-BB was eluted

in 10mM TES buffer, pH 8.0

Mono O FPLC purification of recombinant human brain CK: The TES eluate which

contained all CK activity from the blue sepharose column was concentrated and

exchanged into 50mM Tris, 5mm EDTA, 5mm 3-mercaptoethanol, pH 7.5 using an

Amicon YM30 ultrafiltration membrane at 4 °C under nitrogen pressure. This active

fraction was concentrated to ~2 ml and applied to a HR10/10 Pharmacia MonoO column

equilibrated in the 50mM Tris pH 7.5 buffer at room temperature. The CK-BB was

eluted using a linear NaCl gradient, (buffer B is 50mM Tris buffer in 1M NaCl) with a

flow rate of 2 ml/min. The majority of CK-BB activity eluted starting at 130mM NaCl,

although other peaks containing CK activity which came off at higher salt concentrations

were observed. These observations will be described in detail in the results section of
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this chapter. The major CK peak can be resolved into two distinct peaks using a gradient

of 13–23% B over 30 minutes with a flow rate of 2 ml/min. The purified enzyme was

exchanged into 50mM Tris pH 8.5 for crystallography trials. For long-term storage,

highly purified CK-BB was concentrated to >50 mg/ml, exchanged into 10mM HEPES,

pH 7.0 and frozen at -20°C.

Creatine Kinase activity assays: CK activity was determined by the coupled assay

method of Tanzer and Gilvarg (82):

Figure 7.

NADH Coupled Assay

Creatine Kinase

MgATP + creatine ==

Pyruvate Kinase
H* + MgADP+ —-

-

Phosphoenolpyruvate
Lactate Dehydrogenase

Pyruvate + NADH + H' lº
-

Reagents for Coupled Assay:

Glycine Buffer (250 ml volume)

3.83 g Glycine

0.6435 g Mg(OAc)2.4H2O

4.907 g KOAc (anhydrous)

adjust pH to 9.1 using NaOH

Creatine, saturated solution

Phosphocreatine + MgADP+ H”

MgATP + Pyruvate

Lactate + NAD’
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3 g in 250 ml H2O, filter and store at 4°C

Enzyme Assay Mix (in 25 ml of Glycine buffer)

*Dissolve ATP first

Na. ATP 89 mg

Phosphoenolpyruvate (PEP) 10 mg

NADH 6 mg

pyruvate kinase (PK) 4 mg

lactate dehydrogenase (LDH) 7 mg

The CK coupled assay was quantitated by following O.D.340 loss from NADH → NAD+

using a Hewlett Packard 8452A Diode Array Spectrophotometer. The rate of change of

the absorbance at 340 nM equals the change in absorbance units per minute, or AAU/min.

The rate of change of absorbance was evaluated between 3 and 25 seconds. The assay

was performed by mixing 450 pil of CK assay mix with approximately 0.01-0.02 units of

enzyme in a 0.5 ml masked cuvette. The background change in absorbance was

measured first to determine if there was any creatine independent oxidation of NADH.

150pul of saturated creatine was then added and a second value was determined.

Subtraction of the nonspecific NADH oxidation rate from the creatine dependent rate

gives the total creatine dependent change in absorbance over time.

Calculation of international Units (U) in plmol/min:

U = (AAU/min) x (1/e) x (1/L) x (v)

e = molar extinction coefficient for NADH = 6.22 AU x mM-1 cm-l

L = path length of the cuvette in cm.
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v = volume of the assay solution in pul

Specific Activity (U/mg or Hmol/min-mg) = AAU/min (ml assay mix)
6.22 x mg protein

For the direct measurement of proton generation for the forward reaction, a pH stat assay

was used based on the method of Mahowald (108)

Stock Solutions:

0.1mM EDTA, pH 9.0 = 37.2 mg/liter H2O (Make up all stocks with this solution)

50mM NaATP = 3.03g/100ml 0.1mM EDTA, pH 9.0 (titrate to pH 9.0)

80mM Creatine = 5.25g/100ml 0.1mM EDTA, pH 9.0

1% BSA in 100ml 0.1mM EDTA, pH 9.0

50mM Mg(OAc)2 = 1.07g/100ml 0.1mM EDTA, pH 9.0

500mM NaOAc = 6.8 g/100ml 0.1mM EDTA, pH 9.0

At pH 9.0, the pH stat (Radiometer VIT/ABU91 titrimeter) measures the number of base

equivalents (20mM NaOH) used to titrate the protons being generated by the CK forward

reaction. Mg(II) ion was added as the acetate salt to prevent inhibition of CK activity by

chloride ion. For the determination of specific activity, an assay volume of 3 ml was

used and all reagents were equilibrated to 30 °C. Sodium acetate was used to bring the

total acetate concentration to 50mM. The final BSA concentration for each assay was

0.1% (300pul). The initial velocities for the reactions were determined over a three

minute period. Two assays were run for each substrate concentration and the values were

averaged. To determine kcat or specific activity for creatine kinase using these data,

calculate the molar amount of enzyme in each reaction and use the following equation for

the calculation of kcat:
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kcat = Vm[Eo]

Under saturating conditions, Vm is the velocity of the reaction (pumol H+

neutralized/min), which is experimentally determined, multiplied by the total molar

amount of CK per assay. To calculate the specific activity, determine the number of

active sites/mg for the particular CK. The molecular weight of human CK-BB is

42,513g/mol, and the molecular weight of human CK-MM is 42,996g/mol as determined

by high resolution Fourier transform mass spectrometry (FTMS)(109)

Kinetic analysis of recombinant human Creatine Kinase: For Km and Vmax

determination using the titrimeter assay, CK activity was assayed using saturating (5mm

MgATP and 40mM creatine) and non-saturating conditions (0.5 MgATP and 4m/M for

creatine) (25). For brain and muscle CK, MgATP Km and Vmax determination using the

titrimeter assay were performed at 5, 2.5, 1.5, 10.7 and 0.5mm MgATP. For creatine Km

and Vmax determination for the muscle isozyme, concentrations of 40, 24, 10, 6, 4 and

2mM creatine were used. For creatine Km and Vmax determination for the brain isozyme,

concentrations of 40, 10, 6, 2, 1, 0.75 and 0.5mm creatine were used. For determination

of synergistic binding of substrates for creatine and MgATP the Km for creatine and

MgATP were determined at saturating and non-saturating concentrations of the other

substrate. The data were analyzed for a random order rapid-equilibrium mechanism (23)

using software written by Dr. Ronald E. Viola based on the method of Cleland (1979)

(110) and distributed by Scitech, Inc. A generalized form of the Cleland equation was

used to calculate the kinetic constants.

V + A*B
Y =

(KA* B + KB + A + A* B + KIA * KB)

Y is the observed velocity, V is the maximal velocity, A and B are substrate

concentrations, KA and KB are the Km for each substrate and KIA is the Ks for substrate
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A. This generalized form of the equation is identical in form (substituting KI for Ks) to

the Cleland equation referenced by Maggio, et al.:

V[MgATP][Cr]

Km(MgATP)[Cr] + Km(Cr)[MgATPl [MgATPIICr]+ Ks(MgATP)Km(Cr)

where v is the observed velocity, V is the maximal velocity and Km and Ks are the kinetic

parameters as described in the CK mechanism (Figure 2). Since Ks(MgATP) x Km

(creatine) = Ks(creatine) x Km (MgATP), three known kinetic constants solve the fourth.

K. (Mg-ATP) K. (Mg-ADP)

—-

E+Mg-ATP= E-Mg-ATP E-Mg-ADP F E + ADP

Km (Cr) \ / Km (PCr)kcal

E-Mg-ATP-Cr => E-Mg-ADP-PCr

Km (Mg-ATP) / \ Km (Mg-ADP)K, (Cr) K, (PCr)

E+ Cr= E-Cr E-PCr -F E + PCr

For pH rate profiles, saturating concentrations of both substrates were used

(40mM creatine and 5mm MgATP) for muscle and brain CK at pH intervals of 0.3 pH

units from pH 6.8 to pH 10.7.

Western Blot of Creatine Kinase Isozymes: Ten micrograms of purified recombinant

human brain and muscle CK were subjected to 12.5% SDS-PAGE analysis (1.0mm

thickness, 8 x 8 cm., Novex). The samples were resuspended in 10pil of Novex sample

buffer (5% B-ME added) and they were boiled for 3 minutes prior to electrophoresis.

The gel was washed in Tris-glycine running buffer without SDS for 10 minutes. The

protein was electroblotted to nitrocellulose in transfer buffer (Tris-glycine running buffer
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containing 20% methanol) using a Genie Blot apparatus (IDEA Scientific) for 30 minutes

at 12V (200mA). The nitrocellulose was then equilibrated in blocking buffer, 1%

Carnation instant milk in 1X Tris buffered saline + 0.1% Tween-20, (1XTTBS) for one

hour at room temperature. After washing for 10 minutes with 1X TTBS, one

nitrocellulose strip containing both muscle and brain CK's was incubated for one hour

with goat O-human brain CK antiserum (Chemicon) at a concentration of 1:500 and the

other strip was incubated with goat O-human muscle CK purified IgG (CalBiochem) at a

concentration of 1:5000 in blocking buffer. The nitrocellulose strips were then washed 3

x 5 min. with Tris buffered saline + 0.1% Tween-20 and were incubated with secondary

antibodies rabbit O.-goat FC conjugated to alkaline phosphatase (BioPad AP-Western

Immunoblot Kit, #170-6412). The blots were washed again for 3 x 5 min in TTBS. In

order to develop the Western blot, the alkaline phosphatase substrates were added. The

development reaction was stopped by washing the nitrocellulose with water.

º º
-*

** Y
-*
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Results and Discussion

Expression of Recombinant Human Creatine Kinase in E. coli: The two expression

plasmids HBCK-pBAce and HBCK-pET17B were constructed as described in the

Materials and Methods section. After initial transformation of HBCK-pBAce into

competent E.coli DH.50 cells, 20 colonies were obtained from overnight growth on

LB/carbenicillin plates (50 pg/ml) at 37 °C. Seven colonies were selected for restriction

digests to confirm the presence of the HCKB gene. A restriction map of the HCKB gene

is shown in Appendix 2. The constructs were digested with Sal 1, a site occurring once

in the HBCK gene, but not present in pRAce or the HMCK gene. All constructs were

linearized by digestion with Sal 1. The constructs were digested with Sall and Nde1 and

a fragment of ~1200bp was visible, indicating that the HBCK gene was present. The 7

clones were then grown overnight at 37°C in MOPS/carbenicillin induction medium.

The cells were centrifuged at 7,000 x g for 15 minutes and were resuspended in 2 ml of

50mM Tris, pH 8.5. The cells were then sonicated at 50% pulsed signal using the

microtip for 3 x 1 minute at 4 °C. The disrupted cells were then centrifuged at 35,000 x g

for 30 min. at 4°C to remove cell debris. The cell lysate (20pul) was then assayed for CK

activity using the NADH coupled assay (Fig. 7). All of the seven constructs expressed

CK activity, the two highest expressers were selected for further characterization (colony

#4 and #11).

Plasmid preparations (Maxi prep, Promega) were made for HBCK-pBAce

constructs #4 and #11, and they were characterized using restriction enzymes Sall and

Nde 1. The characteristic -1200bp insert of the HBCK gene was present in digests of

these plasmid DNA preparations. The HBCK-pET17B construct was made by ligation of

the HBCK gene digested with Sall and Nde 1 into pBT17B digested with the same

enzymes. A plasmid preparation (Maxi prep, Promega) of the construct HBCK-pET17B

****
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was then sequenced by the dideoxy chain termination method (Sequenase, US BioClean).

The sequence data is in Appendix 2. The expression plasmid HBCK-17B was used

exclusively to express human CK-BB due to higher expression yields and ease of

preparation of growth medium.

Purification of Recombinant Human Brain Creatine Kinase: Previous methods to purify

the brain isozyme (59,62,111,112) have used an ethanol precipitation as an initial

purification step prior to blue sepharose chromatography. The purification of the

recombinant human CK-BB from E. coli did not require the ethanol precipitation step due

to the high yield obtained (Fig. 9), in which CK-BB was estimated to be >30% of the

total soluble protein. The purification of recombinant human CK-BB was developed

from the method for expression of recombinant rabbit muscle CK in E. coli (113), in

which the clarified cell lysate was applied directly to a blue sepharose affinity column.

The final purification step for the recombinant human CK-BB was also a MonoC) anion

exchange column. Since the muscle isozyme of CK has a higher p1 (~6.8), it bound

much less tightly to the MonoO column. At pH 8.8, the CK-MM activity eluted at ~3%

B from the MonoO column using a NaCl gradient. The brain CK isozyme has a much

lower pl than the muscle isozyme, and it did bind much more tightly to the MonoO anion

exchange column. Initial attempts to develop this chromatographic step were done on an

analytical 2 ml Pharmacia High Resolution MonoO (10p M monobead) column using

buffer A (50mM Tris, 5mm EDTA, 5mm B-ME, pH 7.7) and buffer B (Buffer A + 1M

NaCl). With the application of a linear NaCl gradient (1 ml/min) of 0% B to 40% B over

60 min., the CK-BB activity eluted in a single peak at ~25%B.

In order to purify larger quantities of CK-BB, a larger semipreparative column

was needed. Initially, a Pharmacia MonoO (HR 10/10) - 8 ml volume column was used.

The NaCl gradient for the MonoO anion exchange column was further refined and
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shallowed to allow for more complete purification of CK-BB. Since CK-BB bound well

to the MonoQ resin at pH 7.7, the pH of the Tris buffer was lowered slightly to pH 7.5.

In addition, the NaCl gradient was also started at an initial NaCl concentration of 125mm

to quickly elute impurities from the column before the elution of CK activity. The NaCl

concentration was then increased more gradually using a shallower gradient of 125mm or

12.5% B to 22.5% B over 30 minutes at a flow rate of 2 ml/min.

In shallowing the NaCl gradient, it was observed that there were multiple peaks

which had CK activity (Fig. 10, Table 2). Two major peaks eluted first, with >90% of

the CK activity. Three smaller peaks eluted at higher salt concentrations. As shown in

Fig. 11, the peaks appear to be homogeneous, containing only CK as observed by 12.5%

SDS-PAGE. A comparison of peak homogeneity by native isoelectric focusing (IEF

PAGE) shows that there are only minor differences in the isoelectric point of the different

peaks, even though they eluted at fairly different NaCl concentrations.
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Table 2.

Purification of Recombinant Human CK-BB

Multiple Peaks with CK Activity Elute from MonoO Column

Peak Number Total Protein (mg) Specific Activity

(U/mg)*

Peak #1 16.3 32.1

Peak #2 7.8 31.7

Peak #3 0.6 7.1

Peak #4 0.27 15.3

Peak #5 0.4 7.0

*CK activity was measured by NADH coupled assay method (Figure 7)
** The CK activity was lower than expected as these samples were assayed with CK
assay mix that was several days old.
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Figure 8

Purification of Recombinant Human Brain Creatine Kinase

Elution Profile of Blue Sepharose Affinity Column

Chromatogram of creatine kinase elution from 50ml Blue Sepharose affinity column.
Detection was at 280nM (absorbance scale 4.0 for MES peak and 2.0 for TES peak).
(

MES, pH 6.0

–

) percent buffer B.

TES, pH 8.0

|
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Figure 9

12.5% SDS-PAGE Purification of Recombinant Human CK-BB
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12.5% SDS-PAGE stained with Coomassie Blue, R250. Lane 1. Low MW Markers,
Lane 2. Cell extract from E. coli., Lane 3. Blue Sepharose TES fraction, Lane 4.
MonoO fraction

-

=
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Of interest is the differing specific activities of the apparently pure CK peaks.

Since this enzyme was expressed in E. coli, there should be no posttranslational

modifications such as glycosylation and phosphorylation. The most likely source of this

heterogeneity is deamidation, the evidence for this as determined by high resolution mass

spectrometry for both recombinant human muscle and brain CK isozymes will be

discussed in detail in Chapter 3. Highly purified recombinant human CK-BB from

bacterial sources (as determined by SDS-PAGE) is a diffuse smear by native IEF-PAGE

(Fig 18 ). A likely cause of this heterogeneity would be partial or complete deamidation

of asparagine or glutamine residues, which could only be definitively determined by

selective modification of these residues or amino acid analysis by Edman degradation.

