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Abstract

Determination of the Structural Factors Contributing to the
Bioactivity of TGF-beta Analogs

by

Erika Whitney

Doctor of Philosophy in Bioengineering

University of California San Francisco

and

University of California Berkeley

Professor Rajendra Bhatnagar, Chair

Internally, TGF-3 (Transforming Growth Factor-beta) suppresses proliferation,

promotes apoptosis, and stimulates the synthesis of the extracellular matrix. Externally,

TGF-■ accelerates wound healing, fibrosis, keloid formation, and cancer. The design of

agonists is important. An agonist was designed with the sequence: L-alanyl-L-

aspariginyl-L-valyl-L-alanyl-L-glutamyl-L-asparaginyl-L-alanine. This bioactive

heptapeptide, cytomodulin-1 (CM-1), expresses TGF-3 activity in comparable

(picomolar) concentrations.



Conservative substitutions have confirmed the structural requirements for

bioactivity. CMs with a helical destabilizing residue, glycine, were inactive. CMs with

less helical stabilization in positions 1-6 result in inactivity, while more stabilization in

position 1 results in marginal activity. Structural algorithms predicted that CM-1 would

form a non-specific turn (0.158) starting at Ala4. Circular Dichoric spectra of CM-1

show stability in the O-helical/fl-bend (210-230 nm) region in the presence of

trifluoroethanol (TFE), methanol (CH3OH), and deuterium oxide (D2O). Increased order

is also seen in aqueous solutions up to 40°C. The [0]222/[0]208 ratios indicate that a 310

helix, a nonspecific turn, is formed in nonpolar solvents at high temperatures. Thus

structural algorithms are applicable to peptides, in which local interactions dominate.

Molecular dynamics studies performed at 30 pico seconds have yielded an (i, i43)

hydrogen bond between the side chain carbonyl of asparagine 2 and the amide hydrogen

of glutamic acid 5. This 1–4 (i, i+3) hydrogen bond is characteristic of turns and

310-helices. 1D and 2D 'H Nuclear Magnetic Resonance experiments in

90%CH3OD/10% D2O at –10 °C show amide cross peaks are consistent with a helical d

structure: N (4)-N (5) and N (6)-N (7). These peaks indicate a helical structure in the C

terminus from residues Ala4-Ala".

This stable nonpolar helix can form a 310-helix at higher temperatures in nonpolar

solvents. One active CM (CM-3), has the sequence LIAPEA. This is similar to a portion

of a loop of TGF-3 within the receptor-binding region, "PEA”, which also forms a 30

helix. This portion of TGF-3 is a new loop that has not been identified as the region

required for binding or activity. The location of this region in relation to other binding



regions indicates that the binding and active sites may be distinct.

JV
Rajendra Bhatnagar, Chair
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Chapter 1

Biological Introduction

1.1 TGF-3 Activities

Each cell is programmed to respond to specific combinations of signaling

molecules. Cells depend on a precise set of signals for survival. In the absence of those

signals, a cell programs its own cellular death (Alberts, B, et al., 1994). Some signals

secreted by cells are soluble factors called cytokines. Cytokines influence such activities

as growth, differentiation, metabolism, immunomodulation, and cellular organization. A

family of cytokines is the TGF-3 superfamily (Goldring, M. B. and Goldring, S. R.,

1991). The TGF-3 superfamily influences growth and differentiation functions including

the body plan formation during embryogenesis, bone/cartilage differentiation, and cell

growth (Lyons, K. M., et al., 1991; Kolodziejczyk, S. M. and Hall, B. K., 1996). Of the

family members, the TGF-3 subfamily is the most widely studied. TGF-És stimulate the

proliferation of mesenchymal cells such as fibroblasts and osteoblasts, but act as growth

inhibitors of cells of epithelial and endothelial origin (Masui, T., et al., 1986; Roberts, A.

B., and Sporn, M. B., 1990).

The 5 distinct isoforms (TGF-31, TGF-32, TGF-33, TGF-34, TGF-35) occur

principally as homodimers (Cheifetz, S. et al., 1988). The isoforms have a 64-76%

sequence homology as compared to TGF-32 (Schlunegger, M. P. and Grütter, M. G.,

1992). Of the three mammalian isoforms (TGF-31–3), TGF-31 is the most abundant

(Roberts, A. B. and Sporn, M. B., 1993) and was the first member to be isolated

(Kingsley, D. M., 1994). In vitro, the isoforms have unique activities. Cultured

:-***
ºr...º

********* .

--~~~~



endothelial cells have their proliferation inhibited by TGF-31 and TGF-33, but less by

TGF-32 (Cheifetz, S. et al., 1991). The mesoderm formation in Xenopus is induced by

TGF-31 and TGF-33, but not by TGF-32 (Rosa, F. et al., 1988). As far as potency, TGF

31 is up to 100 times more effective at inhibiting endothelial cell growth than TGF-32

(Kolodziejczyk, S. M. and Hall, B. K, 1996). In vivo, the biological effects of TGF-3s

during wound repair also differ. TGF-31 and TGF-É2 induce cutaneous scarring, whereas

TGF-33 is inhibitory (Shah, M., 1995).

The transforming in TGF-3 comes from its ability to suppress the appearance of

the transformed phenotype in co-cultures by TGF-É1. In this regard, TGF-É may be

involved in carcinogenesis. Certain transformed cells overproduce TGF-3 in an active

form, which may result in higher metastatic activity (Samuel, S. K., et al., 1992).

Alternatively, certain transformed cells become resistant to TGF-É action, and may

escape from a negative growth regulation by TGF-É (Keski-Oja, J. et al., 1987;

Miyazono, K. et al., 1993). The regulation is defined by mesenchymal-epithelial

interactions. The expression of TGF-É3 by a mesenchymal cell modulates the malignant

phenotype in a neighboring epithelial cell (Misero et al., 1991). This leads to the

possibility of mesenchymal cells actively suppressing carcinogenesis in adjacent

epithelia. The loss of such active suppression could contribute to carcinogenesis and

tumor growth (Border, W. A. and Ruoslahti, E. 1992; Attisano, L. et al., 1994).

TGF-3 has been shown to promote healing in a large variety of wound models

when applied topically. Administrations of TGF-É to wound chambers or incisional

wounds accelerate wound healing (Roberts, A. B. and Sporn, M. B., 1993). A dose of



TGF-3 given before wounding enhances healing in several healing-impaired models such

as in animals treated with adriamycin (Lawrence, W. T., et al., 1986; Curtsinger, L. J. et

al., 1989; Roberts, A. B. and Sporn, M. B., 1993), glucocorticoids (Pierce, G. F. et al.,

1989; Beck, L. S. et al., 1991), or radiation (Bernstein, E. F. et al., 1991). The induction

of TGF-33 reduces the connective tissue deposition and subsequent scarring during

wound healing in normal rats. TGF-33 expression after the completion of the

proliferative phase of wound healing suggests the up-regulation of this factor could be

involved in limitating fibrotic processes (Shah, M., et al., 1995; Frank, S., et al., 1996).