There is only 1 Dalton mass difference between a carboxylate and an amide functional

group, which makes determination of these modifications ambiguous even with high

resolution mass spectrometry. Some glutamine or asparagine residues may be more

susceptible to deamidation or deamidation may occur to varying degrees. This would

account for the heterogeneity based on charge difference as determined by elution at

higher NaCl concentration on an anion exchange resin. There is evidence for this type of

non-enzymatic deamidation in many recombinant proteins, as frequent deamidations

occur at N-G or N-S bonds under neutral or basic conditions (114). Heterogeneity is also

seen in recombinant rabbit muscle CK (113). Isolation and analysis of deamidation sites

could be further clarified using isotopic labeling with H2'80 which could more accurately

locate N → D or Q – E deamidation sites (115).
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Figure 10

Purification of Recombinant Human CK-BB

Multiple Peaks with CK Activity Elute from MonoO Column

|

1 2 3 4 5

Chromatogram of creatine kinase elution from a MonoC) HR 10/10 anion exchange
column. Detection was at 280nM (absorbance scale 2.0). (–) percent buffer B.
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Figure 11

Purification of Recombinant Human CK-BB

PAGE Analysis of Multiple CK Peaks from MonoO Column

12.5% SDS-PAGE

kDa

67

43

12.5% SDS-PAGE stained with Coomassie Blue R250.Lane 1. peak #1, Lane 2. peak
#2, Lane 3. peak #3, Lane 4. peak #4, Lane 5. peak #5

Native IEF-PAGE (pH 3-7)

pH

6.85

6.55

5.85

5.20

4.55

Native IEF-PAGE (3-7) stained with Coomassie Blue R250. Lane 1. IEF Standards,
Lane 2. peak #1, Lane 3. peak #2, Lane 4. peak #3, Lane 5. peak #4, Lane 6, peak #5
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If significantly more than about 10 mg of protein was loaded onto the MonoQ

column, the major CK peak which eluted first could not be resolved. Using 10 mg or

less, it was discovered that this major peak could be resolved into two distinct peaks, both

containing CK activity of the same specific activity. When 1 mg of purified CK-BB was
loaded on the MonoO HR 10/10 column, very slight variations in the NaCl gradient, such

as changing it from 12.5–22.5% B over 30 min. (2 ml/min) to 12%-22%B under the same

conditions altered the distribution of CK to peaks 1 and 2 dramatically.

Further refinement of the MonoO anion exchange purification step was necessary

to obtain enzyme suitable for crystallography. The type of separation which was found to

be essential for crystallization of CK-BB was the distinct chromatographic resolution of

the two major CK peaks. Much effort and time (over a two year period) was invested in

the optimization of methods to produce highly purified human CK-BB for

crystallographic trials. In an attempt to increase resolution, as under loading the MonoC)

HR 10/10 column seemed to encourage the two peak profile, a larger MonoG) column

was purchased. A BioScale 20 ml BioPad MonoG) column was used in order to optimize

the separation of 5-10 mg quantities of CK-BB. The bead size for this column was

identical to that of the Pharmacia column (10 pum). In order to account for the larger

column size, the flow rate was doubled. Incomplete resolution of these two peaks never

resulted in crystallization, despite high enzyme purity as analyzed by SDS-PAGE. This

BioFad preparative 20 ml column failed to give distinct two peak resolution after

numerous attempts using identical buffer conditions and gradient described for the

Pharmacia column (12–22% B over 30 min., flow rate of 4 ml/min.) In order to obtain

crystals, a careful separation by MonoO anion exchange was required using a Pharmacia

MonoG) HR10/10 column (8 ml volume). The purity of the CK-BB obtained from the

BioFad column was comparable to that of the Pharmacia column as analyzed by SDS
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Figure 12

FPLC Chromatogram of Pharmacia MonoO Anion Exchange "Two Peak"

Resolution Required for Crystallization

#1 #2

Chromatogram of creatine kinase elution from a MonoO HR 10/10 anion exchange
column. Detection was at 280nM (absorbance scale 2.0). (------ ) percent buffer B.
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Figure 13

FPLC Chromatogram of BioPad Mono() Anion Exchange Column

L
—

Chromatogram of creatine kinase elution from a BioFad BioScale 20 ml anion exchange
column. Detection was at 280nM (absorbance scale 2.0). (------ ) percent buffer B.

58



Figure 14

12.5% SDS-PAGE and Native Isoelectric Focusing (pH 4-6.5)

of MonoO Fractions for Crystallography

12.5% SDS-PAGE pH IEF-PAGE (pH 4-6.5)

6.55
*

5.85

4.5 --> -->

(7.

Gel stained with 0.1% Gel Stained with 0.02% º,
Coommassie Blue-R250 Coommassie Blue-R250 * ,

Lane 1. peak #3, CK-BB Lane 1. IEF Standard
Lane 2. peak #4, CK-BB Lane 2. peak #3, CK-BB

Lane 3. peak #4, CK-BB cº
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PAGE) and there was no observed heterogeneity by IEF-PAGE of samples used for

crystallography (Fig. 14).

Preliminary crystallographic studies of recombinant human brain CK: In collaboration

with Dr. Robert Stroud (T. Stout, unpublished), initial factorial screening of highly

purified recombinant human brain CK led to the identification of novel crystallization

conditions for a creatine kinase. After loading 5-10 mg of highly purified CK onto the

MonoO column at no salt (50mM Tris.HCl, pH 7.5), the purified brain CK was eluted off

the column with a NaCl gradient of 125-225 mM NaCl (flow rate of 2 ml/min over 30

min). The resulting chromatogram would contain 2 CK peaks (Fig. 12). Earlier work by

Buechter (116) and Babbitt (unpublished observations) have shown by a native gel

activity assay that all of the bands as observed by native IEF-PAGE have CK activity.

As mentioned in the previous discussion of purification of recombinant human brain CK,

and shown in Table 2 and Figure 11, the specific activity, purity by SDS-PAGE and

heterogeneity as observed by IEF-PAGE appear to be identical in comparing the two

peaks. Crystallization would occur only if the two peaks were clearly resolved. In

addition, only the second peak would crystallize. This "two-peak" resolution was

necessary for crystallization and was obtained only with the use of a Pharmacia MonoO

anion exchange column.

Although the enzyme purity was extremely high, as determined by SDS-PAGE

(Fig. 9), heterogeneity (as shown by native IEF-PAGE, Fig 18) still appears to be a

problem, as cessation of crystal growth of human brain CK occurred at approximately

100 microns despite attempts to grow seed crystals. Possible reasons for this limited

growth of crystal size involves the number of nucleation sites available for

crystallization, and the formation of sufficiently well ordered crystals. This would

indicate that further ordered aggregation becomes energetically unfavorable, resulting in

a small crystals (117). It is likely that micro heterogeneity of CK due to deamidation as
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determined by high resolution mass spectrometry (see chapter 3), not enzyme purity, is

most likely the cause.

Micro-heterogeneity has created a long-standing challenge in attempts to obtain

diffraction quality crystals of rabbit muscle creatine kinase (118). Although a high

quality native data set for rabbit muscle creatine kinase has been obtained by the Stroud

group, crystal instability has impeded efforts to obtain heavy atom derivatives. However,

since the crystal structure of dimeric chicken mitochondrial creatine kinase was recently

solved by Kabsch and coworkers (119), solution of the rabbit muscle structure may now

be possible by molecular replacement methods.
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Crystals of Recombinant Human Brain Creatine Kinase
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Comparative Analysis of Human CK-BB Preparation Methods and Yields: The cDNA

for human CK-BB was derived from a human placental library (120), therefore, CK-BB

was purified from human placenta in order to compare the recombinant enzyme to

enzyme purified directly from tissue in our laboratory. Purification of CK-BB from

human placenta required extensive tissue homogenization and an ethanol fractionation

step, neither of which was required for the purification of CK-BB expressed in E. coli.

The purification method for purification of human CK-BB from placental tissue and the

investigation of posttranslational modifications of the enzyme purified from tissue is

detailed in Chapter 4. A comparison of expression yields, specific activity and total units

of activity for CK-BB purified from E. coli and from human placenta are shown below.

Table 3.

Human Brain Creatine Kinase Purification

Comparison of Recombinant (E. coli) and Tissue Purifications (Placenta)

Recombinant CK-BB PlacentalTissue CK-BB

Total | Specific | Total Total | Specific | Total
Purification | Protein |Activity | Units Protein |Activity | Units

Step (mg) | (U/mg) (mg) | (U/mg)

1. Cell Lysate | 141.6 22.2 || 3143.5 15,309 || 0.010 156

2. Blue

Sepharose 55 42.8 || 2354.9 89.6 0.545 48.8
(TES fraction)

3. MonoC) 16.6 88.1 || 1462.5% 0.553 74.6 41.3

Specific Activity determined by NADH-coupled assay (Figure 7.
* This represents only a fraction of the CK peak which eluted from the MonoG) column,
which was used for crystallography
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Human CK-BB purified from human placenta was found to be comparable in

activity to the recombinant human CK-BB expressed in E. coli. Due to overexpression of

the recombinant enzyme, large amounts of highly purified human CK-BB were available

for initial structural and kinetic studies of recombinant human CK-BB. The data for the

recombinant CK-BB were obtained from 1 liter of cells, which typically yield 4-6 grams

(wet weight). As a basis of comparison, 11.7% of the soluble protein in the E. coli

expression system (HBCK-pET17B) was highly purified CK-BB after MonoO anion

exchange chromatography compared to only 0.0036% of the soluble protein from a

human placenta. Therefore, the expression of CK-BB in E. coli results in a 3,250 fold

increase in CK-BB production in comparison to amounts available from its original tissue

source. The development and optimization of this expression and purification system of

human CK-BB from E. coli will facilitate a detailed characterization of this enzyme for

future investigators.

In order to compare our results with those of other laboratories with regard to

different purification methods and yields, a discussion of CK assay methods is necessary.

The two most commonly used coupled assay methods are described in Figure 16. To

measure CK activity for the forward reaction, the NADH coupled assay is used (82).

Quantitation of CK activity is determined by monitoring the loss of UV absorbance of

NADH at 340nM over time, as NADH is converted into NAD+ by lactate

dehydrogenase. Another coupled assay is used to measure CK activity in the reverse

direction (121). This assay measures the formation of NADPH at 340 nM. For a direct

measurement of CK activity, the pH Stat. assay is used (108). This assay utilizes a pH

meter and a microburette that titrates base quantitatively as protons are generated by the

forward reaction of CK.

In order to compare the results obtained in our laboratory, which uses the coupled

assay method in the forward direction with references utilizing the assay in the reverse

<-
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direction, a correction factor has to be assigned. According to the Lang review of

Differentiation and Quantitation of CK isozymes (122), there is a higher turnover rate in

the reverse direction, which can be two to six times that of the forward direction,

depending on assay conditions. This discrepancy is partially responsible for the greater

specific activities of purification methods employing the assay for the reverse direction.

Differences in specific activities (up to a ten-fold difference among purification methods

listed in Table 6) can be explained on the basis of differing assay conditions

(temperature, enzyme and substrate concentration for the coupled assay and buffer used

for the assay). Another very important issue in comparing purification methods is the

freshness of tissue, whether or not it had been previously frozen and at what temperature

the tissue had been stored (for example, -15 °C versus -80 °C). The final issue is the

types of buffers, columns and the issues regarding enzyme stability during the

purification procedure itself. Figure 16 compares the two types of coupled assays used

for the determination of CK activity. Table 4 summarizes the parameters that contribute

to differing specific activities among CK-BB purifications in the literature.
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Table 4.

Factors that contribute to differing specific activities for CK-BB

1. Freshness of tissue used for enzyme purification

a. fresh vs. frozen tissue

b. temperature and length of time for storage of tissue prior to enzyme

purification

2. CK assay conditions (in vitro)

a higher turnover rate for hexokinase assay (reverse direction) compared to CK

assay for the forward reaction

b. temperature

c. variance among buffer and substrate concentrations for CK assay

3. Method of enzyme purification

a. temperature

b. chromatographic methods

c. exposure to NaCl

d. time to complete purification

e. enzyme concentration

Table 6 lists a comparison of purification methods, yields and enzyme activities

for human CK-BB purified from brain tissue and human placenta. There are large

discrepancies in specific activities and yields among the brain tissue purifications, which

all have assayed for CK activity in the reverse direction. These differences are the result

of several factors which would account for these large discrepancies. The most important

difference appears to be the freshness of the human brain tissue prior to enzyme

purification. McBride, et al. (112) purified CK-BB from fresh brain tissue (4 hours after
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death) report a specific activity which is ten-fold higher than the value obtained by Wang

and Cushman (59), who used brain tissue which had been frozen at -20 °C for three

months. The purification of CK-BB by Grace and Roberts (61) was also performed on

fresh tissue obtained within 4 hours of death. They report a high specific activity of 506

U/mg.

67



Figure 16.

Coupled Assays that Measure Creatine Kinase Activity

NADH-linked Assay for CK activity

Creatine Kinase

MgATP + creatine Phosphocreatine + MgADP+ H”

Pyruvate Kinase
H* + MgADP+ —- MgATP + Pyruvate
Phosphoenolpyruvate

Lactate Dehydrogenase
Pyruvate + NADH +H" Lactate + NAD”

NADPH - linked assay for CK activity

Creatine Kinase

phosphocreatine + MgADP = MgATP + creatine

Hexokinase

glucose + MgATP —º- glucose 6-phosphate +
MgADP

Glucose 6-phosphate dehydrogenase

—-
-glucose-6-phosphate +

NADP+ gluconate 6-phosphate +
NADPH + H+

S.
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Table 6

Human CK-BB Purified from Brain Tissue and Human Placenta:

Comparison of Purification Methods, Yields and Enzymatic Activity

Yield specific
Reference Purification Method CK Assay (mg CK per | activity

Method g tissue (U/mg)
homogenate)

EtOH ppt. NADPH human brain
Wang & hydroxylapatite column coupled 184
Cushman ammonium sulfate ppt. assay 9.5 mg/g
(59) DEAE cellulose (25 °C)

Grace & EtOH ppt. NADPH human brain 506
Roberts (61)|DEAE Sephadex A-50 coupled

DEAE Sephadex A-50 assay 2.24mg/g (30 °C)

McBride EtOH ppt. NADPH human brain
(112) Hydroxylapatite column coupled 1,122

Ammonium sulfate ppt. assay 2.9 mg/g
Sephacryl S-300 (37 °C)

Miller & Ammonium Sulfate ppt. NADPH human brain
Wei (123) DEAE sephacel column coupled 169.9

Blue Sepharose column assay 2.03 mg/g
chromatofocusing column (30 °C)

EtOH/MgSO4 ppt. NADPH human
Steghens Sephadex G100 column coupled placenta 98
(62) DEAE cellulose assay

0.043 mg/g (30 °C)

NADH human
EtOH ppt. coupled placenta

White, C. B. Blue Sepharose column assay 74.6
MonoC) Prep-scale column 0.036 mg/g
MonoO analytical column (25 °C)
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As shown in Table 6, there are key differences in assay temperature among the

various purifications. According to Wang and Cushman (59), a unit of CK-BB activity

at 30 °C is equivalent to 1.47 units at 25 °C. The Helger review (122) cites an additional

correction factor of 0.58 from 37 °C to 30 °C. As the McBride purification (112) which

has the highest specific activity assayed for CK activity at 37 °C, (1,122 U/mg) using the

conversion factor to 30 °C would give a comparable specific activity to the other fresh

tissue preparation of Grace & Roberts (61) (506 U/mg). The Wang and Cushman

purification assayed for CK activity at 25°C and obtained a specific activity of 184 U/mg.

The second most important factor in creating non-uniform specific activities among

investigators results from assay temperature differences.

In addition, CK assay concentration of substrates, ions and enzymes and the assay

buffer differ among various methods. Factors such as enzyme concentration, storage

temperature, exposure to salt and inhibitors such as Cl-, and the length of time to

complete a purification are important in determining enzyme activity. The purification of

CK-BB from human brain tissue by McBride, which resulted in the highest specific

activity, was completed in 2 days. None of the other investigators listed the time

involved in their purifications.

For CK-BB purifications from tissue, the addition of glycerol enhance stability.

Addition of glycerol does not seem to be required for the storage of purified recombinant

CK-BB if the enzyme is stored at high concentrations in a neutral buffer. Stability

studies for CK-BB purified from human brain and placenta (62) show that CK-BB from

both sources stored at -15 °C in 9 mol/L of glycerol lost less than 5% of its specific

activity over a period of months, as CK-BB stored at -80 °C without glycerol lost 40% of

its activity over a similar time period. In addition, storage of recombinant CK-BB as

highly concentrated enzyme (>50mg/ml) at 4 °C in a neutral buffer (50mM Tris pH 7.5
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or 10mM HEPES, pH 7.0) results in no significant loss of activity for two months (White,

C.B. unpublished observations).

CK-BB that is subjected to high salt concentrations used for anion exchange

chromatography for longer time periods may lose activity. This has precedent in another

enzyme purified in our laboratory, benzoylformate decarboxylase. In this instance, the

specific activity of benzoylformate decarboxylase was doubled by the incorporation of

FPLC into the purification procedure, which greatly reduced the time the enzyme was

exposed to high NaCl concentrations (White, C. B., unpublished observations). The

purification was completed in a quarter of the previous time using FPLC. In addition,

chloride ion is a known inhibitor of CK (2). Residual amounts of NaCl not removed by

exhaustive dialysis or extensive solvent exchange may contribute to lower specific

activities. The McBride purification, which reports the highest specific activity, does not

use NaCl in any of the chromatographic procedures. Other alternatives to using NaCl

are to use a Tris -acetate buffer with an acetate gradient or a pH gradient.

Although all of the tissue purifications from human brain utilize the same basic

assay (the hexokinase NADPH coupled assay of the "reverse reaction"), they all cite

different references with varying conditions. Attempts to standardize assay procedures

resulted in the publication of review articles detailing the differences in assay methods

(124). A comparison of assay conditions used for the CK hexokinase assay (the reverse

direction) are summarized in Table 7.
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Table 7

Comparison of CK Assay Methods for the Reverse Reaction

Assay Method Soc. Franc. Scand. Soc. BMC Assay | Rosalski
Biol. Clin. Clin. Chim. kit (124) (126)
(124) (125)

Purification Steghens McBride Miller & Wang &
Reference Wei Cushman,

Grace &
Roberts

Temperature, “C 37 oG 37 o C 30 °C 25 (30, 37)
oC

H 6.6 6.5 6.7 6.8 (25 °C)
Buffer Imidazole Imidazole Imidazole Tris

aCetate aCetate acetate

Buffer Conc., (mM) | 100 100 100 50
Phospho- 30 30 30 10
creatine, (mM)
ADP, (mM) 2 2 2 1
D-Glucose, (mM) 20 20 20 20
NADP resp. NADP:2 NADP:2 NADP:2 NADP:0.8
NAD, (mM)
Mg2+, (mM) 10 10 10 30
AMP resp. F(-), AMP:5 AMP:5 AMP:5 AMP:10
(mM)
AP5A, (HM) 10 10

--- ---

Activator N-Acetyl-L- || N-Acetyl-L- |N-Acetyl-L- |Cysteine
cysteine cysteine cysteine

Activator conc., 20 20 20 5
(mM)
Hexokinase, (U/1) 3,000 3,500 2,500 600
G-6-PDH, (U/I) 2,000 2,000 1,500 300
Volume fraction 0.033 0.043 0.019 0.033
(Total vol./ serum
vol.)

Enzyme purity is another factor which could account for differences in specific

activity. The CK-BB purification of Wang and Cushman is shown by polyacrylamide

disc electrophoresis to be a single band at ~30 pig, whereas an equivalent amount of CK

BB from the McBride purification as determined by 7.5% SDS-PAGE contains

significant impurities. The purification of Grace and Roberts is also a single band as

determined by SDS-PAGE, as the gel is significantly overloaded (~10–20 pg).
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These purifications also differ substantially in chromatographic methods. A

problem associated with comparing these purifications is the possibility that differential

contaminating amounts of CK-MM may be present in certain preparations. According to

McBride, 90% of their CK-BB preparation was immunoreactive by radioimmunoassay

using CK-BB specific antibodies, indicating that CK-MM may be present. This

purification method did not employ anion exchange chromatography, which allows

distinct separation of muscle and brain CK isozymes, as the isozymes have significantly

different pI's. The pl of human CK-BB purified from brain tissue has been consistently

reported to be ~4.5 (112,127,128) although CK-BB isolated from human serum was

found to have a pi of 5.2 (127). However, reports in the literature of the plof CK-MM

range from 6.8 (127) to 9.0 (128). The experimentally determined pl for human CK-BB

purified from placenta in our laboratory is ~5.2 (Chapter 4, Figure 27) and the pi of

human CK-MM purified from muscle tissue (Calbiochem) is ~6,8. Approximate values

for experimentally determined pl values are due to the smearing effect of charge-related

microheterogeneity as observed on IEF-PAGE. Since CK-MM has been shown to be

present in small amounts in human brain (13), purification methods which do not

discriminate between enzyme pl may contain CK-MM and result in artificially higher

yields of CK-BB than methods using anion exchange chromatography.

As a basis of direct comparison, the enzyme activity and yield of our placenta

preparation must be compared to other placenta preparations of human CK-BB in the

literature. In contrast to the many published reports of CK-BB purification from human

brain, only one other published report exists for the purification of human CK-BB from

placental tissue. The yield from Steghens, et al. (0.043 mg CK-BB per gram of tissue

homogenate) is slightly greater than the yield (0.036 mg CK-BB per gram of tissue

homogenate) obtained from our laboratory. A slightly reduced yield in our procedure is

the direct result of a more extensive purification of the preparation. In order to obtain

(?
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human CK-BB of the highest purity, our enzyme preparation was subjected to preparative

and analytical MonoC) anion exchange columns. The high degree of purity of our

preparation is shown in Figure 26, lane 7 of chapter 4. There was not sufficient data

given to compare the purity of the Steghens purification to ours since an SDS-PAGE gel

of the Steghens purification was not shown. Thus, an accurate and direct comparison of

the enzyme activities is not possible.

The specific activity values for our purification were calculated at a different

temperature than the Steghens preparation. The Steghens CK-BB preparation was

assayed at 30 °C and our preparation was assayed at 25 °C. To correct for temperature

differences in the assay procedure, as described in the discussion of CK-BB purified from

human brain, multiplying the specific activity of our preparation by 1.4 gives a specific

activity of 104.4 U/mg at 30 °C, which compares favorably with 98 U/mg of the Steghens

preparation.

There are also significant differences between the yields and specific activities of

CK-BB purified from human brain in comparison to CK-BB purification from human

placenta. It appears that there is much more CK-BB in human brain than placenta, when

specific activities of tissue homogenates from brain and placental tissue are compared.

This is not surprising considering the vast energy requirements of brain tissue, with all its

complex and specialized functions. Another factor that may be responsible for lower

activity of the placenta CK-BB is the extent to which it is phosphorylated. Preliminary

reports (52,53,55) have suggested that the phosphorylated form of CK-BB is up to 33%

more active than the non-phosphorylated form of the enzyme. It is possible that the CK

BB in human brain may be phosphorylated to a greater extent than the CK-BB in human

placental tissue. However, the degree of phosphorylation of CK-BB isolated from tissue

sources is not known.
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Comparative Characterization of Recombinant Human Brain and Muscle Isozymes:

Recombinant human CK-BB has been highly purified as shown by SDS-PAGE (Fig 9).

The purified recombinant CK-BB, when subjected to native isoelectric focusing (IEF

PAGE), was heterogeneous and has a pi of ~5.2. (Fig. 18, lane 2). Heterogeneity of

human CK-BB purified from human placenta as observed by IEF-PAGE gave a pl of

~4.6 (Chapter 4, Fig. 27). This heterogeneity (with the exception of phosphorylation of

tissue purified CK-BB as discussed in Chapter 4.) is most likely due to deamidation as

determined by high resolution mass spectrometry, (109). These results are discussed in

detail in Chapter 3.

The observed heterogeneity of the muscle and brain isozymes in Fig. 18 appears

to be different as observed by native IEF-PAGE. The muscle isozyme has four distinct

bands while the brain isozyme has a much more compact banding pattern. For the

muscle isozyme, these bands have all been shown to have CK activity using a CK activity

stain (116). It is not known why the banding patterns are so different for the brain and

muscle isozymes. It is possible that these bands may also be produced by different

oligomeric states, although there is no direct evidence for this.

Table 8

Isoelectric Points (pl) of Recombinant Human CK-BB and CK-MM

CK pI, calculated pI, experimentally determined
CK-MM 7.26 ~6.8-7.8
CK-BB 5.37 ~5.0–5.3

A comparison of brain and muscle primary sequences by amino acid content is

shown in Figure 17. This table shows that the human CK-MM has 14 additional lysines

(but 3 fewer arginines and histidines) than human CK-BB, which would contribute to the

higher p1 of the muscle isozyme. The brain and muscle isozymes of creatine kinase
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appear to differ substantially among residues likely to be on the surface of the protein

(i.e. charged or polar clusters of residues which would be essential for their unique

interactions with the m-line of muscle (muscle CK) (9) and the cytoskeletal elements of

different cell types for brain CK (101) and muscle CK (129)and membrane elements

(brain CK) (102,130,131) In order to characterize and identify the regions involved, the

construction of chimeras of human muscle and brain CK's can now be generated using

the recombinant human CK's expressed in E. coli.
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Figure 17

Comparison of Amino Acid Composition of Human Brain and Muscle CK's

Amino | Count | Count | 9% % % by % by

Acid BB | MM | BB | MM | Weight | Weight

CK-BB | CK-MM

A (Ala) || 22 13 || 5.77 || 3.41 || 3.68 2.14

C (Cys) || 5 4 1.31 | 1.05 1.21 0.96

D (Asp) || 30 26 || 7.87 || 6.82 || 8.13 6.95

E (Glu) || 26 29 || 6.82 || 7.61 || 7.91 8.69

F (Phe) || 17 16 || 4.46 || 4.20 || 5.89 5.47

G (Gly) || 34 33 || 8.92 || 8.66 || 4.57 4.37

H (His) || 13 16 || 3.41 || 4.20 || 4.20 5.09

I (Ile) 14 13 || 3.67 || 3.41 || 3.73 3.41

K (Lys) || 21 35 | 5.51 | 9.19 || 6.34 10.41

L (Leu) || 42 37 || 11.02 || 9.71 || 11.19 9.72

M (Met) || 11 11 || 2.89 || 2.89 || 3.40 3.35

M (Asn) | 16 17 || 4.20 || 4.46 || 4.30 4.50

P (Pro) || 20 19 || 5.25 || 4.99 || 4.57 4.28

Q (Gln) || 13 11 || 3.41 || 2.89 || 3.92 3.27

R (Arg) | 20 18 5.25 || 4.72 || 7.35 6.53

S (Ser) || 22 22 || 5.77 || 5.77 || 4.51 4.45

T (Thr) || 17 17 || 4.46 || 4.46 || 4.05 3.99

V (Val) || 25 30 || 6.56 || 7.87 || 5.83 6.90

W (Trp) || 4 4 1.05 || 1.05 1.75 1.73

Y (Tyr) || 9 10 || 2.36 || 2.62 || 3.46 3.79
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Figure 18

9.3

8.45

6.85

5.85

5.20

4.55

3.75

Native IEF-PAGE stained with Coomassie Blue R250: Lane 1. IEF standard, Lane 2.

Native Isoelectric Focusing (IEF-PAGE) pH 3-10 of

Recombinant Human CK-BB and CK-MM Isozymes

1 2 3

10 pig recombinant human brain CK, Lane 3. 10pg recombinant human muscle CK
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Comparative Kinetic Analysis of Human Brain and Muscle CK Isozymes: The most

recent review of comparative kinetics for the human brain and muscle CK's purified from

tissue was published by Kuby in 1990 (20). This review presented an extensive

comparison of kinetic and thermodynamic constants for human and calf muscle and brain

CK's with that of human dystrophic and MB isoforms isolated from tissue sources.

These data represent the most appropriate literature values with which to compare kinetic

data obtained for the recombinant CK muscle and brain isozymes as the CK assay for

both studies utilized the same pH stat procedure. A comparison of kcat, Km and Ks

values calculated for recombinant human CK isozymes expressed in E.coli to that of the

human tissue CK isozymes as reported by the Kuby review is shown in Table 9.

There are differences between the kcat values reported for the Jacobs and Kuby

purification of CK-BB from human brain and the kcat for human recombinant CK-BB

purified in our laboratory. As a basis for comparison, the Kuby data for the enzyme

purified from tissue was used, since the tissue enzyme purified in our laboratory was used

for experiments investigating posttranslational modifications. Table 9 indicates that the

recombinant CK-BB has a much higher turnover rate (6.45 times greater than the tissue

CK-BB enzyme) as measured for the forward reaction. The Kuby purification was

assayed using the hexokinase assay for the reverse direction, so the numbers are not

directly comparable. The discrepancy in these values can most likely be attributed to the

Kuby purification for CK-BB from human brain tissue. They report storing the tissue at

15 °C for an undisclosed length of time before the CK-BB purification took place. As

noted in Table 5, there was a five to ten-fold discrepancy between the specific activities

of brain tissue CK-BB purified immediately and that of tissue stored at -15°C over time.

This is the most obvious reason for the discrepancies in specific activities between the

CK-BB purified from tissue as reported by Jacobs and Kuby and the recombinant brain
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CK in our laboratory. There was little difference in specific activity between CK-BB

freshly purified from human placenta and human recombinant CK-BB (Table 3).

A comparison of recombinant to tissue kcat values for the human muscle CK

isozyme indicate a slightly higher turnover rate for the recombinant muscle isozyme (1.5

times greater than tissue CK-MM enzyme). The recombinant human muscle enzyme

used for these experiments had not been stored at 10 mg/ml at -20 °C, and it had been

freeze-thawed once. It is likely that the freeze-thawing and storage at lower enzyme

concentrations (>50 mg/ml is optimal) had an effect on the kcat of the recombinant

human muscle enzyme. These conditions may have had a similar effect as the storage

and thawing of the human tissue at -15°C for the Kuby tissue CK preparations, since the

kcat for the recombinant and tissue values for the muscle isozyme are nearly the same.

Comparisons of Km, defined by Kuby as the dissociation constant of a substrate

from the ternary complex (experimentally determined kinetic constant), and Ks defined

by Kuby as the dissociation constant of a substrate from the binary constant

(mathematically derived thermodynamic constant) for tissue (20) and recombinant CK's

are shown in Table 9. A comparison of experimentally determined Km values for the

muscle CK isozymes from recombinant and tissue sources indicate the tissue CK-MM

having only a two-fold greater Km than the recombinant CK-MM for creatine with similar

margins of error. However, the Km for MgATP of the recombinant human CK-MM is

three-fold greater than the Km for MgATP of the human CK-MM purified from tissue, as

reported by Jacobs and Kuby. A two-fold difference in Km values for creatine for the

human brain CK isozymes (tissue vs. recombinant) was also observed, except the

recombinant CK-BB had the higher Km value. However, the Km for MgATP for human

brain CK purified from tissue was about 8-fold lower than the Km for MgATP for the

recombinant human brain CK.
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The Km for MgATP of the recombinant human brain and muscle CK are nearly

identical (0.81mM +0.10 and 0.89mm + 0.16, respectively). The Km for MgATP for the

human brain and muscle CK purified from tissue, as reported by Jacobs and Kuby are

different by a factor of 2.5 (0.099 + .11 mM and 0.26 E 0.8 mM, respectively). For

creatine, the Km for recombinant human brain and muscle CK differ by a factor of 2 (4.9

+ 0.37 mM and 9.5 + 0.59 mM, respectively). The Km for creatine for the human brain

and muscle CK purified from tissue, as reported by Jacobs and Kuby are different by a

factor of 4 (2.5 + 0.1 mM and 19 +0.2 mM, respectively).