Since TGF-3 accelerates wound healing, imitating TGF-3 behavior has far-reaching

surgical applications.

In the neonatal brain, TGF-B stimulates the synthesis of the nerve growth factor

(NGF) in cultured astrocytes. The mRNA for TGF-31 is increased in the cerebral cortex

after a penetrating brain injury (Lindholm, D. et al., 1992) (Roberts, A.B and Sporn, M.

B., 1992). TGF-31 is also increased in the central nervous system of Alzheimer's disease

patients (Amara, F., et al., 1999). Huang et al. (1998) showed that the amyloid peptide

containing 39–42 amino acid residues is a major constituent of Alzheimer's disease

neurite plaques. This monomer comprises the major proteinaceous component of amyloid

deposits. It also inhibits radio labeled TGF-binding to cell-surface TGF-receptors in mink

lung epithelial (MV1Lu) cells (Pike, C., et al., 1993; Huang, S. S., et al., 1997; Huang, S.

S., et al., 1998). Amara et al. (1999) found that the TGF-31 treatment of human

astrocytes elevated the amyloid peptide mRNA levels, and increased the half-life of the

amyloid peptide message by at least 5-fold. Kim et al. (1998) have shown that the TGF

beta pretreatment protects neuroblastoma cell lines, human hNT neurons, and primary rat

sº-----
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embryo hippocampal neurons (REHIPs) from degeneration caused by incubation with

beta-amyloid peptide. TGF-beta also interferes with an apoptotic pathway induced by

amyloid beta. In neuronal cell types treated with Amyloid beta, TGF-É appears to

regulate expression of genes and favors an anti-apoptotic pathway (Kim, E. S., et al.,

1998). TGF-3 regulates diverse diseased states.

Animals homozygous for null mutations in the TGF-31 gene survive until birth

with no apparent morphological abnormalities (Shull, M. M. et al., 1992; Kulkarni, A. B.,

et al., 1993). The animals subsequently develop a massive immune filtration of many

different organs and usually die around weaning age, suggesting that TGF-31 also

suppresses immune reactions (Kingsley, D. M., 1994). The creation of mice that

overexpress TGF-3 has also been achieved, although attempts to make these transgenic

mice have led to embryonic lethality (Roberts, A. B. and Sporn, M. B., 1992).

1.2 In Vitro Biological Activity of TGF-3 and CM-1

TGF-B has several unique extracellular activities. It increases extra cellular

matrix (ECM) components by acting on several levels of the accumulation process. TGF

3 up-regulates inhibitor synthesis and down-regulate protease synthesis (Attisano, L. et

al., 1994). It stimulates the ECM formation by increasing the following: collagen (type

1), fibronectin, proteoglycan, and tenascin. TGF-3 decreases the synthesis of the

following proteinases: collagenase, transin, cathepsin L. It increases the synthesis of the

proteinase inhibitors plasmogen activator inhibitor and urokinase. It also increases

synthesis of cell adhesion receptors fibronectin receptor and other integrins (Attisano, L.

et al., 1994).



In human fibroblasts, hypoxia and hyperoxia upregulate the synthesis of TGF-Él

(Falanga, V. et al., 1991; Roberts, A. B. and Sporn, M. B., 1992). In most cells, TGF-B is

released as a biologically inactive precursor consisting of a dimer of the N-terminal pro

region, or LAP protein, associated with the dimer of the C-terminal mature protein

(Hammonds, R. G. et al., 1991). Activation occurs upon the release of the biologically

active TGF-3 dimer in vitro by a variety of means including the enzymatic activity of

plasmin, cathepsinD, and glycosidases or alternatively chemical treatments such as

heating or low pH (Miyazono, K. et al., 1993).

1.3 Receptor Mutants Studies Narrowing Down the Binding Site

1.3.1 Signaling Pathway and Receptors

Growth and differentiation factors belonging to the TGF-3 superfamily and their

effects are well characterized, contrary to the signaling pathway (Kolodziejczyk, S. M.

and Hall, B. K., 1996). A general model has been proposed for signal transduction by this

class of receptors in which the ligand is directly involved in mediating the association of

two distinct transmembrane kinases. After one kinase phosphorylates the other, the

signaling pathway is initiated (Wrana, J. L., et al., 1994). In this pathway, TGF-3 binds to

two receptors, type I (TBR-I, 55kDa) and type II (TBR-II, 75 kDa). Ligand binding to

TÉR-II induces the recruitment of TBR-I into a stable complex (Carcamo, J., et al., 1995).

TÉR-I shows binding affinity only when co expressed with TBR-II (Kingsley, D. M.,

1994). Homologous cytoplasmic regions are unable to participate in signal propagation

(Attisano, L. et al., 1993).
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TÉR-I and T■ SR-II are distantly related serine/threonine kinase transmembrane

receptors. These receptor proteins contain an amino terminal signal sequence, a cysteine

rich extracellular binding domain, a single hydrophobic membrane spanning helix, and a

cytoplasmic region consisting almost entirely of a kinase domain (Massague, J., 1992;

Wrana, J. L. et al., 1994b; Kingsley. D. M., 1994a; Dijke, P. T., et al., 1994;

Kolodziejczyk, S. M. and Hall, B. K., 1996). Their extracellular regions show greater

variation, with some comparisons yielding less than 20% sequence similarity (Dijke, P.

T., et al., 1994).

TGF-3 also binds to a third receptor, TBR-III (280kDa) (Kolodziejczyk, S. M. and

Hall, B. K., 1996). The third receptor, TºR-III, known as betaglycan, is 853 amino acids

long. It contains a long ectodomain of 15 cysteines within two subdomains

(Kolodziejczyk, S. M. and Hall, B. K., 1996). This receptor and a related molecule,

endoglin, bind TGF-3 with high affinity (Lopez-Casillas. F. et al., 1991; Wang, X. F. et

al., 1991). Hematopoietic progenitor cells (Ohta, M. et al., 1987), endothelial cells, and

epithelial cells in primary or early passage cultures (Segarini, P. R. et al., 1989) do not

express TBR-III, yet are still growth inhibited by TGF-3. This indicates that TBR-III is

not directly involved in signal transduction (Miyazono, K., et al., 1993). In the absence of

TÉR-III, a small number of TBR-IIs show a higher affinity to TGF-31 or TGF-33 and a

fivefold lower affinity for TGF-32. In the presence of TÉR-III, a large number of TÉR-II

can bind to all three TGF-3 mammalian isoforms with large affinity (Kingsley, D. M.,

1994). Thus T3R-III may store and present different isoforms to the TBR-II (Wang, X., et

al., 1991; López-Casillas, F., et al., 1993).



Activating the signaling pathway has several downstream effects including the

TGF-3 additions to Mv1Lu cells resulting in the inhibition of both DNA synthesis and

cell proliferation, and up-regulation of junB mRNA. An increase in fibronectin and PAI-1

production of S21 cells, derived from the MV1Lu line, bind TGF-■ and carry a normal

complement all three receptors but do not exhibit any of the responses seen in the

progenitors (Carcamo, J., et al., 1995). In the signaling cascade: TGF-É (the ligand)

binds to TBR-II. T■ AR-I is recruited to the complex. The TÉR-II phosphorylates the GS N

terminal region of TÉR-I receptor. The complex activates G (Guanine)-proteins and Ras

(a GTPase). Ras then forms a complex with Raf. This begins the MAPKKK pathway º º

(mitogen activated protein kinase kinase kinase). MEK/MAPKK is the only known ºxx

substrate for Ras and activates MAPK. MEK phosphorylates MAPK (Thr and Tyr amino

acids). And MAPK signals phosphorylation of nuclear transcription factors (API, Jun, ---

Fos) and gene expression results.

1.3.2 Regions Implicated in Binding or Activity &T
In some cells the TGF-3 isoforms have identical properties, but colorectal cells ~~

are an exception. Colorectal cells are growth inhibited by TGF-31 but less so by TGF-32.

Portions of TGF-3 are important in binding. Colorectal assays using chimeric proteins

have been constructed with amino acids 1-39 and 83-112 from TGF-32 amino acids 40

82 from TGF-31 and were equipotent to TGF-31 (Qian, S. W. et al., 1992). Thus amino

acids 40-82 of TGF-31 could correspond to the receptor-binding domain (Kolodziejczyk,

S.M., and Hall, B. K., 1996). Individual residues have also been deemed important in the

40-82 amino acid region. The substitution of a single alanine residue at positions 45 and



47 for leucine and proline, respectively, greatly reduces the affinity of serum O-2

macroglobulin for TGF-3. Differential TGF-É potency can be partially attributed to the

differences in availability of the growth factor as a result of sequestration by O2-M. The

amino acids 40–47 are thought to be responsible for the greater potency of TGF-31 over

TGF-32 in inhibiting growth of a human colorectal cell line and may determine receptor

binding specificity (Burmester, J. K., et al., 1998; Kolodziejczyk, S.M. and Hall, B. K.,

1996).

Amino acids 52-55 are also important with respect to TGF-3 binding. The

antibody to a TGF-31 peptide containing the motif WSLD (52" to 55" amino acid

residues) completely blocks both *I TGF-31 binding to TGF-B receptors and TGF-31

induced growth inhibition in mink lung epithelial cells. Site-directed mutagenesis

analysis revealed that the replacement of Trp52 and Asp55 by alanine residues

diminished the growth inhibitory activity of TGF-31 by ~90%. Finally, while wild-type

TGF-31 was able to stimulate growth of transfected NIH 3T3 cells, the double mutant

TGF-31 W52A/D55A was much less active. These workers concluded that the WSLD

motif is an active site of TGF-É1, which is important for growth inhibition of epithelial

cells and growth stimulation of fibroblasts.

In a recent experiment by Burmester and Daopin, a series of chimeric TGF-3

molecules were created and assayed also using the colorectal cells assay. In the TGF

51/TGF-32 (92-98), its function was the same as TGF-32. This demonstrates the

importance of amino acids 92-98, part of a surface exposed fl-turn, in an aspect of

receptor-binding (Daopin, S., et al., 1992; Schlunegger, M. P. and Grutter; M. G. 1992;

Burmester, J. K., et al., 1998).
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1.3.3 Binding Proteins

The lack of TGF-É specificity has been demonstrated by its binding to a number

of proteins such as O2-macroglobulin (O2-M) (Wakefield, L.M. et al., 1987), fibronectin

(Fava, R. A. and McClure, D. B., 1987), a soluble form of the TGF-3 type II receptor

(Andres, J. L., et al., 1991), decorin (Tsuji, T., et al., 1990), [3-amyloid precursor protein

(Huber, D. et al., 1991), O-fetoprotein (Aptman et al., 1990), type IV collagen (Paralkar,

V. M., et al., 1991), and thrombospondin (Murphy-Ullrich, J. E. et al., 1992). Binding of

TGF-3 to O2-M and decorin results in inactivation of TGF-3, whereas inhibition of TGF

É activity has not been observed for TGF-3 bound to the other proteins (Miyazonon, K. et

al., 1993). TGF-3 binding is nonspecific, indicating that it may include several distinct

regions. This comparison shows that most substitutions are conservative in these portions

62–68 70-72 77–80 82-92 92–95

TGF-31 VLALYNQ PGA CCVPQ ALEPLPIVY'YV VGRK

TGF-32 VLSLYNT PEA CCVSQ DLEPLTILYYI IGKT

TGF-33 VLGLYNT PEA CCVPQ DLEPLTILY'YV VGRT

TGF-34 VLALYNQ PGA CCVPQ TLDPLPIIYYV VGRN

TGF-35 VLSLYNQ PGA CCVPD VLEPLPHYYV VGRT

Table 1.1: The sequences in the TGF-31- TGF-35 isoforms showing conserved regions having secondary

Structure.
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of the molecules. Thus, TGF-32, which has a known structure, is a good basis of

structural comparisons, accurately representing the other TGF-É molecules in these

regions.