The only significant differences among Km values between the recombinant

human CK's and the CK's purified from tissue as reported by Jacobs and Kuby appears

to be the Km for MgATP for the brain isozyme. In general, differences between the Km

and Ks values for each substrate for the brain isozyme purified from tissue (Jacobs and

Kuby) were much larger than values they reported for the muscle isozyme purified from

tissue. Their interpretation of these results was to suggest that the brain isozyme has

larger and more distinct conformational changes upon binding of the second substrate to

the ternary complex. It may be that posttranslational modifications unique to the brain

isozyme purified from tissue contribute to the differences observed, although it would be

expected that these large differences in Km would be observed for both substrates.

In reference to other reports in the literature, negligible differences for the Km of

MgATP have been observed (3,4). These reviews have also documented a significantly

higher creatine Km for CK-MM. It is likely that the Km for MgATP for the isozymes

would be very similar since intracellular ATP levels are fairly constant (2-5 mM) even in

tissues of cells with high energy demands (132). For muscle cells, there can be

phosphocreatine concentrations of 20-35mm (133) but for other tissues such as brain,

smooth muscle and kidney, the phosphocreatine concentrations are in the range of 5

10mM (134). This
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Table 9.

Kinetic Parameters of Recombinant Human Muscle and Brain CK Isozymes:
Comparison of Ks/Km with Tissue Purified Human CK's

Recombinant Tissue Recombinant Tissue
Human Human Human Human
CK-BB CK-BB+ CK-MM CK-MM*

KsCr 6.0mM + 17mm + 0.2 14.6m.M -E | 49 mM + 1.4
0.32 1.2

KmCr 4.9m.NM + | 2.5mM + 0.1 9.5mm + 19mm + 0.2
0.37 0.59

Ks MgATP 0.99m M + 0.66mm/[H: 1.2m.M -E 0.63mm +
0.05 0.4 0.11 0.5

KmMgATP 0.81mM + 0.099mm + 0.89mm + 0.26mm/[H:
0.10 0.11 0.16 0.8

kcat 1.29 x 104 2.0 x 103 9.21 x 103 6.3 x 103
min-1 min-1 min-1 min-1

Assays as described in above figure

* Jacobs and Kuby (63)
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would explain from a physiological standpoint, the higher Km for creatine for the muscle

isozyme.

Synergistic Binding of Substrates: Synergistic binding of substrates is thought to be

associated with changes in enzyme structure based on substrate binding. Evidence for

synergistic binding of substrates was first suggested by Morrison & James (23). and

further studied by Maggio et al. (25) The kinetic data for rabbit muscle CK purified from

tissue as reported by Maggio, et al. were performed under assay conditions identical to

those used for the human recombinant CK's. This synergy can be identified by a

decrease in Km as compared to Ks for each substrate. The affinity for a single substrate

bound to apoenzyme (Ks) to form the binary complex is compared to that of the second

substrate binding to form the ternary complex (Km). This second event is thought to

evoke a conformational change to bring the substrates into position for catalysis.

Maggio et al. reported a 3-fold decrease in Km vs Ks for both creatine and

MgATP. For rabbit muscle CK purified from tissue, there is a 3-fold decrease in Km as

compared to Ks for both MgATP and creatine (Table 10). For the recombinant human

brain and muscle CK isozymes, there is not a clear decrease in Km as compared to Ks,

since all of the Km values for these isozymes are not even reduced by two-fold.

However, Jacobs and Kuby (Table 9) observed a substantial decrease in Km as compared

to Ks for both substrates for the tissue purified brain CK isozyme and a 3-fold decrease

in Km as compared to Ks for the muscle CK isozyme. Jacobs and Kuby (63) also

observed synergy in substrate binding of the calf brain CK isozyme, (7-12 times larger Ks

in relation to Km). It is not clear from comparing this data that synergy can be rigorously

defined by kinetic methods. In the case of the brain isozyme purified from tissue,

posttranslational modifications unique to the brain isozyme, such as phosphorylation

(3,4,51–53,55) may have an effect on substrate binding. These questions can only be
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answered definitively using high resolution structural data for the apoenzyme, binary and

transition state complexes. Such structural data is not currently available.

The pH rate profiles for the recombinant brain and muscle CK's were plotted as a

function of log Vm versus pH for the forward reaction using the pH stat assay. For the

rabbit muscle isozyme pH rate profile, V/K versus pH by Cook et al. (27), indicated that

the substrate concentrations of 5mm MgATP and 40mM creatine were saturating

throughout the entire pH range. These substrate concentrations were used to calculate the

pH rate profiles for the human recombinant CK's. However, since Km values were not

calculated at each pH for the recombinant human CK's, the velocity at each pH as shown

in Figure 19 is designated as a relative Vm. For this reason, a direct comparison of the

pH rate profiles of the recombinant human CK's with V/K versus pH for the rabbit

muscle enzyme is not possible. However, the pH dependence of the velocity of the

muscle CK isozyme in the forward reaction (phosphorylation of CK) was a maximum at

pH 9.0, but was not determined at any higher pH values. These results are in agreement

with the pH rate values as determined for the recombinant human CK isozymes, as

shown in Figure 19.
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Table 10.

Kinetic Parameters of Creatine Kinases from Human and Rabbit:

A Comparison of Ks/Km with Tissue Rabbit Muscle CK

Human CK-BB | Human CK-MM | Rabbit CK-MM

tissue Maggio
(25)

KsCr 6.0mM + 0.32 14.6m.M HE 1.2 24.4m M #5.5

Km Cr 4.9m M + 0.37 9.5mM + 0.59 8.0mM + 0.57

KsMgATP 0.99m M + 0.05 1.2m M + 0.11 0.71mM + 0.10

Km MgATP 0.81 mM + 0.10 || 0.89mm HE 0.16 || 0.25mm + 0.04

Ks and Km values were calculated as described in Materials and Methods. All assays
were performed in duplicate at 30°C under nitrogen atmosphere in 0.1% BSA. Enzyme
concentration is 0.018 puM. The Mg(II) concentration was kept constant at 1.0mM and
the acetate concentration was adjusted to 50mM.

kinetic analysis of all recombinant enzymes were conducted in our laboratory.

85



º

2. '
Figure 19 rº.

- - -
T

pH rate profile of the recombinant human muscle and brain isozymes ~,Sº

* A. *

1 - P

- -
*

■ º - D
-

(. . . .
-

D * *.

5
-

eggae 8° 33
-

º-s,■ O D [] _*
-

2- O D sº - *

8. - [] O |-
Cl sº> * 5 G o -

3.
-

[]
-

* C.
assº

[] O O CK-BB º
D CK-MM -: | TID

0.1 G– I I | D º
º A

6 7 8 9 10 11
pH -> y *

Velocity (relative Vm) at saturating creatine and MgATP concentrations vs pH at 30 °C, º
-

as determined by pH stat assay for the CK forward direction (Mahowald)(108) for -

recombinant human muscle and brain isozymes. Enzyme concentration is 0.018 puM. ■

* ,

T■ º.

_Y

sº

s

86 º

| T.

~



Immunologic crossreactivity of recombinant human CK isozymes with tissue purified CK:

Western blot analysis of recombinant human brain and muscle CK's (Figure 20) shows

that the CK's are immunologically distinct. This confirms previous work in our

laboratory using purified salmon muscle and brain CK antibodies against tissue purified

salmon brain and muscle CK (30) as well as other reports in the literature (135-138).

Polyclonal anti-serum raised to tissue purified human muscle CK crossreacts well with

the recombinant human muscle isozyme. The same behavior is true for the brain

isozymes purified from tissue and the bacterial expression system. In addition, antiserum

raised to recombinant human brain CK crossreacted as well as antiserum raised to tissue

purified human CK, indicating that possible posttranslational modifications of CK are not

essential for antigenic recognition. Polyclonal antibodies raised to recombinant CK-BB

appeared to have identical crossreactivity to recombinant CK-BB as the antibodies raised

to the CK-BB purified from tissue (data not shown). This indicates that recombinant CK

antigens would likely be acceptable in place of human tissue purified CK's for the

purpose of generating O-CK antibodies for clinical or diagnostic use. The O.-brain CK

antibodies are slightly crossreactive with muscle CK but there appears to be no

crossreactivity of the brain isozyme with O-muscle CK antibodies. Sensitive

immunoassays using immobilized F(ab')2 fragments of monospecific antibodies to both

brain and muscle CK isozymes were found to have completely isozyme specific

recognition patterns (137,138). This slight degree of crossreactivity observed in our

experiments may be due to a small amount of isozyme cross-contamination present in the

human tissue purified CK's that were used as antigen for production of the O.-CK

antibodies used for western blot analysis.
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Figure 20.

Immunologic Crossreactivity of Recombinant Human Brain and Muscle CK
with Antibodies Raised to Tissue Purified Human CK's

O- Muscle CK antisera O- Brain CK antisera

M B M B

Two aliquots of ten pig of purified recombinant human brain and muscle creatine kinase
were run on 12.5% SDS-PAGE. The gel was electroblotted with nitrocellulose, and the
blot was cut in half. One half of the blotted protein was treated with O-muscle CK
antibodies and the other half was treated with 0-brain CK antibodies, as described in
Materials and Methods. The secondary antibodies were conjugated to alkaline
phosphatase and the western blots were developed with alkaline phosphatase substrates.
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hapter 3.

Sequence Verification of the Human Creatine Kinase (43 kDa) Isozymes by High

Resolution.Tandem Mass Spectrometry "

Abstract

Amino acid sequencing by recombinant DNA technology, although dramatically

useful, is subject to base reading, is indirect and is insensitive to post-translational

processing. New mass spectrometry techniques can provide molecular weight data from

even relatively large proteins for such cDNA sequences and can serve as a check of an

enzyme’s purity and sequence integrity. Multiply-charged ions from electrospray

ionization can be dissociated to yield structural information by tandem mass

spectrometry, providing a second method for gaining additional confidence in primary

sequence confirmation. Here, accurate (+ 1 Da) MW and molecular ion dissociation

information for human muscle and brain creatine kinases has been obtained by

electrospray ionization coupled with Fourier-transform mass spectrometry to help

distinguish which of several published amino acid sequences for both enzymes are

correct. The results here are consistent with one published sequence for each isozyme,

with the heterogeneity indicated by isoelectric focusing due to 1-Da deamidation

changes. This approach appears generally useful for detailed sequence verification of

recombinant proteins.

*Wood, T. D., Chen, L. H., White, C. B., Babbitt, P. C., Kenyon, G. L., McLafferty, F.
W. (1995) Proc. Natl. Acad. Sci. USA 92, 11451-11455

Dr. Troy D. Wood performed high resolution mass spectrometry of recombinant human
brain and muscle CK isozymes. Camille B. White subcloned, expressed, and purified
human brain CK and sequenced the HBCK-pET17b construct. Details of the expression
and purification of human brain CK is included in Chapter 2. The DNA sequence data
obtained by CBW for HBCK-pET17B is in Appendix 2.
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Introduction

Recombinant DNA technology now provides a standard method for protein

sequencing by identifying genes that encode the protein (139). However, errors in

nucleotide deletion, insertion or misidentification do occur, and post-translational

processing of the protein cannot be identified. For verification of a cDNA sequence,

molecular weight (MW) determination by mass spectrometry (MS) is increasingly

valuable. Soft ionization methods such as matrix-assisted laser desorbtion/ionization

(140) and electrospray ionization (ESI) (141) can generate molecular ions for enzymes as

large as several hundred kDa. However, most mass analyzers used for these have a

resolving power (RP) of 102 or 103; although iE 0.01% agreement between expected and

found values is often reported, failure to resolve cationized or non-covalent adducts of the

molecular ion can lead to far larger, and unticipated, errors (142,143). Promising for this

problem, Fourier-transform mass spectrometry (FTMS) (144), when coupled with ESI,

exhibits RP = 105 or 106 for proteins as large as albumin (145); this not only identifies

adduct peaks with ease, but provides isotopically-resolved (M + n}{)n+ peaks that yield

directly the number of charges (z) of the measured m/z value (146). Dissociation of the

electrosprayed (M + nh)n+ peaks of an enzyme by tandem mass spectrometry (147,148)

provides fragment masses to check isomeric integrity and restrict location of sequencing

errors (149). Tandem ESI/FTMS has been used for structural characterization of proteins

as large as 67 kDa (145,150,151), including heterogeneity and active site location >40

kDa (115,149). Here, tandem ESI/FTMS is applied to isozymes of creatine kinase (CK,

E. C. 2.7.3.2), for which conflicting DNA sequences have been proposed. Based on these

sequences, predicted MW values of 42,915 (152) and 42,970 (153) are reported for

human muscle CK and of 42, 512 (154), 42,622 (120) and 42,669 (44) for human brain

CK. Further, isoelectric focusing (IEF) shows both isozymes to be mixtures and

enzymatically active.
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Experimental Procedures

Materials and Sample Preparation

Overexpression of human muscle and brain CK isozymes in E. coli is described

elsewhere (155). Purification and isolation of recombinant human CK’s were similar to

that described for rabbit muscle CK (113) except that cells were not subjected to 50-75%

ethanol fractionation after lysis.

ESI/FTMS

Human muscle and brain CK were prepared as 20 microM solutions in

methanol/water/acetic acid (76:22:2 by volume) and electrosprayed through a syringe

needle biased at 2.6–2.9 kV (flow rates 0.5-1.0 microl/min). The resulting ions were

transported by three radio frequency-only quadropoles through five stages of differential

pumping to the trapped ion cell in a 6.1 Tesla magnetic field of modified Extrel Waters

FTMS-2000 (156). For tandem mass spectrometry, ions were either dissociated by NS

(150,157), IRMPD with a Synrad model 48-225 W continuous wave CO2 laser (158), or

by SORI-CAD (159,160) of charge states isolated by stored waveform inverse Fourier

transform (SWIFT) (161).
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Results and Discussion

Human Muscle CK. The mass spectrum (Figure 21) of heterogeneous human muscle

CK under gentle source conditions chiefly shows intact (M + n}{)n+ peaks and little

evidence of fragmentation, similar to results for rabbit muscle CK and its 282Cys - 282Ser

mutant (115). Geometric deconvolution of the resolved isotopic peak abundances (Figure

21, n = 20+ to 48+) gives a MW value of 42,970 consistent with one (153) of the

published sequences (13C27, 42970) but markedly different from that expected (13C27,

42915) by another (152). Obtaining accurate MW information would be difficult for low

resolution MS because of Na adduction (replacing H+ with Na+) and water loss, which

would make the (M + n}{)* peak give an unresolved mass of 42,981 (Figure 21). A

small abundance of the O2 dimer can also be observed at odd charge states (e.g., 43+,

45+, 47+, etc., Figure 21; the dimer isotopic peaks of even charge states lower the

apparent resolving power).

The two published human muscle CK gene sequences (152,153) have eight base

pair differences in the coding region; six of these are nonconservative and lead to

differences in the expressed sequence at amino acid residues 46 (Thr — Ile; Trasket. al.

(153) - Perryman et. al., (152)), 129 (Arg — Pro), 192 (Leu → Gln), 209 (Asp → His),

214 (Arg — Pro), and 323 (Gly — Ala). Though the predicted MW of one published

human muscle CK sequence matches the observed MW (153), this alone does not insure

that the sequence is correct, as shown in a previous ESI/FTMS study of thaminase I

(149). Confidence in the sequence assignment can be enhanced further from ion

fragment masses. Increasing the NS potential (140 V) extensively dissociates the (M +

nPH)n+ ions, and the generated fragment masses are tabulated in Figure 22. The mass sum

of one pair, 24094 (13C15) + 18878 (13C12) = 42,912, agrees with the measured MW it 2

Da. These correspond to b212 (N-terminal) and y168 fragments, respectively, of the Trask
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sequence (153), a fragmentation also found in the NS of rabbit muscle CK (~95%

sequence homology with human muscle CK) (115). C-terminal ion fragments as large as

y48 cannot distinguish between the two sequences since both are identical in this region;

however, the yog mass (Figure 22) is consistent with 323Gly, not 32°Ala; based on this and

the mass of y168 (Figure 22), the only reported sequence differences between residues

213-282 correlates with 214Arg, not 214Pro. Fragment masses for b23, b24, and b43 are in

agreement with both sequences as they are identical in this region; however, masses

corresponding to fragments bs4-bs3 indicate that the correct assignments at residue 46 is

46Thr, not 46Ile. Though no amide bond dissociations are observed in the region between

b58 and b210, the mass of the latter is consistent with the reported amino acid differences

at residues 129 (Arg-Pro), 192 (Leu - Gln), and 209 (Asp - His) (153).
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Figure 21.