1.4 Discovery of A Bioactive Peptide

Cytomodulin (CM-1), a synthesized peptide, has the same biological activity as

TGF-B in equimolar (picomolar) amounts (Bhatnagar, R. S., et al., manuscript in

preparation). Other active and inactive peptides have also been synthesized. CM-1 was

synthesized by solid phase procedures using 9-fluorenymethoxycarbonyl protecting

groups. The peptide was purified by reverse phase high-pressure liquid chromatography

using a C-18 column in a gradient of acetonitrile and H2O. The purity of the peptide used

CM Position Activity
1 2 3 4 5 6 7

(I) - A N v A E N A Active
(II) L I A E A K Active
(III) L I A. P E A Active
(IV) - L. I Ab- A. E A K Active
(V) L I Nme A E K Active
(VI) - L. Abu A E A K Active
(X) L I A N A K Active

(XII) L. I A Q A K Active
(XI) L I A. E A A Active

(XIV) L I A. G E G Mactive
(XV) A. N V A. E K Mactive
(VII) G G Q I A N I Inactive
(VIII) E G I A. G K Inactive
(IX) L I A. D A K Inactive

(XVI) L I A
-

K G K Inactive
(XIII) L I A G G E Inactive

Table 1.2: The sequences of active, marginally active (Mactive) and inactive CMs are shown. The gray

shaded areas are conservative substitutions, and the white areas are unconserved (when compared with

CM-1).
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in these studies was >95%. The amino acid sequence was confirmed by sequence

analysis (Bhatnagar, R. S., et al., manuscript in preparation). Other CMs with different

sequences were also synthesized and shown in Table 2.4. The nonconservative

substitutions are equally distributed among active (49%), inactive (45%), and marginally

active (17%) CMs. Thus a more extensive analysis must be used to predict activity.

1.5 In Vitro Activity of CM-1/Biological Methods

1.5.1 Biological Systems Define Activity

CM-1 has been determined to be biologically active in several systems. The first

assay was the measurement of the proliferation inhibition of Mink lung epithelial

(Mv1Lu) cells. Epithelial cells are growth inhibited by TGF-3, and respond similarly to

CM-1. Biological activity was further confirmed by measuring anchorage-independent

colony promotion by normal rat kidney fibroblasts (NRK49F) in soft agar. The third

measure of activity was the expression of collagen 0.1 (I) chain and TGF-3 and decreased

the expression of matrix-metalloproteinase-I (MMP-1, collagenase) in cultures of normal

human dermal fibroblasts. The last in vitro indicator of activity was in human osteogenic

sarcoma (HOS) cells. In HOS cells, CM-1 increased the expression of collagen O.1 (I)

chain, TGF-31, and the bone markers alkaline phosphatase and osteonectin. In an in vivo

experiment, CM-1 elicited a fibrotic response and increased the expression of TGF-31 in

rats in amounts as low as 7.0x10"g.
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1.5.2 Materials

All media and supplies for tissue culture were obtained from the University of

California San Francisco Tissue Culture Facility. Mink lung epithelial (MV-1-Lu) cells,

normal rabbit kidney fibroblasts (NRK 45-F), and human osteogenic sarcoma (HOS)

cells were obtained from American Type Culture Collection, Rockville, MD.

Recombinant human transforming growth factor [31 (rh.TGF-31) was a product of

Boehringer Mannheim. The cDNAs for human collagen O. I (I) chain, collagenase (MMP

1), alkaline phosphatase, osteonectin, and TGF-É1 were isolated from vectors obtained

from American Type Culture Collection. Digoxigenin (DIG-11-duTP) was obtained

from Boehringer Mannheim (Bhatanagr, R.S., et al., manuscript in preparation).

1.5.3 Tissue Culture

5x10° cells/well were plated in 96-well plates in non-essential MEM containing

10% fetal calf serum (FCS). After 4 hours, the medium and non-adherent cells were

aspirated and the adherent cells were washed with Waymouth's medium +0.1% FCS.

After the cells were cultured for 48 hours in non-essential MEM +1% FCS, the indicated

concentrations of CM-1 were added. Cell numbers were assayed after 16 hours, using a

colorimetric procedure.

1.5.4 Anchorage Independent Cell Growth

The anchorage independent cell growth of NRK-49F normal rabbit kidney

fibroblasts was examined in the presence of CM-1 and compared with TGF fl1 using

adaptation of a published method (Massague, J. et al., 1994; Miyazono, K., et al., 1993;

12



Kolodziejczyk, S. M. and Hall, B. K., 1996). A feeder layer consisting of 0.5% agar in

serum free DME containing 25 mM HEPES buffer was allowed to set in 35 mm petri

dishes. The feeder layer was overlaid with 1.5 ml of 0.25% agar in buffered DME,

containing PDGF, 10x10° g ml", and EGF, 1.0x10” g ml". The overlay gel contained

6.0x10'cells. The overlay gel in positive controls contained 10x10' MTGF 31. In the

experiments to examine the effect of CM-1 on anchorage independent growth, 1.0x10°

M peptide was added in the overlay gel. To avoid inconsistencies, which may arise from

the presence of undefined quantities of TGF■ 1 in the serum, the medium for this

experiment was kept serum free. Colony formation was recorded as photomicrographs

(Bhatanagar, R. S., et al., manuscript in preparation).

1.5.5 Gene Expression

Gene expression in the presence of Cytomodulin and TGF-31 was examined by

northern analysis. For the extraction of informational macromolecules the cells were

lysed with 1.0 ml of Ultrospec cell lysing solution. RNA concentrations were determined

using the ratio of absorption at 260/280 nm 10x10°g RNA from each sample was

electrophoresed on denaturing 1.3% agarose gels in the presence of formaldehyde. After

elctrophoresis, the RNA was blotted overnight to positively charged nylon membranes by

capillary transfer in 10x SSC (3.0 M NaCl, 3.0 x 10' MNa citrate, pH 7.0). RNA was

fixed to the membrane by baking in an oven for 1 hour at 80 °C and then prehybridized

for 2 hours in a prehybridization solution (5x SSC, 0.02% sodium dodecyl sulfate, 0.1%

N-lauroyl sarcosine, and 2% blocking agent, 3.0 x 10°20M Na maleate, pH 7.5).

Hybridization was performed at 45 °C in the same solution for 18 hours using the

13



following human cDNA probes: (i) TGF-3, 2.1 kb EcoR1 fragment of human ph'TGF-31;

(ii) type I collagen, 1.8 kb EcoRI fragment of human COL1A1; (iii) osteonectin, 1.2 kb

EcoR1 fragment of human SPARC. The cDNA probes were labeled with digoxigenin

(DIG-11-duTP) by random priming according to the recommendations of the

manufacturer of the kit. The filters were washed initially twice at room temperature with

2 x wash solution (2x SSC, 0.1% sodium dodecyl sulfate) for 5 minutes each, and finally

washed for 30 minutes at 65 °C with 0.5 x wash solution (0.5 x SSC, 0.1% sodium

dodecyl sulfate). The hybridization signals were visualized by fluorography. For

normalization, comparison was made with ethidium bromide stained bands for 28s and

18s RNAs after initial electrophoresis (Bhatnagar, R. S., et al., manuscript in

preparation).

1.6 In Vivo Bioactivity of CM-1

Overproduction of TGF-3 is related to the pathogenesis of some fibrotic disorders

such as glomerulonephritis (Border, W. A. et al., 1990). The over-accumulation of the

extracellular matrix (ECM) often accompanied by scarring leads to the following: hepatic

cirrhosis, idiopathic pulmonary fibrosis, schleroderma, glomulonephritis, rheumatoid

arthritis, and proliferative vitroretinopathy (Roberts, A. B. and Sporn, M. B., 1993).

Peyronie's disease is a localized connective tissue disorder that primarily affects

the tunica albuginea erectile tissue (Smith, B. H., 1966). The end result is a fibrous

plaque that contains excessive collagen and fibroblastic proliferation with swelling of the

cellular ground substance (Smith, B. H., 1966). The theories proposed to explain the

cause of Peyronie's disease include: links with vitamin E deficiency (Scardico, P. L., et
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al., 1949), using beta blocking agents (Yudkin, J. S., et al., 1977) increased blood levels

of serotinin in carcinoid syndrome, and autoimmune responses to vascular trauma (Van

de Berg, J. S., et al., 1982). Recent work (El-Sakka, A.I., et al., 1997) shows an increase

in TGF-3 protein expression associated with Peyronie's disease.

El-Sakka et al. (1998) evaluated the role of TGF-3 in the induction of Peyronie's-

like condition in the rat penis by testing the activity of CM-1. In order to produce an

animal model for further studies of Peyronie’s disease, adult male Sprague-Dawley rats

(24) were tested. The rats were divided into two groups. In the first group (N=18), CM-1

was injected into the tunica of each rat, while the other group (N=6) received saline

injections as a control. The tunical tissues were taken after three time periods (3 days, 2

weeks, and 6 weeks), histologically examined, and used to examine the ultrastructural

changes in the same tissue samples.

The results showed histologic and ultrastructural alterations were observed in 15

out of 18 CM-1 injected rats, especially in tissue examined after 6 weeks. The most

prominent histological changes were chronic cellular infiltration, focal and diffuse

elastosis, thickening, disorganization and clumping of the collagen bundles. The

ultrastructural changes were observed in the form of densely packed collagen, fragmented

and scarce elastic fibers, separation of neuronal fibers by interposing clumps of packed

collagen, and perivascular collagen deposition as a part of reorganization of the

interstitial matrix.

The study concluded that CM-1 could induce Peyronie's-like-condition in the rat

penis, which may explain the role of TGF-3 in the pathogenesis of Peyronie's disease.

With further refinement, these rats may be used as an experimental model for studies of

15



Peyronie’s disease (El-Sakka, A. et al., 1998). Collagen fibers serve as basic building

blocks of the tunica albuginea. Collagen synthesis in adult tissues is subject to regulation

by a variety of exogeneous and endogeneous factors. Biologically active peptides such as

platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and TGF-É play

a role in collagen synthesis. (Phillips C. L., et al., 1992; Durinio, V., et al., 1990). Thus

CM-1 has been shown to be active in vivo as well as in vitro.

**-
- --* *

*** ----"
----a-ºe--

**** -

■ : Tºº.
tº
-—

:----
º -->&T. ...” .**

---.

rº

---------

16



Chapter 2

Structural Studies of TGF-B and the CMS

2.1 Structural Introduction

Crystallography freezes motion, only showing a protein pointing in one direction.

Since proteins are dynamic, a more accurate picture of their structure is apparent in

solution. NMR studies are carried out in solution, conditions that are closer to

physiological ones. Solution studies are not impeded by the inability of a protein to

crystallize (Gronenborn, A. M, and Clore, G. M., 1990). Posttranslational modifications

such as glycosylation and disordered regions limit crystallizability (Kwong, P. D., et al.,

1999). Membrane proteins are also difficult to crystallize. Integral membrane proteins of

the helical bundle class are estimated to represent 20-25% of most genomes (von Heijne,

G., 1999). Only ~1% of the structures deposited in the current Protein Data Bank are

classified as membrane proteins (Berman, H. M., et al., 2000). To characterize the

internal dynamics of proteins, NMR provides direct, quantitative measurements

(Wuthrich, K., 1986). Of the over 2.2K structures determined by NMR methods, most

are deposited as a set of 20 or more structures (Prestegard, J. H., et al., 2001).

For globular proteins, their fold yields a hydrophobic interior and a hydrophylic

exterior. Some proteins, such as collagen and TGF-3, have a large proportion of

nonpolar amino acids (47%) exposed on the surface. These proteins provide exterior

sites for receptor binding that can easily include nonpolar residues. A nonpolar agonist is

required to mimic the receptor-binding site in order to bind to hydrophobic receptor

binding patches. An effective agonist must be small so that it can easily adopt a
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secondary structure that its protein counterpart stabilizes. To have this structure, the

agonist must be stabilized by hydrophobic interactions, hydrogen bonds, or electrostatic

interactions. Most receptor binding regions have found to be nonpolar bends (Fasman, G.

D., 1996). A nonpolar peptide that can forma helix can function in this capacity has been

designed in this study.

Conservative amino acid substitutions, have confirmed the requirements for

hydrogen bonding ability and ideal charge accessibility. A conservative E (CM-2) -> D

(CM-9) substitution results in inactivity (Bhatnagar, R. S, et. al, manuscript in

preparation). CD Spectroscopy experiments in this study show that CM-1 exhibits

stability in the O-helical and 3-bend regions in the presence of Trifluoroethanol (TFE),

Methanol (CH3OH), and Deuterium Oxide (D2O). Increased order is also seen in aqueous

solutions up to 40°C. Sequence comparisons to other active, inactive, and marginally

active CMs have demonstrated the importance of moderate helical stabilization, charged

residues, and hydrophobic residues. Molecular mechanics and dynamics studies have

shown that the residues N-V-A-E form a distorted Type VIII turn. The N residues

stabilize the structure at N-V-A-E. The MD calculations predict a hydrogen bond

between Val2 and Ala4, and between Asn2 and Glu5 (Bhatnagar, R. S., et al, manuscript

in preparation). Ala4 and Glu5 and Asnó are experimentally confirmed by 1D and 2D

NMR as part of a stable structure.