High Resolution Electrospray Ionization/Fourier Transform

(ESI/FTMS) spectrum of human muscle CK
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Human muscle CK. (A) Expanded m/z scale for (M + 35H)35*, revealing contaminants
due to salt adduction and water loss. (B) ESI/FTMS mass spectrum, 100-V NS, and sum
of 25 scans (, dimer ions). (C) Expanded m/z scale, (M + n H)* (60,000 resolving
power). Lower curve, n = 35, isotopic distribution predicted from cDNA sequence of
Trasket al. (153) (0); upper curve, geometric deconvolution of n = 20-48
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Heterogeneity. The masses of all fragments except for b212 (13C15, +2 Da) match that

expected within + 1 Da (153). However, IEF of human muscle CK shows at least three

components with enzymatic activity (data not shown); not only do all three components

have MW values within + 2 Da of the values here, but their fragments are also within +

1Da. Heterogeneity from Gln/Glu and Asn/Asp (NH2 → OH, 16 — 17 Da) differences

(162) was indicated from rabbit muscle CK ESI/FTMS data (115). However, the

measured MW from ESI/FTMS is not higher than expected from the identified cDNA

sequence for human muscle CK (153). There are stretches in the sequence between

amide bond cleavages (the longest is 152 residues) where a number of

amidation/deamidation steps could occur to give the predicted fragment masses and

which might explain the nature of the multiple IEF bands. Any structural differences

present are probably subtle differences of the Trask, et al. sequence (153). Interestingly,

this sequence has better sequence homology with muscle CK sequences of other species

(163-167), than the Perryman et al. sequence (152), suggesting that the latter contains

gene sequencing misreadings (e.g. GC transposition) and that it is not a polymorphic CK

isozyme.
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Figure 22

Composite of NS spectral data of human muscle CK
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Human Brain CK. As with rabbit and human muscle CK, the mass spectrum of human

brain CK (Figure 23) shows intact (M + nh)n+ peaks and little fragmentation. Water

losses and sodium and phosphate (+98) adducts are distinguished (Figure 23) and the O2

dimer can be observed at odd charge states (e.g., 47+, 49+, 51+, etc.). Geometric

deconvolution (Figure 23) of the resolved isotopic peak abundances (n = 20+ to 47+)

gives a MW value of 42,512, which matches the MW predicted (13C26, 42,512) based on

one sequence (154) while differing significantly (13C26, 42,669, and 13C26, respectively)

from two others (44,120).

Interestingly, NS dissociation of human brain CK (150 V) produces limited

fragmentation from the N-terminus (b.42, bag, b54-bs8) and none containing the C

terminus; under similar NS conditions, rabbit (115) and human muscle CK produced

extensive fragmentation from both termini. Human brain CK is ~80% identical to the

muscle isozyme (154), so it is possible that structural differences between these lead to

different fragmentation under identical conditions. The three published sequences of

human brain CK have the following differences. Kaye and coworkers (19) agree

completely with Mariman et al. (154) except at residues 77 (assigned Gly — Asp) and

129 (Gly — Arg); Villareal-Levy and coworkers (120) agree with Mariman et al. (154)

except at residues 40 (Asp → Glu), 41 (Val — Leu).97 (Arg — Gly), 98 (Arg — Gly),

104 (Asp → Glu), 105 (Asp → His), 131 (Ala – Arg), 214 (Ala – Arg), 215 (Arg —

Gly), and 296 (Asp – His). The observed fragment masses from NS rule out one

published sequence (120) but cannot distinguish between the other two (44,154), which

are identical through by 8 (Figure 25). Sustained off-resonance irradiation-collisionally

activated dissociation of the isolated 31+ charge state generated one complementary pair

of fragments, b212/y 168 (23568 + 18943), but with relatively low S/N; the masses of the

fragments and their sum agree with theory + 1 Da for one sequence (154) and ruled out
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Figure 23.

High Resolution Electrospray Ionization/Fourier Transform

(ESI/FTMS) Mass Spectrometry of Human Brain CK

Human brain CK. (A) Expanded m/z scale for (M + 32H)*, revealing contaminants due
to salt adduction and water loss. (B) ESI/FTMS mass spectrum, 100-V NS, and sum of
25 scans (, dimer ions). (C) Expanded m/z scale, (M + n}{)* (60,000 resolving power).
Lower curve, n = 32, isotopic distribution predicted from cDNA sequence of Mariman et
al. (154) (0); upper curve, geometric deconvolution of n = 20-47
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Dissociation by IRMPD produced extensive fragmentation, including y-type fragments

not observed by NS, e.g., y168 (Figure 25, inset). IRMPD produced be 1 and b89

fragments; while two of the sequences are identical through bol (44,154), their mases for

b89 differ by 58 Da since either a Gly or Asp at residue 77 is predicted; the observed

masss of 9852 is consistent with 77Asp.

The ESI/FTMS MW and ion fragmentation data (summarized in Figure 24) is

consistent with only one published sequence of human brain CK namely, that of Mariman

et al. (154). The excellent agreement between the observed MW and fragment masses (+

1Da) vs. that predicted from this sequence gives high confidence in its correctness. IEF

of human brain CK shows evidence of unresolved isoforms (Figure 19, Chapter 2) as

well as multiple peaks (all enzymatically active) when subjected to column

chromatography. Thre is no evidence of heterogeneity in the ESI/FTMS results here;

however, MW measurements of human brain CK three months after those in Figure 23

showed an increase in MW of ~2 Da; this suggests that chemical deamidations, which

would increase the mass by 1 Da, may also occur over an extended period of time.

Unfortunately, the protein degrades over time, and the only fragment mass observed

(y168, low S/N) did not appear to exhibit a mass increase, though from the limited S/N, a

1-2 Da mass increase in this fragment cannot be ruled out. Nonetheless, this result

suggests heterogeneity in human brain CK may be due to chemical deamidations. There

is better sequence alignment for this human brain CK sequence (154) vs brain CK's from

other species (168-170) than for the other two proposed sequences (44,120); this suggests

that the latter proposed sequences also result from nucleotide sequencing errors and are

not true polymorphic isozymes.
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Figure 24.

Infrared multiphoton dissociation (IRMPD) of human brain CK

FIG. 4. IRMPD of human brain CK (sum of five scans).

Infrared multiphoton dissociation (IRMPD) of human brain CK (sum of five scans)
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Figure 25

CI42a11.00-2s De
tº som.44-o
■ º one.<7-o D 116.03
■ º 1029, Gº-g 1 113.00

2063.73. In
toº.º.o.o.

23.667.79.16■ 2) Cº. HT T 18943.97. 12

C-ITI- lessa.s.o. is

861.O 862.0 1353.3 1354.6
m/s m/E

Figure 25. Composite of NS, IRMPD, and sustained off-resonance irradiation spectral
data of human brain CK, correlated with the cDNA sequence of Mariman et al. (154)
(heavy vertical lines, cleavages N-terminal to proline). External columns and insets are
as in Fig. 22.
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The overall ESI/FTMS results for both human muscle an brain CKs show it is

possible to distinguish between proposed sequences based on MW and ion fragmentation

in the MS. Several key advantages to this approach vs chemical degradation procedures

are that MW for the intact molecule and masses of fragment ions can be obtained with

high speed (1-5 s. acquisitions) and sensitivity (< 1 pmol consumed for each scan; frnol

samples can now be analyzed (155)). Because of these and the previously mentioned

advantages of high-resolution ESI/FTMS, this approach should become increasingly used

to distinguish among proposed sequences and for assessment of recombinant protein

purity and structural integrity.
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Chapter 4.

Phosphorylation of Brain Creatine Kinase

Abstract

We report the purification of human brain CK from human placenta Human CK

BB was purified from placenta using an ethanol precipitation step followed by blue

sepharose affinity chromatography and MonoO anion exchange chromatography. A total

of 0.5 mg of highly purified CK-BB was obtained from a single placenta. The purity of

the CK-BB purified from placental tissue as determined by SDS-PAGE was identical to

the purity of recombinant CK-BB. The recombinant and human CK-BB migrated in an

identical manner on SDS-PAGE indicating that they are of similar molecular weight. We

have determined that the human brain CK isozyme purified from human placenta has a

lower p1 than CK-BB from recombinant sources. This difference in pl is likely due to

phosphorylation, as evidenced by dephosphorylation by alkaline phosphatase in vitro.

For the muscle CK isozyme purified from tissue, there is no pI shift upon

dephosphorylation in vitro, suggesting that in contrast to the CK-BB isozyme, this CK

MM is not a phosphoprotein. Attempts to isolate phosphopeptides from a tryptic digest

of tissue purified brain CK isolated from human placenta using iron affinity

chromatography yielded only acidic peptides whose sequences were confirmed by matrix

assisted laser desorbtion ionization mass spectrometry (MALDI/MS).
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Introduction

Phosphorylation is an important mechanism by which enzyme activity is

regulated. Control of regulatory mechanisms initiated by hormones, neurotransmitters,

growth factors and mitogens is exerted at the level of protein kinases and phosphatases

(171,172). The addition or removal of a covalently bound phosphate can lead to

structural and functional changes in protein substrates and it is an important mechanism

for the regulation of cellular processes such as cell growth or death, differentiation,

proliferation and secretion. Identification of these enzyme substrates of protein kinases

and phosphatases is essential to the understanding of these biological processes. In

particular, the identification and characterization of enzymes regulated by

phosphorylation will be critical to the understanding of processes affected by aberrant

expression of protooncogenes and tumor suppresser genes.

The creatine kinase isozymes have been shown to be posttranslationally modified.

The brain isozyme of CK has been identified as a phosphoprotein in chicken, mouse and

human tissue (51-53,55). Brain and muscle CK isozymes have been shown to be

glycosylated (60,173). Since brain CK is found in many tissue types, phosphorylation of

brain CK may provide increased demands for ATP for some cellular processes.

A phosphorylated form of the brain isozumes of CK has been identified in both

mouse and chicken tissue (51-53,55). Using an *S-labeled in vitro translation system,

chicken brain CK mRNA was translated and purified (55). Multiple species of this

purified brain CK were observed by 2D-PAGE. Three of the most negatively charged of

these species disappeared after treatment with alkaline phosphatase, indicating that they

are phosphoproteins. There appear to be subtle kinetic differences between the

phosphorylated and non-phosphorylated forms of the enzyme which may have

physiological significance. A slightly lower Km for phosphocreatine was reported for the
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phosphorylated form of brain CK (approximately 2-fold reduction by both investigators).

Chida et al. (52) reported a 33% increase in specific activity for the phosphoprotein. It is

not clear to what extent these seemingly minor alterations in kinetic values for the

phosphorylated form of CK-BB affect in vivo processes.

Protein kinase C has been shown to play a major role in many cellular signaling

pathways and it is a critical component of many signaling pathways involving cell growth

(56,57). This makes protein kinase C and its substrates potential targets for

chemotherapy (54). Signal transduction occurs when protein kinase C is activated by a

range of growth factors, neurotransmitters and steroid hormones (57). The first

identification of brain CK as a possible substrate for protein kinase C was observed in

phorbol ester stimulation of 32P labeled mouse epidermis by Chida et al. (51) After

activation with phorbol ester, a two-fold increase in two phosphoproteins (p34 and p40)

was observed. The p40 protein was later identified as brain CK. In addition, a protein of

approximate M.W. of 40kD was identified as a substrate of PKC activation in vivo in

human placental tissue (174). In vitro phosphorylation studies by Chida et al. (51-53)

have suggested that brain CK phosphorylation is PKC specific.

The potential link between brain CK and cancer has initiated studies on tumor

growth and inhibition of creatine kinase by cyclocreatine. Two recent reports describe

the use of cyclocreatine, a CK inhibitor, to inhibit the growth of tumor cells in vitro and

in vivo. Cyclocreatine was shown to inhibit a broad range of cancer cells derived from

solid tumors in culture and in nude mouse xenografts, primarily by the accumulation of

the synthetic phosphagen N-phosphorylcyclocreatine (98). Creatine and cyclocreatine

were shown to inhibit subcutaneously implanted tumors in rats and athymic nude mice

(50). Tumor size was reduced by 25-75% depending on the type of cancer cell and there

was no significant toxicity associated with a 1% cyclocreatine diet in either study. Brain

CK may also be a promising target for chemotherapy using the specific CK inhibitor,
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cyclocreatine. Understanding the mode of interaction of brain CK with protein kinase C

will aid in the development of protein kinase C inhibitors as well.

Mass spectrometry was used in an attempt to identify the phosphorylation site(s)

of brain creatine kinase purified from placenta. This technique provides a method for

detection of a predictive mass increase of 80 daltons due to phosphorylation. Highly

purified brain creatine kinase purified from tissue and recombinant sources was subjected

to tryptic digestion. Potential phosphopeptides from these digests were then selected by

iron affinity chromatography. This novel methodology for the affinity purification of

phosphopeptides from proteins digested with trypsin has been recently developed (175).

In collaboration with Dr. David D. Neville and Dr. Katilin F. Medzihradszky at the UCSF

Mass Specrometry facility, this approach was used to selectively purify phosphopeptides

from a tryptic digest of brain creatine kinase purified from human placenta and to analyze

the exact molecular weights by MALDI/MS. The protein sequence of the peptides could

also be determined by MALDI post source decay (MALDI/PSD). This technique would

allow for the identification of phosphopeptides and the determination the potential

phosphorylated residues of brain creatine kinase.

Materials and Methods

Purification of hCK-BB from human placenta: A fresh human placenta (wet wt. 709g)

was washed with 10 liters of cold phosphate buffered saline (PBS) to remove copious

amounts of blood. The membranes and chord were removed and the vascularized

placental tissue was minced and washed again with another 10 liters of cold PBS. The

tissue was passed through a meat grinder and it was resuspended in one volume of Buffer

A (50mM Tris acetate, 5mm 3-mercaptoethanol, 5mm EDTA, 0.1mM PMSF, pH 7.4)

including 4nM Mycrocystin, a phosphatase inhibitor present in all buffers. This mixture

was ground in a Waring blender in several small batches at high speed. After blending,
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the suspension was filtered through 2 layers of cheesecloth. The tissue on the

cheesecloth was combined with the filtrate and the mixture (final volume of 900 ml) was

stirred for 1 hour at 4 °C. The mixture was then centrifuged at 13,000 x g for 30 min. at 4

°C. The supernatant was then precipitated with 4 volumes of ice cold ethanol, stirring at

4 °C for 90 minutes. The suspension was centrifuged at 9,000 x g for 30 min. The pellet

was resuspended in 400 ml of 20mM MES, 5mm 3-mercaptoethanol, 5mm EDTA,

0.1mM PMSF, 4nM Mycrocystin (Gibco-BRL) pH 6.0 stirring overnight at 4 °C. The

resulting solution was centrifuged at 120,000 x g for 45 minutes. The supernatant (supt.

4) was concentrated in an Amicon 30 to a final volume of 105 ml (1,743 mg).

Supernatant 4 (875 mg per column run) was applied to a 200 ml Blue Sepharose

(Pharmacia) column by FPLC at a flow rate of 5 ml/min. at room temperature,

equilibrated in 20mM MES buffer pH 6.0. Creatine Kinase was eluted with 20mM TES,

5mm B-mercaptoethanol, 5mm EDTA, 0.1mM PMSF, 4nM Mycrocystin pH 8.0 in 7.5

ml fractions. The active fractions were pooled and exchanged into 50mM Tris.HCl,

5mm B-mercaptoethanol, 5m M EDTA, 0.1mM PMSF, 4nM Mycrocystin pH 7.5 (6.5 ml,

89.6 mg) for application to a 20 ml BioFad MonoO anion exchange column. Brain CK

was eluted using a linear NaCl gradient and the CK activity came off the column in a

sharp peak at 100mM NaCl. To obtain highly purified brain CK, the active fraction from

the first MonoO column was applied to an analytical HR5/5 Pharmacia MonoG) column.