Structural predictions show that a nonspecific turn, helix, and a Type I turn are the

most likely structures formed starting at Ala4. 2D H ROESY in D2O shows peaks

consistent with an o-helix or and Type I turn. 2D 'HNOESY and TOCSY in CH3OH at

-10°C shows peaks consistent with a helix. The structure of the peptide supports a helix
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propagating through Ala4-Ala?. This flexible nonpolar helix has implications for finding

the TGF-3 receptor-binding region, and thus regulating processes in which TGF-■ is

involved. This biologically active peptide is involved in the TGF-É signaling cascade,

possibly binding to the receptor or improving the receptor/ligand cascade. NMR and MD

have all shown the interactions pertinent to structural stability.
*

2.2 Structure of TGF-3 Monomers and Dimers

TGF-3 has a molecular weight of 25 kDa (Sporn, M. B. and Roberts, A. B.,

1990), occurring principally as a homodimer (Archer, S. J. et al., 1993). The members of

TGF-3 superfamily function as dimers, although they have different manners of

dimerization. TGF-3 forms a head-to-tail dimer with its interface largely between the O

helix (a 3) of one monomer and the curled up face of the four fingers. A ribbon diagram

of a TGF-32 monomer is shown in Figure 2.1.

Many growth inhibitors families have evolved as dimers. Other super families,

such as NGF (nerve growth factor) and PDGF (platelet derived growth factor) have a less

than 10% amino acid sequence similarity to TGF-3. Yet the families all have a similar

cysteine knot motif, and the three-dimensional structures of the cores of the monomers

are nearly super imposable (Kingsley, D. M., 1994). These families have similar

methods of dimerization in spite of their lack of sequence similarity. NGF forms a head

to-head dimer with a dimer interface mostly

between the backsides of the four fingers of both monomers (Daopin, S. et al., 1993).

PDGF-BB (Platelet-derived growth factor BB) forms a head-to-tail but sidewise dimer

with half of the dimer contacts mediated by the N-terminal tail residues and half of
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the contacts mediated by the first two finger (Daopin, S. et al., 1993). These similarities

suggest that all three growth factor families are derived from a common ancestor. The

ancestor may have been particularly resistant to denaturation and extremes of pH,

providing a convenient basis for later diversification of other signaling molecules that can

survive in various extracellular environments (Kingsley, D. M., 1994). The interactions

Figure 2.1: Ribbon Diagram of TGF-32 created in Rasmol using the coordinates from Schlunegger, M. P.

and Grütter, M. G. (1992). The orange structures are 3-sheets and the pink are o-helices. The highlighted

regions shown are the yellow, amino acids 52-55, the green, amino acids 70-72, and the blue, amino acids s

92-98.

between the monomer subunits are completely different in the active signaling dimers of

TGF-3, NGF, and PDGF, involving different interfaces of the subunit, different

orientations, and different axes of symmetry (McDonald, N. Q. and Hendrickson, W. A.,
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1993). These differences suggest that the receptor interactions of the families evolved

separately (Kingsley, D. M., 1994).

Platelet-derived growth factors are also known to exist in three different dimer

forms: PDGF-AA, PDGF-BB, and PDGF-AB. It has been postulated that different forms

of PDGF will activate different receptor isoforms (Emaduddin, M, et al., 1999). Since

dimer formation is required for function, the use of dimers may have arisen during

evolution to provide a more diverse functional role for this subunit fold, thus a possible

new level of regulating cytokine functions. Controlling the access of the monomer units

can direct the cell towards activation or inhibition. Despite the profound differences in

their dimer formation within the TGF-3 super family, all three bury a similar amount of

interface area per monomer: TGF-32 buries 1300 ■ ’, NGF buries 1170 ■ ’, and PDGF

BB buries 1100 A*.

The TGF-3 super family has at least 24 members and several obvious sub families

including: TGF-É sub family, the Inhibins and Activins, the bone morphogenetic proteins

(BMPs), 60A subfamily. The subfamilies are defined by sequence similarities

(Kolodziejczyk, S. M. and Hall, B. K., 1996). In addition, the ability of some growth

factor monomers to form different dimers upon specific pairing further modulates the

activity of a growth factor. For example, various activins and inhibins result from diverse

combinatory dimerization of three peptide basic sequences: an alpha-chain, a betaA (BA)

chain, and a 3B-chain. Also in this family, Inhibin A or Inhibin B form from the alpha

chain and is dimerized with 3A or ÉB respectively. Both inhibins inhibit the production

of pituitary FSH (follicule stimulating hormone), gonadal sex steroids, and placental
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hormones. Activins are formed from the dimerization of 3A to itself or to itself ÉB.

These two activin dimers, £4-5A and [A-ÉB, have the opposite growth regulatory effect

to the inhibins (Lanuza, G. M. et al., 1999; Gray, A. M. and Mason, A. J., 1990).

Among the five TGF-3 isoforms, the 29 amino acids of TGF-32 that are involved

in the dimer interface, 24 are invariant in all 5 isoforms. All other varying residues are

found fairly evenly distributed over the whole surface of the dimer. The residues

involved in the helix-sheet interactions or in the hydrogen-bonding network with the

water molecules in the interface are invariant or show conservative changes

(Schlunegger, M. P. and Grutter, M. G., 1992). The structure of TGF-32 predicts that the

monomer is unlikely to fold into a stable native conformation alone (Daopin, S. et al.,

TGF-31 TGF-B2 TGF-33 TGF-35 Inhba BMP2 60A

TGF-31 100

TGF-32 74 100

TGF-33 78 82 100

TGF-35 82 70 73 100

InhbA 36 36 33 35 100

BMP2 36 36 38 38 44 100

60A 39 41 42 38 37 57 100

Table 2.1: The sequence relationships and percent identity of select TGF-3 super family members

(Kingsley, D. M., 1994)

1993). The accessible surface area has been calculated for the monomer and dimer with a

water radius probe of 1.4 Å. For the monomer, the total surface area is 7212 ■ ’, 52% is
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nonpolar. For the TGF-32 dimer, 47% of the accessible surface area (in Áº) is nonpolar

(Daopin, S., et al., 1993). The monomer subunit assembly in the dimer is stabilized

mainly by hydrophobic contacts and by a few hydrogen bonds. The sub-unit assemblies

of TGF-É were examined by using conformational analysis. The different sub-unit

assemblies in TGF-32 dimer were characterized in terms of the inter subunit disulfide

torsion. The variations in the exposed and looped regions are coupled with flexibility of

the TGF-3 dimer (Venkataraman, G., et al., 1995). The amino terminal region varies

greatly in both length and sequence. The amino terminus can be truncated without

affecting the known biological activity of one family member, dorsalin (Basler, K. T., et

al., 1993). Differences are expected outside the core in regions thought to be important

for receptor-ligand interactions (Qian, S. W., et al., 1992). A diagram of the TGF-3

dimer is shown in Figure 2.2.

The solution NMR structure of TGF-31 (Daopin, S., et al., 1992; Schlunegger, M.

P. and Grütter, M. G., 1992) and the X-ray crystallographic structure of TGF-32

(Schlunegger, M. P. and Grutter, M. G., 1992) have both confirmed the structural

importance of cysteines (Cys). The TGF-3 dimers have an extended structure, with one

Cys participating in an interchain disulphide bond. The other eight Cys residues are

involved in two interchain disulphide bonds, six of which form an unusual structure,

known as the TGF- ■ knot' (Archer, S.J. et al., 1993). The knot forms the base of

several B-sheet strands together and probably accounts for the strong resistance of many

TGF-3 super family members to heat, denaturation, and extremes of pH (Daopin, S. et

al., 1992). For the TGF-É superfamily, the Cys knot acts as a scaffold and complex

flexibility provides for biological selectivity. Complex flexibility might provide an
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explanation for the diverse range of biological activities that these important molecules

display (Venkataraman, G., et al., 1995). The NMR suggests that in solution TGF-■ y1

may exist in several conformations (Kolodziejczyk, S. M. and Hall, B. K., 1996).

Furthermore, there are two cavities accessible to water, between the interchain disulfide

...tº.
tºt

X
\_

*-ºr---

Figure 2.2: Diagram of TGF-3 dimer. The closed circles represent conserved Cys residues; the open circles

represent unconserved Cys residues; the thick dashed line represent a disulphide bridge; and the structures

with diagonal lines are O.-helixes (Kolodziejczyk, S. M. and Hall, B. K., 1996).

Residues Secondary type Structure name
5–8 O-helix O.1

16–23 fl-strand Bl
25-28 O-helix O2

34-35 B-strand 32

**** --
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38-46 fl-strand 33
57-68 O-helix O3

70-72 3 10 helix
77-80 {}-strand £4
82-92 ■ }-strand B5
92–95 Type I■ turn

95-107 [8-strand B6
109–112 5-strand 37

Table 2.2: The list of 2° structures found in TGF-32 is shown (Daopin, S. et al., 1993).

bridge and the hydrophobic cores in the interface area, although the functional

implications of this unusual hydrophilic area in the interior of the molecule are not clear

at present (Daopin, S. et al., 1992). The differences between the TGF-3 family members

map to several regions of the molecule (Schlunegger, M. P. and Grutter, M. G., 1992).

The residues in table 2.2 have 2 °structure in TGF-32.

The TGF-B pre-peptides consist of three distinct regions: a 15 to 25 amino acid

long leader sequence responsible for insertion into the membrane, a pro-domain of

variable length (50-375 amino acids) important in regulating level of expression, and a

mature region of 110-140 amino acids (Hammonds. R. G., et al., 1991; Kingsley, D. M.,

1994). The pro-domain of TGF-3 is poorly conserved across different super family

members, although often well conserved for a particular family member isolated from

several different organisms (Kingsley, D. M., 1994). The mature region is more highly

conserved and contains most of the sequence landmarks by which new family members

are usually recognized (Kingsley, D. M., 1994).

TGF■ is secreted by cultured cells in an inactive latent form that does not bind to

TGF-3 receptors. TGF-3 activated by transacidification (< pH 4), alkalinization (> pH

9), and treatment with sodium dodecyl sulfate and urea. The proteolytic cleavage of a 29
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amino acid signal sequence is followed by glycosylation of the precursor, cleavage of a

carboxyl-terminal 112 amino acid monomer, and disulfide isomerization.

2.3 Types of Secondary Structure

A challenge of engineering proteins is predicting 2° or 3° structure from sequence.

The native structure is stabilized by local interactions between nearby residues and non

local interactions between residues distant in the amino acid sequence (Shiraki, K, et al.,

1995). Preferences for 2°structures are determined by physical factors such as: the

hydrophobic effect, side-chain conformational entropy, steric factors, and main-chain

electrostatic interactions (Avbelj, F, and Fele, L., 1998). Secondary structural constraints

can reduce the dimension of the folding problem, and hasten the three-dimensional

structure prediction. Monte Carlo conformational searches or combinational approaches

are assisted by first predicting the 2° structural element (Wong, C. F. and Misra, G. P.,

1997). Several algorithms are helpful in this vein and have been used for our peptides

where applicable.

The Chou and Fasman algorithm uses a database of proteins to predict the

likelihood of an amino acid in the helical, 3-sheet, or random coil. It takes into account

the influence of its sequential neighbors on its preference for the three states. Groups of

consecutive residues having similar preference to be in the same conformational state are

then used to define 2° structural elements in a protein. However, the prediction of 2*

structural elements is not absolute. The same sequence can vary its 2° structure in

different proteins (Wong, C. F. and Misra, G. P., 1997). The best prediction algorithms

currently available achieve a successful rate of about -70% (Wong, C. F. and Misra, G.
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P., 1997). It is common for the predictive lengths and boundaries of 2° structural

elements to be off a few residues (Fasman, G. D. and Prevelige, P. Jr., 1989). Thus the 2°

structural elements are not solely dependent on the local amino acid sequences but also

on the environment of these sequences.

The limits of 2° structure prediction result from short- and medium-range

interactions among neighboring residues and between residues and the solvent are not

well understood (Negrete, J., et al., 1998). In the absence of 2° structure, the random coil

results. It is often described as the natural state of a protein. It provides favorable

interactions with the solvent, and is favored by conformational entropy. The values of the

intrinsic association constant KAB for these interactions (hydrogen bonds, salt bridges, or

van der Waals interaction) in water range from 0.01 to 0.9 M", and the effective

concentrations Ceff of pairs of groups in random coils are generally no greater than 0.1 M.

Keq = KABCeff, and the maximum Keq is then about 0.09, and such a favorable interaction

might be present 8% of the time (Crieghton, T. E., 1993).

Peptides show the solvent effects on 2°structure prediction. Besides being

random, a peptide or protein can form helices, turns, or sheets. Helices are classified as

repetitive 2° structures, since their backbone phi-psi (), u■ ) angles, ideally (–62, -41),

repeat. In a helical conformation, the relationship of one peptide unit to the next is the

same for all alpha-carbons (C"). Thus the dihedral angle pairs (), u■ ) are the same. Most

angles are favorable, the atoms of the backbone pack closely, and favorable van der

Waals interactions are made. These hydrogen bonds are 2.86 Å long from the oxygen to

the nitrogen atom, are nearly straight, and exist along the helical axis.
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Each carbonyl oxygen hydrogen bonds with both the NH residue of i + 4 and the

aqueous solvent. The side chains point outward into solution from the O-helix, although

they are tilted toward the amino end of the helix, and don’t interfere with the helical

backbone. Hydrophobic side-chain interactions can stabilize the O-helix (Lotan, N., et al.,

1966; Negrete, J., et al., 1998). Side chains with branched C" atoms (Val, Ile, Thr) are the

most restricted. Polar groups can hydrogen bond with the peptide backbone, disrupting

the helix. These polar amino acids are also restricted (Ser, The, Asp, and Asn). Pro

residues are also incompatible because the side chain is bonded to the N-atom. But they

do exist at the N-terminus of the O-helix (Crieghton, T. E., 1993). The helical

preferences are given in the Table 2.3.