This last purification step resulted in a final yield of 0.553 mg of highly purified brain

creatine kinase.

In vitro phosphorylation and dephosphorylation of CK-BB: Human brain CK was

dephosphorylated in vitro by incubating 10 pug of enzyme with 2U of calf intestinal

alkaline phosphatase (Promega) at 37°C for 12 hours. Dephosphorylation of 10 pig of

chicken egg albumin (Sigma) was used as a control phosphoprotein. A plshift due to
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dephosphorylation was detected by native isoelectric focusing and was performed with pl

3-10 gels (Novex). In vitro phosphorylation of brain CK was performed with rat protein

kinase C (Boeringer Mannheim). Phosphorylation was detected by autoradioagraphy

using YºP-ATP, after analysis by native isoelectric focusing (3-10). Myelin basic

protein, a known substrate for protein kinase C (176) was used as a control (Gibco-BRL).

Final assay concentrations for in vitro phosphorylation of brain and muscle CK by

protein kinase C are as follows: 20mM Tris.HCl, pH 7.5, 10mM MgCl2, 2001M CaCl2,

10 pg/ml phosphatidyl serine (Sigma), 0.8 mu/ml rat PKC 10 puM ATP (Sigma), 50

Hg/ml diacylglycerol (Sigma) and 10 pg/ml substrate.

2D Electrophoresis and Western Blotting: Tissue purified and recombinant human brain

CK were subjected to native isoelectric focusing (3-7) both before and after

dephosphorylation. The gel was fixed for 30 min. in 10% Trichloro-acetic acid (Sigma),

washed with destain solution (25% isopropanol, 10% acetic acid) for 10 min., and

stained with 0.02% Coomassie Blue R250. Each lane was run in the second dimension

individually (12.5% SDS-PAGE, Novex) after washing with 20% ethanol 2 x 10 min.

and incubation for 3 min. with 2.0 ml Laemmli buffer and 0.5 ml 100% ethanol. The

SDS-PAGE gels were then blotted onto nitrocellulose and assayed by Western blot

analysis as described in Chapter 2.

Digestion with Trypsin and Reversed-phase HPLC: Brain CK was incubated with 1%

(w/w) L-1-tosylamido-2-phenylethyl chloromethyl treated Trypsin (Promega) at 37 °C

for 12 hours. The tryptic peptides were separated by reverse phase HPLC (Reliasil C18,

1 x 150 mm column) using a microbore HPLC system (Michrom BioFesources, Inc.) at a

flow rate of 50 puM/min and peptides were detected by on-line UV absorbance at 210 nM.

Solvent A was 0.1% trifluroacetic acid, 2% acetonitrile in water; solvent B was 0.08%
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trifluroacetic acid , 2% water in acetonitrile. The column was equilibrated in 2% B.

Samples were loaded and the column eluted from 2%B to 10%B in 5 minutes. A

gradient of 0.5%/min increase in B was continued to 40%B (65 min). The fractions were

manually collected. The samples were dried to approximately 20 pil using a Speed Vac

and an equal volume of 1M acetic acid was added to the peptide mixture.

Purification of phosphopeptides using iron-chelation chromatography: The procedure

used was an adaptation of the method of Nuwaysir and Stults (177). Nickel

nitrilotriacetic acid sepharose (Ni-NTA) resin (Quiagen) enriched with FeCl3 was used to

selectively bind phosphopeptides from the tryptic digest of human brain CK. A polyprep

(BioFad) column of 0.5 ml of the NTA resin was prepared by removing the nickel ions

with 0.1M EDTA. FeCl3 was added as a 0.1M solution in 0.1M acetic acid, and the

column was equilibrated in 0.1M acetic acid. Samples were loaded in storage buffer,

ensuring that the pH was approximately 3.5 and that the volume loaded was less than two

thirds of the total column volume. The column was then washed with 4 column volumes

of 0.1% acetic acid, followed by two column volumes of water. The peptides bound to

the column were eluted with 4 column volumes of 0.1% ammonium acetate, pH 9.5. The

fractions were evaporated to dryness, resuspended in 50% ACN, 5% TFA and analyzed

by MALDI/MS.

Matrix-assisted Laser-Desorbtion Ionization Mass Spectrometry (MALDI-MS):

Molecular masses of the tryptic peptides were determined using a TOFSpec SE mass

spectrometer from Fisons (Manchester, UK), equipped with a reflectron and using a

nitrogen laser (337 nm). A 1 pil aliquot of each fraction was mixed with 1 pil of O-cyano

4-hydroxycinnamic acid MALDI-matrix (Hewlett-Packard). The admixture (1 pul) was

spotted onto a stainless steel target and allowed to air dry to form crystals. A source
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voltage of 25kV, a focusing voltage of 23.5kV, a reflectron voltage of 28.5kV and an

extraction voltage of 10kV in reflectron mode were used. All data were collected as

positive-ion spectra. The mean monoisotopic masses from all spectra recorded for each

peptide are reported. MALDI spectra were externally calibrated by use of a standard

peptide mixture. The fragments resulting from metastable decay of the determined

molecular species were focused and recorded by stepping the voltage of the reflectron to

generate post-source-decay (PSD) spectra, when sufficient material was available.
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Results

Purification of Human Tissue Brain Creatine Kinase from Human Placenta: Human

placenta is a convenient source for obtaining the human CK-BB isozyme (62). Highly

purified brain CK (0.55 mg) with a specific activity of 74.6 U/mg was purified from a

human placenta using an ethanol precipitation step, a blue Sepharose affinity column, a

preparative MonoQ column and a final analytical MonoO column (Table 3). The purity

and molecular weight as determined by SDS-PAGE of the tissue purified CK-BB (Fig. 26

lane 7) is compared to that of the purified recombinant CK-BB (Fig. 26 lane 2).

Dephosphorylation of tissue purified human creatine kinase: Fifteen pig of tissue

purified human and recombinant human CK-BB, and an equivalent amount of

recombinant human CK-MM and human CK-MM purified from tissue were

dephosphorylated with 2 units of alkaline phosphatase for 12 hours at 37°C. The samples

were subjected to native isoelectric focusing and stained with Coommassie Blue. The pl

of the tissue purified CK-BB (Fig. 27, lane 6) was lower than that of the recombinant

CK-BB (Fig. 27. lanes 4,5). A noticeable p| shift of ~0.75 pI units towards the anode

was observed when the tissue CK-BB was dephosphorylated (Fig. 27, lane 7). Upon

dephosphorylation, the tissue CK-BB (Fig. 27, lane 7) had an identical pl and banding

pattern to the recombinant CK-BB (Fig. 27, lanes 4,5). No noticeable p| shift was

observed for the human muscle CK purified from tissue (Fig. 27 lanes 8, 9) or either

recombinant CK-BB (Fig. 27 lanes 4,5) after treatment with alkaline phosphatase.
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Table 11.

Purification of Human Brain Creatine Kinase from Placenta

Specific Total Units of
Purification Step Protein (mg) Activity Activity

(U/mg) (U)

1. Total Protein 15,309 0.010 156

2. crude EtOH precipitate
4,970

- -

3. supt #4
(fast spin of ppt.) 1,743 0.015 73.3

4. conc. supt #4
for Blue Sepharose 1,487 0.041 59.0

5. TES fraction
from Blue Sepharose 89.6 0.545 48.8

6. MonoO 0.55 74.6 41.3

* Specific Activity determined by NADH-coupled assay (Figure 7)
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Figure 26

12.5% SDS-PAGE

Purification of Human Brain Creatine Kinase from Human Placenta

kDa

94

67

43

30

12.5% SDS-PAGE, stained with Coomassie Blue R250. Lane 1. low MW markers, Lane
2. CK std. (recombinant CK-BB), Lane 3. Total protein, Lane 4. Ethanol ppt., Lane 5.
Supernatant 4, Lane 6. TES active fraction, Lane 7. Analytical MonoO active fraction
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Figure 27

Native IEF-PAGE (pH3-10) Dephosphorylation of Human Tissue Purified
Creatine Kinase

pH
- - - -

9.30 *-

8.45 *-

7.35

6.55 -

5.85 ". º º
4.55 -->~-

3.50 am:
1 2 3 4 5 6 7 8 9

Native IEF-PAGE stained with Coomassie Blue R250. Lane 1. IEF Std., Lane 2.
Chicken Egg Albumin, Lane 3. Chicken Egg Albumin + alkaline phosphatase (AP),
Lane 4. Recombinant tissue CK-BB, Lane 5. Recombinant tissue CK-BB + AP. Lane 6.
Human human CK-BB, Lane 7. Human tissue CK-BB + AP Lane 8. Human tissue CK
MM, Lane 9. Human tissue CK-MM + AP
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Figure 28.

2-D PAGE western blot of dephosphorylation of purified

human recombinant CK-BB and CK-BB from placental tissue

- Alkaline Phosphatase + Alkaline Phosphatase

H+ A. OH- H+ B. OH

* ** -

--
*º- = *- *

---
--> º 4-º' * *

H+ C. OH- H+ D. OH

2-D PAGE Western Blot of purified human recombinant CK-BB and tissue CK-BB
purified from placenta: Purified CK-BB was run in the first dimension on native IEF 3-7.
The second dimension was 12.5% SDS-PAGE. The gels were blotted to nitrocellulose
and reacted with goat o-human CK-BB antiserum, and then with rabbit o-goat FC
conjugated to alkaline phosphatase. The western blots were developed with alkaline
phosphatase substrates. A. recombinant CK-BB, B. recombinant CK-BB + alkaline
phosphatase (AP), C. tissue CK-BB, D, tissue CK-BB + alkaline phosphatase (AP)
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Figure 29

Molecular weight mapping of human brain creatine kinase

MPFSNSHNALKLRF DEFPDL TPELYAELRAKSTPSG

FTLDDVIOTGVDNPGHPYIMTVGCVAGDEESYEVFKDLFDPIIEDRHGGY

KPSDEHKTDLNPDNLOGGDDLDPNYVLSSRVRTGRSIRGFCLPPHCSRGE

RRAIEKLAVEALSSLDGDLAGRYYALKSMTEAEOOOLIDDHFLFDKPVSP

LLLASGMARDWPDARGIWHNDNKTFLVWVNEEDHLRVISMQKGGNMKEVF

TRFCTGLTOIETLFKSKDYEFMWNPHLGYILTCPSNLGTGLRAGVHIKLP -

sº

NLGKHEKFSEVLKRLRLQKRGTGGVDTAAVGGVFDVSNADRLGFSEVELV * Lºº

QMVVDGVKLLIEMEORLEOGOAIDDLMPAOK : º
sº º

→ *

NS
- .

Tryptic digest of recombinant human CK-BB was separated on a microbore C-18 reverse . º
phase columns and the peaks were collected individually. Sequences underlined were ■ º
detected by MALDI/MS. Most of the components were identified by mass only. o
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Investigation of PKC phosphorylation of CK-BB: In vitro phosphorylation of substrates

by PKC was assayed by incorporation of Y-33P-ATP after SDS-PAGE analysis and auto

radiography. An excellent substrate for PKC, myelin basic protein was used as a control.

After exposure to film overnight, myelin basic protein (M.W. 22kD) was shown to be

phosphorylated by PKC. In addition, PKC (M.W. 80kD) was autophosphorylated. No

bands were observed for either human brain or muscle CK (M.W. 42,000), indicating that

for this particular in vitro PKC assay, neither are recognized by PKC (data not shown).

Analysis of tryptic digests of CK-BB by Iron affinity chromatography and Mass

Spectrometry: Tryptic digests of both recombinant human and tissue purified CK-BB

were subjected to reverse phase C-18 microbore HPLC for separation of digestion

products. Peaks were collected individually and the molecular weights of the peptides

from each digest were determined by MALDI/MS. Initially, fractions collected from the

C18 reverse phase profile of the recombinant CK-BB were analyzed by MALDI/MS to

check the specificity of digestion (Fig. 27). Most of the peptides corresponded to tryptic

fragments but there was some nonspecific digestion. The C-18 reverse phase profile of

the tryptic digest of recombinant human CK-BB differed slightly from that of the tissue

purified CK-BB tryptic digest A comparison of the elution profiles for the tryptic digests

of the recombinant and tissue CK-BB is shown in Appendix 3. The fractions

corresponding to these differences for the human tissue CK-BB were analyzed by

MALDI/MS to identify potential phosphopeptides. No phosphopeptides were identified

and the differences appear to be due to a greater amount of non-specific digestion of the

tissue purified CK-BB.

The sequence of human recombinant brain CK, which was derived from a human

placental cDNA library, was recently confirmed by high resolution Fourier transform

-
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tandem mass spectrometry (ESI-FTMS) (109) to resolve sequence discrepancies found in

the literature. A comparison of molecular weights of the digested recombinant CK-BB

with the predicted masses of tryptic digestion fragments of human CK-BB was used to

assign the sequence of peptides based on their molecular weight. A list of the predicted

tryptic fragments and their masses is shown in Appendix 3. Some of these peptide

sequences were confirmed by MALDI/MS/MS-PSD. Although the specificity of

digestion of recombinant CK-BB was primarily tryptic, there was more nonspecific

digestion of the tissue purified human brain CK.

Attempts to selectively purify phosphopeptides from tissue brain CK using a

phosphopeptide iron affinity column were unsuccessful. Only acidic peptides were

selectively purified from a tryptic digest of tissue CK-BB using a Quiagen Ni-NTA resin

in which the Nickel ions were replaced with FeCl3. The eluate from the column at pH

9.5 was then separated by reverse phase HPLC. The purified peptides were then

resuspended in 50% acetonitrile, 5% TFA in water and the masses were determined by

MALDI/MS. The sequences were confirmed by MALDI/MS post-source decay (PSD).

The sequences of the peptides identified by PSD are shown in Fig. 28. The peptides in

the pH 9.5 fraction were then pooled for analysis by LC/ESIMS. Phosphopeptides can be

identified by a characteristic signal of 79 m/z in negative ion mode. No phosphopeptides

from the pH 9.5 fraction of the iron affinity column were identified by this method.

:
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Figure 30 cº
Acidic Peptide Sequences of CK-BB Selected by Iron Affinity º
Chromatography T

MPFSNSHINALKLRFPAEDEFPDLSAHNNHMAKVLTPELYAELRAKSTPSG

FTLDDVIQTGVDNPGHPYIMTVGCVAGDEESYEVFKDLFDPIIEDRHGGY

KPSDEHKTDLNPDNLOGGDDLDPNYVLSSRVRTGRSIRGFCLPPHCSRGE

RRAIEKLAVEALSSLDGDLAGRYYALKSMTEAEQQQLIDDHFLEDKPVSP

LLLASGMARDWPDARGIWHNDNKTFLVWVNEEDHLRVISMQKGGNMKEVF - * ,
º

TRFCTGLTQIETLFKSKDYEFMWNPHLGYILTCPSNLGTGLRAGVHIKLP º

sº 1. ºt

NLGKHEKFSEVLKRLRLQKRGTGGVDTAAVGGVFDVSNADRLGFSEVELV º *_
º º

QMVVDGVKLLIEMEQRLEQGQAIDDLMPAQK - sº
lsº

- - - - - - -
* ,

Tryptic digest of human CK-BB was subjected to iron affinity chromatography, and the * C
fraction which eluted at pH 9.5 was separated on a microbore C-18 reverse phase º

columns and the peaks were collected individually. Sequences underlined were detected º,

by MALDI/MS and confirmed by PSD. Not all peptides could be identified. 5
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Discussion

Human brain creatine kinase purified from placental tissue has been identified as

a phosphoprotein. Treatment of CK-BB and CK-MM purified from tissue, and

recombinant CK-BB indicates that this phosphorylation is specific for the brain isozyme

purified from tissue, as there was no shift in pl for either tissue purified CK-MM or

recombinant CK-BB upon dephosphorylatin in vitro. A pl shift of ~0.75 pI units was

observed when tissue purified CK-BB was subjected to alkaline phosphatase treatment as

observed by native isoelectric focusing. The resulting dephosphorylated tissue CK-BB

migrated in an identical fashion to the recombinant CK-BB, indicating that all

posttranslational modifications had been removed.

The choice of human placenta for isolation of brain CK was fortuitous, as the

tissue is readily available. The recombinant human brain CK which we expressed in E.

coli was derived from a human placental cDNA library. Previous studies by other

investigators suggest that CK-BB derived from human placenta may be regulated by

phosphorylation in vivo. Homogenized tissue extract of human placenta solubilized in

1% Triton buffer was incubated with Y32P-ATP and resulted in phosphorylation of several

proteins, including p40 (174). Although treatment of the placental soluble fraction with

picomolar to nanomolar amounts of phorbol ester did not increase the amount of p40

present, none of the other phosphoproteins appeared to be increased by the presence of

phorbol ester. This suggests that there may have been endogenous activators such as

diacylglycerol present in the cell lysate. In a study of protein phosphatase activity against

protein kinase C substrates in human placenta (178), inhibition of protein phosphatases

by mycrocystin, okadaic acid and calyculin prevented dephosphorylation of PKC

substrates in vitro. Using partially purified mouse epidermal proteins, activation of
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protein kinase C by phorbol ester in vitro led to an increase in phosphorylation of p40,

later identified as CK-BB (51). It is likely that the p40 from human placenta is CK-BB.

The in vitro phosphorylation assay using rat protein kinase C successfully

phosphorylated myelin basic protein, which is known to be an excellent substrate for

PKC (176). However, highly purufied CK-BB did not appear to be phosphorylated in

this assay system. It is possible that the in vitro PKC assay conditions which were

sufficient for phosphorylation of myelin basic protein, were not ideal for CK-BB

phosphorylation. Other successful attempts to phosphorylate CK-BB in vitro have used a

rabbit reticulocyte in vitro translation assay (55) and partially purified CK-BB (52),

indicating that CK-BB is a substrate for PKC.

The altered regulation of cellular signaling systems which control cell

proliferation and differentiation is of fundamental importance in understanding

malignancy. The protein kinase C family has been identified as an important target for

chemotherapy. This functionally and structurally diverse enzyme family is composed of

11 serine/threonine kinases which are localized to different cellular locations and

structures upon activation (179). This suggests that the different PKC isozymes have

unique roles as they exhibit isozyme specific cell and tissue type expression. The

creatine kinases also exhibit distinct localization and each isozyme has been shown to

interact with unique cellular structures. It is possible that activation of protein kinase C

and subsequent translocation to cellular locations where CK-BB is also present is a

regulatory mechanism for processes requiring ATP regeneration.

Translocation of activated PKC to membrane associated sites upon activation with

phorbol ester has been documented previously (180) In a study of immunocytochemical

localization of eight PKC isozymes transfected in NIH 3T3 cells, the isozymes were

targeted after activation by phorbol ester to the plasma membrane as well as different

intracellular locations, such as the endoplasmic reticulum, actin skeleton, Golgi, cell

i
l
º

.

■ º º

º

122



junctures, nuclear pores and perinuclear membranes (179). Membrane localization of

CK-BB has been determined in several tissue types by immunohistochemical methods.

CK-BB has been localized to the brush border membrane of intestinal epithelial cells

(102) and membrane structures of the distal nephron of rat kidney (131). A sub

population of CK-BB isolated from sperm tail was localized to the plasma membrane in

vivo. This form of CK-BB was shown to bind to liposomes and detergent micelles in

vitro (130) CK-BB has been identified as a membrane associated protein in

photoreceptor cells (181). Recently, CK-BB immunoreactivity has been identified within

the nucleus of brain Golgi type 1 neurons (32), which is in agreement earlier reports of

CK activity in nuclei purified from heart and skeletal muscle and brain glial cells.

In brain tissue, CK-BB has been localized to Bergmann glial cells and astrocytes

and the granular layer of the cerebellum. The muscle CK isozyme is localized to

Purkinje neurons (13). Similar differential localizations in cerebellar Purkinje and

Bergmann glial cells was observed for protein kinase C isozymes (182). In the granular

layer of the cerebellum there are high levels of both mitochondrial and brain CK's present

as determined by intense antibody staining (13). Within these regions are many synaptic

junctions between glial cells and neurons. Energy intensive processes such as metabolite

and neurotransmitter trafficking and restoration of potassium ion gradients may be

regulated by activation of protein kinase C and subsequent phosphorylation of CK-BB.

Several attempts were made to identify phosphopeptides from tryptic digests of

human CK-BB isolated from placenta in order to identify the phosphorylation site(s) of

human CK-BB. Initially, differences in C-18 profiles of digested recombinant and

human CK-BB tryptic peptides were analyzed by MALDI/MS PSD for presence of

phosphopeptides. Phosphopeptide affinity chromatography was then used to attempt an

enrichment of phosphopeptide from placental CK-BB digests. This method of

phosphopeptide enrichment has been optimized for the detection of phosphorylation sites

:

.

.
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of CTFR protein (175) Analysis by MALDI/MS (matrix assisted laser ionization

desorbtion mass spectrometry) of the bound fraction of peptides to the column yielded

only acidic peptides. These discrepancies between the mass spectral data and the

enzymatic dephosphorylation results raise the possibility that posttranslational

modifications other than phosphorylation are responsible for the greater negative charge

of human CK-BB purified from tissue, although this is unlikely. Analysis of purified

human CK-BB digested with trypsin by HPLC/electrospray mass spectrometry in

negative ion mode would be the most definitive experiment to determine the presence or

absence of phosphorylation.

Identification of PKC substrates by interaction cloning (183) and analysis of their

translated sequences of the clones indicates that proteins with high positive charge

density domains interact with PKC (184). Homology modeling of the human brain CK

structure from the recently published chicken mitochondrial structure may provide

additional insights as to the interaction of brain CK and protein kinase C.

:
:

:
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Appendix 1

List of Abbreviations:

CK, creatine kinase; CK-BB, creatine kinase, brain isozyme homodimer; CK-MM,

creatine kinase, muscle isozyme homodimer; CK-MB, creatine kinase, muscle brain

heterodimer; rCK, recombinant creatine kinase; OmpT, outer membrane protein T;

RMCK, rabbit muscle creatine kinase; TCK, Torpedo californica creatine kinase; OG,

octyl glucoside;, SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis; MW, molecular weight; BCA, bicinchoninic acid; DTT, dithiothreitol;

PMSF, phenylmethanesulfonyl fluoride; DIFP diisopropylfluorophosphate; rhuman IFN

Y, recombinant human gamma interferon, FPLC, fast pressure liquid chromatography;

HPLC, high pressure liquid chromatography; MES, (2-[N-Morpholino)ethanesulfonic

acid); TES, (N-tris[Hydroxymethyl]methyl-2-aminoethane-sulfonic acid); IEF, isoelectric

focusing, PBS, phosphate buffered saline; ESI, electrospray ionization; FTMS, Fourier

transform mass spectrometry; IRMPD, infrared multiphoton dissociation; NS,

nozzle/skimmer; MALDI/MS matrix assisted lazer desorbtion ionization mass

spectrometry; PSD, post source decay

.
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Appendix 2

Purification of Recombinant Human Brain Creatine Kinase

A. Expression Vector HBCK-pET17B

B. Restriction map of human brain creatine kinase
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*-

º *º (

.

~
~
º
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(~4400 bp) - “.

) in

} º
T7 transcription/ ) *

Nde I

TZ Start

| lºt



B. Restriction map for the coding regions of the human brain creatine kinase gene

Symbols: 1 to : 193 from: hsckbg ck: 7793, 1148 to:

sºle 194 to : 348 from: hsckbg ck: 7793, 1464 to:

sºle 349 to : 481 from: hsckbg ck: 7793, 1691 to:

sºle 482 to : 653 from: hsckbg ck: 7793, 2208 to:

sºle 654 to : 777 from: hsckbg ck: 7793, 3050 to:
317 3

With 206 enzymes: *

July 19, 1996 15:47

E H
:C T BC CBB CGa S

V B SASVMTH MMEEvssBodenc

i b ploimsh nsaaiais5ilcr
J. V. RuPJeea lpeg JJEl 7IIiF
I I III.IIII III.III.III.IIII

/// / / / / / / / /
ATGCCCTTCTCCAACAGCCACAACGCACTGAAGCTGCGCTTCCCGGCCGAGGACGAGTTC

1 — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + — — — — — - - - - + - - - - - - - - - + 60

TACGGGAAGAGGTTGTCGGTGTTGCGTGACTTCGACGCGAAGGGCCGGCTCCTGCTCAAG

a M P F S N S H N A L K L R F P A E D E F
-

b C P S P T A T T H + S C A S R P R T S S –

C A L L Q Q P Q R T E A A L P G R G R V P –

B N H A A

p H lCB a RC C C
u■ ) Ha EavsHeMleS A eBAV R AT
1d he aliaalselt v Ibli s ch

0e al eIJJelcâIy a Ivuj, a ia
II II III.IIIIIII I IIII I II

/ / / / / / / /
CCCGACCTGAGCGCCCACAACAACCACATGGCCAAGGTGCTGACCCCCGAGCTGTACGCG

61 — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

120
GGGCTGGACTCGCGGGTGTTGTTGGTGTACCGGTTCCACGACTGGGGGCTCGACATGCGC

a P D L S A H N N H M A K V L T P E L Y A
-

b P T * A P T T T T W P R C * P P S C T R —

C R P E R P Q Q P H G Q G A D P R A V R G –

:
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180

:

240

300

:

B

BS T

B Sp t
BCS C i 1C BBCU B hBM A

ASVS TaBHHT M H2a M Assvb F s 1sa a

loi Hschhh w K8c w coria O p 1ae t
uPJIe8aaa o A68 o iEBJJ k G 1HI I

III III III I III I IIIII I I III I

/ / / / // / / /
GAGCTGCGCGCCAAGAGCACGCCGAGCGGCTTCACGCTGGACGACGTCATCCAGACAGGC

121 — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

CTCGACGCGCGGTTCTCGTGCGGCTCGCCGAAGTGCGACCTGCTGCAGTAGGTCTGTCCG

E L R A K S T P S G F T L D D V I Q T G
S C A P R A R R A A S R W T T S S R Q A

A A R Q E H A E R L H A G R R H P D R R

HS N

B CaaSSB 1 B CB C H H

ASMNNveucCSS R BR aMSD vs FT AMaM iAi
vascci I9rrcm s bo Isas ioas CWCn nhn

adjpii.JI6FFGa a va Ilja JFue io9 l 4df
III III III III I II IIII IIII IIII III

// / / / / / / / / // /
GTGGACAACCCGGGCCACCCGTACATCATGACCGTGGGCTGCGTGGCGGGCGACGAGGAG

181 — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

CACCTGTTGGGCCCGGTGGGCATGTAGTACTGGCACCCGACGCACCGCCCGCTGCTCCTC

V D N P G H P Y I M T V G C V A G D E E
W T T R A T R T S + P W A A W R A T R S

G Q P G P P V H H D R G L R G G R R G V

P

f
l S S

1 B M Ba AaB BUC

1P s b suD ATE BM T Vuls M Asbv

Ol e o t3.p laa Cn. a a91:s coai
8e R I YAn wor cl QI I6Fp iFJJ
II I I III III II I IIII IIII

/ / / / /
TCCTACGAAGTGTTCAAGGATCTCTTCGACCCCATCATCGAGGACCGGCACGGCGGCTAC

241 --------- + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

AGGATGCTTCACAAGTTCCTAGAGAAGCTGGGGTAGTAGCTCCTGGCCGTGCCGCCGATG

S Y E V F. K D L. F D P I I E D R H G G Y
P T K C S R I S S T P S S R T G T A A T

L R S V Q G S L R P H H R G P A R R L Q

129



360

:

420

:

480

:

. :
AAGCCCAGCGATGAGCACAAGACCGACCTCAACCCCGACAACCTGCAGGGCGGCGACGAC
- - - - - - - - - +-------------------------------------------------------

TTCGGGTCGCTACTCGTGTTCTGGCTGGAGTTGGGGCTGTTGGACGTCCCGCCGCTGCTG

B

BS

Sp
i1
H2
K8
A6
II

/

T

Ma

nq
ll
II

/

:
C
V P3
i s 8
R t?
I II

/

:
BBU

Assb

Copa
iFMJ
IIII

//

.
K P S D E H K T D L N P D N L Q G G D D

S P A M S T R P T S T P T T C R A A T T

A Q R

S

ABNa
vslu

apa 9
IGI6
IIVI

/ /

:
CTGGACCCCAACTACGTGCTGAGCTCGCGGGTGCGCACGGGCCGCAGCATCCGTGGCTTC

GACCTGGGGTTGATGCACGACTCGAGCGCCCACGCGTGCCCGGCGTCGTAGGCACCGAAG

+ A Q D R P Q P R Q P A G R R R P

MB

as

ea

IA

II

B B

P B S

Ul S p
1 CBi 1C
1DF Ava HA2aMST FFH
Oda linkc8 cwah osh

2eu u■ iài.68oca kpa
III IIIIIIIIII III

// / / / / / / / / /

S H

BaC BaB U
suvAsesMTb
c3 icolows a
G6JiFIFoet■
III.III.IIII

/ / / / / /

L D P N Y V L S S R V R T G R S
* A R G C A R A A A S V A SW T P T T C

G P Q L R A E L A G A H G P Q H P W L L

TGCCTCCCCCCGCACTGCAGCCGCGGGGAGCGCCGAGCCATCGAGAAGCTCGCGGTGGAA

ACGGAGGGGGGCGTGACGTCGGCGCCCCTCGCGGCTCGGTAGCTCTTCGAGCGCCACCTT

C L. P. P. H C S R G E R R A I

A S P R T A A A G S A E P S R S S R W K

:
M

CB C B B S S

M SFvs Fv/AsAsDpPaBMTHaTsbv
n faioaicacos Aschwhhespai
l cuRFuJijiFa1t IvoaaleRJJ
I IIII IIII III III III III III

//// / / / / / / / /

H TUC

l

I

T

a

QI uj8 ia
I

B

SDM

aSW

Jad

III

/

CS
BVf
bia
VJN

III

//

I R G F

CC

Ava AT
ic ch

II II

/ /

:

E K L A V E

P P P A L Q P R G A P S H R E A R G G S –
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540

:

600

:

660

:

E E B HS N

C B CCS B C S CCCBaa l
V S voc s BM F O C A aevceu T H M a

l p iRr p gw a R r c c{iel 9 h h n I
J G JIF G lo u I F i 83J fl 6 a a l I
I I III I II I I I I IIIIII I I I I

/ / //
GCCCTGTCCAGCCTGGACGGCGACCTGGCGGGCCGATACTACGCGCTCAAGAGCATGACG

481 — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

CGGGACAGGTCGGACCTGCCGCTGGACCGCCCGGCTATGATGCGCGAGTTCTCGTACTGC

A L S S L D G D L A G R Y Y A. L. K S M T.
P C P A W T A T W R A D T T R S R A * R

P V Q P G R R P G G P I L R A Q E H D G

A

B B B C C M C B

AE ST STMSTAV B TB Be b T E M V BS M

CC os oswosli b ab bl o a a n i bo w
ii Fe Feo Feud■ v qv vl I q r l J vC o
II II III IIII I II II I I I I I II I

/ / / / /
GAGGCGGAGCAGCAGCAGCTCATCGACGACCACTTCCTCTTCGACAAGCCCGTGTCGCCC

541 — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

CTCCGCCTCGTCGTCGTCGAGTAGCTGCTGGTGAAGGAGAAGCTGTTCGGGCACAGCGGG

E A E Q Q Q L I D D H F L F D K P V S P
R R S S S S S S T T T S S S T S P C R P

G G A A A A H R R P L P L R Q A R V A P

H H NS S H M

B C CB a Ca C la aC a B B C S S

MsTB a VSAHe MVeAaMauBTFuvBe S As AaBHpFaT
woss c iaval ni Iccwl.9sha9 is I a caccsgAach
ofel 8 JJael l■ Ii 8ol 6lau6Jr.I H i■ i8aa1ula
IIII I IIIII III III III III III I III III IIII

/ // / / / / / / / / / / / / / /
CTGCTGCTGGCCTCGGGCATGGCCCGCGACTGGCCCGACGCCCGCGGTATCTGGCACAAT

601 ––––––––– + - - - - - - - - - + - - - - - - - - - + — — — — — — — — — + - - - - - - - - - + - - - - - - - - - +

GACGACGACCGGAGCCCGTACCGGGCGCTGACCGGGCTGCGGGCGCCATAGACCGTGTTA

L L L A S G M A R D W P D A R G I W H N
C C W P R A W P A T G P T P A V S G T M.

A A G L G H G P R L A R R P R Y L. A Q *

131





720

:

780

:

840

:

661

721

781

E H S

R C S i Aa B B C
l O C B M nM Vu F As B S M V

e R r S in Cn a9a ces p s i
A I F l l Il I6u iR1 M l R

I I I I I II III III I I I

/ / /
GACAATAAGACCTTCCTGGTGTGGGTCAACGAGGAGGACCACCTGCGGGTCATCTCCATG

- - - - - - - - - + - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

CTGTTATTCTGGAAGGACCACACCCAGTTGCTCCTCCTGGTGGACGCCCAGTAGAGGTAC

D N K T F L V W V N E E D H L R V I S. M.

T I R P S W C G S T R R T T C G S S P C

Q * D L P G V G Q R G G P P A G H L H A

N N H

l l C B Ca M

a M a H B A FVHSM Ve M b

I n I p s C aiprs il In O

I l I h g i uRhFp JI l I
I I I I I I IIIII II I I

/ /
CAGAAGGGGGGCAACATGAAGGAGGTGTTCACCCGCTTCTGCACCGGCCTCACCCAGATT

- - - - - - - - -
+ - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - - - - - - - - - - - - - -

GTCTTCCCCCCGTTGTACTTCCTCCACAAGTGGGCGAAGACGTGGCCGGAGTGGGTCTAA

Q K G G N M K E V F T R F C T G L T Q I
R R G A T * R R C S P A S A P A S P R L.

E G G Q H E G G V H P L L H R P H P D +

N E
H T C l N CCB S C

l a jE D aH 1 F jos BBc v}{M F
n QI ea d Ip a o eRassr ipn o
4 I Pr e Ih I k PIJll F Jhl k
I I II I II V I III III III I

/ /// /
GAAACTCTCTTCAAGTCTAAGGACTATGAGTTCATGTGGAACCCTCACCTGGGCTACATC

- - - - - - - - - + - - - - - - - - - - - - - - - - - - - - -H - - - - - - - - - -- - - - - - - - - - -} - - - - - - - - - - -

CTTTGAGAGAAGTTCAGATTCCTGATACTCAAGTACACCTTGGGAGTGGACCCGATGTAG

E T L F K S K D Y E F M W N P H L G Y I
K L S S S L R T M S S C G T L T W A T S

N S L Q V * G L * V H V E P S P G L H P
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s

E p
B BCS N1 B CB SC C BC

MB S BSOC BBl2FMSNvs BAcaT M B V M ASVT

nC p baRr ama'8aspcioscros m b i w lois
lc M v.JIF ngléupMijFliF8e e v R O uPJe
II I IIII IIVIII.III.III.III I I I I IIII

// / / / / //
CTCACCTGCCCATCCAACCTGGGCACCGGGCTGCGGGCAGGTGTGCATATCAAGCTGCCC

841 --------- + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

900
GAGTGGACGGGTAGGTTGGACCCGTGGCCCGACGCCCGTCCACACGTATAGTTCGACGGG

a L T C P S N L G T G L R A G V H I K L P

b S P A H P T W A P G C G Q V C I S S C P
C H L P I Q P G H R A A G R C A Y Q A A Q

T

t

E N h E

CB S C l H 1 AC B CB U
Os BC a a iM 1 B foM As Mvs Tb M

Rasr C I Inn 1 b 15s cowicsa n

IJIF 8 I 4l I V I7e iPod Fej l
IIII I I II I I III IIIIIII I

/ // / / /
AACCTGGGCAAGCATGAGAAGTTCTCGGAGGTGCTTAAGCGGCTGCGACTTCAGAAGCGA

901 — — — — — — — — — + — — — — — — — — — + — — — — — — — — — + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +

960
TTGGACCCGTTCGTACTCTTCAAGAGCCTCCACGAATTCGCCGACGCTGAAGTCTTCGCT

a N L G K H E K F S E V L K R L R L Q K R
b T W A S M R S S R R C L S G C D F R S E

C P G Q A * E V L G G A * A A A T S E A R

CB M B BM A BB

AB VSTAF Bb/A c T sa a SS A

cb iosca boc e a ae t Ituma C

iv. JFeiu sIi f q HI I AB i
II IIIII III I I II I II I

/ / / / /
GGCACAGGCGGTGTGGACACGGCTGCGGTGGGCGGGGTCTTCGACGTCTCCAACGCTGAC

961 — — — — — — — — — + — — — — — — — — — + - - - - - - - - - + — — — — — — — — — + - - - - - - - - - + - - - - - - - - - +

1020
CCGTGTCCGCCACACCTGTGCCGACGCCACCCGCCCCAGAAGCTGCAGAGGTTGCGACTG

a G T G G V D T A A V G G V F D V S N A D

b A Q A V W T R L R W A G S S T S P T L T
C H R R C G H G C G G R G L R R L Q R * P
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Jll
III
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C
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II
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i : : :
B C

ASCVT

lojis
uFeu■ e

IIIII

//
CGCCTGGGCTTCTCAGAGGTGGAGCTGGTGCAGATGGTGGTGGACGGAGTGAAGCTGCTC

GCGGACCCGAAGAGTCTCCACCTCGACCACGTCTACCACCACCTGCCTCACTTCGACGAG

R L G F S E V E L V Q M V V D G V K L L
A W A S Q R W S W C R W W W T E *

P G L L R G G A G A D G G G R S E

: :
ATCGAGATGGAACAGCGGCTGGAGCAGGGCCAGGCCATCGACGACCTCATGCCTGCCCAG

TAGCTCTACCTTGTCGCCGACCTCGTCCCGGTCCGGTAGCTGCTGGAGTACGGACGGGTC

:
M

BSACU

AsplvbM
coAwiaw
iF1NJJo
III IIII

/ / /

S

a

ul CVO eCVHEeT B

9 jiRIriacIa p
6 ej IIFJeclo m
I IIIIII IIII I

EH H

CCaSC a

// / / / /

I E M E Q R L E Q G Q A I

: : :

D D L M P A Q
S R W N S G W S R A R P S T T S C L P R

S C
A A H –

R D G T A A G A G P G H R R P H A C P E –
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Enzymes that do cut:

Aat II

Aval
Bcefl
BSaj I

BSmBI

BSSHII

Dpnl
Faul■

Hhal
Mnl I

Nlal II
SacI

Ss e8387 I
Tth111 II

Acel■ II Acil
Aval I Banl

Bgll Bmg I
BSCGI BS eBI

BsoFI Bsp1286.I
BS ty.I Cac{8I

DSal■ Eael■

FokI FspI
Hin AI HincII

MSCI Msel■
Nla IV Pfl. 1108 I
SacII Sau'96 I

Styl Taql
Ubaj I

Enzymes that do not cut:

AccI
Bael

BSaBI

BspEI
Bsu-36 I

EcoC109 I
Mael■ II

Not I
Pme I

Sall
SnaBI

Swal■

Xmn I

Afll II Apal
BambHI Bcgl.
BSaWI BSaxI

BspI,U11I BS rBI
Clal Dral■

ECORI EcoRV
Mlul Mun I

Nrul Nsil
Pml I Psh/AI

SanDI Sapl
Spel Sphl
Tfi I Tsp45I

Afl II
Banll

BpmI
Bsgl

BspGI
Ciel
Eagl

Gdi.II
Hinfl

Msl I
PleI

Sau5AI

Taq II

Apabl
Bcgl.
Bsbl

BSrGI

Dral II
F's eL

Narl

Nspl

Ahd I
Bbs I

BpulOI
BsiBI

BspMI
Cie PI

Earl■

Hael

Hph I
MspI
Pstl

SCrFI
Thal

Apall
BC1 I
BSmI

BSSSI

DrdI

HgiEII
NCOI

NspV
Psp5II Pspl406I

Scal SexAI

Srf I Sse 8647 I
Tsp509 I Vspl

Alul
Bbvl

Bpul102I
BsiHKAI

BSr I
Cvij I
Ecil

Hael I

Mael■ I

MspA1I
Rcal

Sfan I
Tsel■

Apol
Bfal■

BSImFI
Bst1107 I

Drd II
HindIII

Ndel■

PacI
PVuT
Sfil

Sspl
Xbal

Alwl
BCCI

Bsa AI
Bsll

BS rBI
CvikI

EcoS7I
Hael II

Mbol■ I
MWOI

Rle/AI
SfcI

TspRI

ASCI

Bgll I
Bsp24I
BS tell I

Eco 47 III

HpaI
NgoAIV

PflMI
PVul II

Sgfl
Stul

XCmI

AlwNI
BCe 83 I

BSaHI

BsmAI

BSrFI
Ddel

ECORII

Hgal
Mmel■
Ncil
Rsal

SmaI

Tth111.I

AVrl■ I

Bsal■

Bsp24I
BS trºI

ECONI

Kpnl
Nhel

Pinal
Rsr|[I

Sgral
Sunl
XhoI

135



Appendix 3

Nucleotide Sequence of Human Brain CK cDNA from HBCK-pET17B Obtained by the

Dideoxy Chain Termination Method.

Sequences which could not be accurately determined by manual sequencing are

underlined. The correct sequence as determined by Marriman (154) is shown above the

text in small letters and the misread bases are underlined. All sequence discrepancies are

all the result of GC compressions.

ATGCCCTTCTCCAACAGCCACAACGCACTGAAGCTGCGCTTCCCGGCCGA 50

GGACGAGTTCCCCGACCTGAGCGCCCACAACAACCACATGGCCAAGGTGC 100

ºccocºcocºcºcococcºcºcoccº 150

TTCACGCTGGACGACGTCATCCAGACAGGCGTGGACAACCCGGGCCACCC 200

GTACATCATGACCGTGGGCTGCGTGGCGGGCGACGAGGAGTCCTACGAAG 250
#2 cgc.gc.g

TGTTCAAGGATCTCTTCGACCCCATCATCGAGGACCGGCACCGGCGCTAC 300
#3 go

AAGCCCAGCGATGACGACAAGACCGACCTCAACCCCGACAACCTGCAGGG 350
#4 cq

CGGCGACGACCTGGACCCCAACTACGTGCTGAGCTCGCGGGTGGCCACGG 400

GCCGCAGCATCCGTGGCTTCTGCCTCCCCCCGCACTGCAGCCGCGGGGAG 450

CGCCGAGCCATCGAGAAGCTCGCGGTGGAAGCCCTGTCCAGCCTGGACGG 500

CGACCTGGCGGGCCGATACTACGCGCTCAAGAGCATGACGGAGGCGGAGC 550

AGCAGCAGCTCATCGACGACCACTTCCTCTTCGACAAGCCCGTGTCGCCC 600

CTGCTGCTGGCCTCGGGCATGGCCCGCGACTGGCCCGACGCCCGCGGTAT 650

CTGGCACAATGACAATAAGACCTTCCTGGTGTGGGTCAACGAGGAGGACC 700

ACCTGCGGGTCATCTCCATGCAGAAGGGGGGCAACATGAAGGAGGTGTTC 750

ACCCGCTTCTGCACCGGCCTCACCCAGATTGAAACTCTCTTCAAGTCTAA 800

GGACTATGAGTTCATGTGGAACCCTCACCTGGGCTACATCCTCACCTGCC 850
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CATCCAACCTGGGCACCGGGCTGCGGGCAGGTGTCGATATCAAGCTGCCC

AACCTGGGCAAGCATGAGAAGTTCTCGGAGGTGCTTAAGCGGCTGCGACT

TCAGAAGCGAGGCACAGGCGGTGTGGACACGGCTGCGGTGGGCGGGGTCT

TCGACGTCTCCAACGCTGACCGCCTGGGCTTCTCAGAGGTGGAGCTGGTG

CAGATGGTGGTGGACGGAGTGAAGCTGCTCATCGAGATGGAACAGCGGCT

GGAGCAGGGCCAGGCCATCGACGACCTCATGCCTGCCCAGAAATGAAGC

900

950

1000

1050

1100

1149
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Appendix 4.

Predicted masses of a tryptic digest of human CK-BB
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13,14 139–151 1458.67 | (R) GFCLPPHCSRGER (R)
12,13 136-148 1472.73 |(R) SIRGFCLPPHCSR (G)

26 253–265 1500.78 |(R) FCTGLTQIETLFK (S)
4,5 33–45 1502.86 (K) VLTPELYAELRAK (S)
1.2 1-13 1514.79 |() MPFSNSHNALKLR (F)
17 157-172 1586.84 |(K) LAVEALSSLDGDLAGR (Y)
40 367–381 1656.83 |(R) LEQGQAIDDLMPAQK ()
22 224–236 1657.83 I(K) TFLVWVNEEDHLR(V)

–7.77 253-267 TT550-TEFCTGLTOIETIFKSKD)-
20,21 210-223 1723.79 |(R) DWPDARGIWHNDNK (T)

38 342–358 1848.98 |(R) LGFSEVELVQMVVDGVK
(L)

37 321-341 1964.93 (R)GTGGVDTAAVGGVFDVSN
ADR(L)

16,17 153–172 2028.10 |(R)AIEKLAVEALSSLDGDLAGR
(Y)

36,37 320-341 2121.03 |(K)RGTGGVDTAAVGGVFDVS
NADR(L)

25,26 248-265 2133.11 |(K)EVFTRFCTGLTQIETLFK(S)
3 14–32 2169.97 | (R)FPAEDEFPDLSAHNNHMAK

(V)
17,18 157–177 2225.18 (K)LAVEALSSLDGDLAGRYYA

LK(S)
22,23 224–242 2344.21 |(K)TFLVWVNEEDHLRVISMQK

(G)
2,3 12-32 2135T5-TX).IREFREDEFFDISKHNNHNT

AK(V)
7,8 87-107 2468.18 (K)DLFDPIIEDRHGGYKPSDEH

K(T)
9 108-130 35TTTTÜKYTDINPDNLOGGDDDDFNYV.

LSSR(V)
21,22 216–236 3E-TRICTWHNDNKTFDVWWNEED

HLR(V)
39,40 359-381 2669.36 |(K)LLIEMEQRLEQGQAIDDLM

PAQK()
9,10 108-132 35TTTTÜKYTDINPDNLOGGDDDDFNYW.

LSSRVR(T)
38,39 342–336 2861.52 (R)LGFSEVELVQMVVDGVKLL

IEMEQR(L)
28 268–292 3.35753-TX)|DYEFMWNPHDGYLTCFSN

LGTGLR(A)
27,28 266–298 3112.50 (K)SKDYEFMWNPHLGYILTCP

SNLGTGLR(A)
3,4 14–43 3454.67 | (R)FPAEDEFPDLSAHNNHMAK

VLTPELYAELR(A)
28,29 268–298 3502.74 |(K)DYEFMWNPHLGYILTCPSN

LGTGLRAGVHIK(L)
19 178-209 357.75 TOKYSMTEXEQQOLIDDHFLFDK

PVSPLLLASGMAR(D)
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8,9 97-130 3753.74 (R)HGGYKPSDEHKTDLNPDNL
QGGDDLDPNYVLSSR(V)

37,38 321-358 3794.89 (R)GTGGVDTAAVGGVFDVSN
ADRLGFSEVELVQMVVDGVK
(L)

18,19 173-209 4226.13 (R)YYALKSMTEAEQQQLIDDH
FLFDKPVSPLLLASGMAR(D)

19,20 TTET5 4328.11 (KWSMTEXEQQOLIDDHFLFDK
PVSPLLLASGMARDWPDAR(G)

46–86 4375.00 (K)STPSGFTLDDVIQTGVDNPG
HPYIMTVGCVAGDEESYEVFK
(D)

5,6 44-86 45.74.14 (R)AKSTPSGFTLDDVIQTGVDN
PGHPYIMTVGCVAGDEESYEV
FK(D)

6,7 46-96 5588.6 (K)STPSGFTLDDVIQTGVDNPG
HPYIMTVGCVAGDEESYEVFK
DLFDPIIEDR(H)
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