The relative helical stabilities for ANVAENA have the following rankings (1

being the most stable, 20 being the least): 1-17-15-1-10-17–1. Amino acids also have

specific N-cap, middle, and C-cap positions. Asparagines have a strong preference to be

in the N-cap position. In this position, asparagines interact favorably with successive i +

1, i + 2, and i + 3 residues (Richardson. J. S. and Richardson, D.C., 1988; Wong, C. F.
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Amino Acid Relative Stabilization of O-helical conformation
(kcal/mol)

Ala -0.77
Arg -0.68
Lys -0.65
Leu -0.62
Met -0.50

Trp -0.45
Phe -0.41
Ser -0.35
Gln –0.33
Glu –0.27
Cys –0.23
Ile –0.23

Tyr –0.17
Asp –0.15
Val -0.14
Thr -0.11
Asn –0.07 * --> --
His –006 ,--- ****

Gly O ■
*** ***Pro 3 * -- ****

Table 2.3: Helical Stabilization of the 20 amino acid residues (Creighton, T. E., 1993) isºr:
■ : "Yº*---

|T.
Other low dielectric mediums like methanol and sodium dodecyl sulfate (SDS) have a ---:
strong influence on amino acid preferences (Tanford, C. et al., 1960; Nelson, J. W. and *------

Kallenbach, N. R., 1986; Buck, M. et al., 1993; Jasanoff, A. and Fersht, A. R., 1994; – ~5-
*

.”
Waterhouse, P and Johnson, K. S., 1994; Blanco, F. J. et al., 1994; Schonbrunner, N., et :

*****
al., 1996; Luo and Baldwin, 1998). Strongly polar solvents such as dicholoroacetic acid ********

*** *** *

favor coiled states (Nelson, J. W. and Kallenbach, N. R. 1986). Since these preferences

depend on the nature of the solvent, then electrostatic interactions determine the amino

acid preferences.

Trifluoroethanol (TFE) promotes O-helix formation and stabilizes fl-sheet

structures (Blanco, F. J. et al., 1994; Schonbrunner, N., et al., 1996). The stabilization of

helical structure has been attributed to a positive effect on the hydrogen bonding

interaction. TRE does not compete for hydrogen bonds as effectively as water, lowering

29



the dielectric constant. Thus intramolecular hydrogen bonds are strengthened. Since helix

formation by side chains containing a C" shields the peptide backbone from solvent,

stabilization of the O-helix by TFE can also be considered a solvophobic effect. This

mechanism would not apply to Gly, since it does not shield the backbone (Nelson, J. W.

and Kallenbach, N. R., 1986). TFE also decreases the strength of hydrophobic

interactions (Thomas, P. D. and Dill, K. A., 1993; Schonbrunner, N., et al., 1996),

causing partial denaturation of proteins. Therefore, the hydrophobic effect is probably

not responsible for the O-helix promoting character of the solvent (Avbelj, F and Fele, L.,

1998).

The relationships between TFE-induced structures have been studied by Shiraki,

K et al. (1995). They showed that fl-lactoglobulin, which consists primarily of 3-sheets,

formed o—helical structures in the presence of TFE, as measured by far-UV CD. The

helical content in TFE was correlated more with the helical content predicted by a 2°

structure prediction than with the helical content of the native structure. The stability of

the helical structure in TFE is determined by local interactions between nearby amino

acid residues (Shiraki, K., et al., 1995). In peptides and loops, their structures are mostly

determined by local and solvent interactions. Thus TFE solution structures may be used

to predict the native structure.

Another stabilizing factor for helices was found by Palau and Puigdomenech

(1974). They found that hydrophobic triplets at positions 1-2-5 and 1-4-5 stabilized o

helices. Additional analysis by Palau et al. (1982) found hydrophobic triplets at positions

1-2-5 and 1-4-5 in O-helices for the four main chain classes of protein domains. Thus,

the 1-2-5 and 1-4-5 hydrophobic clustering in helices is a universal feature found in

*~~~
***-*-**

*** -- *
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proteins (Negrete, J., et al., 1998). Later, Palau et al. (1988) used a 5-residue window

analysis of database proteins and found that only mixed charged residues located in the 1

2–5 and 1-4-5 positions were favored. The most abundant patterns were (- - +) and (-

__++), which shows the existence of a micro dipole that neutralizes the dipole in the O

helix. In a heptapeptide, there are only three possible sequences of 5 amino acids.

Applying this theory to our peptide, CM-1 results in 1-2-5/1-4-5 possibilities depending

on the helix starting position, shown in Table 2.4. For a helix starting at CM-1 residues 1

through 3, neither the (- - +) or (-, ++) pattern at 1-2-5 or 1-4-5 is seen. According

to this theory, a CM-1 O-helix would be unlikely to start at residues Alal, Asn2, or Val3.

A helix starting in these positions is likely to be another type other than O-helical.

In the O-helix, the i, i + 4 interactions are the strongest. The i, i + 3 interactions

are also significant due to the periodicity of 3.6 residues per turn (Sun, J. K. and Doig, A.

J., 1998). Although the O-helix is dominant, there are other variations. A variation of the

O-helix in which the chain is less tightly coiled, with hydrogen. bonds restricted to the

Residue i 1 = 2=5 1 – 4 - 5

Alal A-N-E A-A-E

h + - h h -

Asn2 N-V-N N-E-N

+ h + + - +

Val2 V-A-A V-N-A

h h h h + h

Table 2.4: Amino acid polar and hydrophobic patterns for amino acid sequences with a length of 5 within

CM-1. The h is for hydrophobic; + is a positive charged amino acid; - is a negative charged amino acid.
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i + 3 position is called 310—helix. The name refers to 3 residues per turn and 10 atoms

between the hydrogen bond donor and acceptor. The packing of the backbone is

somewhat tight with nonlinear hydrogen bonds (Creighton, T.E., 1993). The side chains

are spaced evenly with 120° between successive side chains. The i, i + 4 interactions are

negligible since the side chains cannot interact in these spacings (Sun, J. K. and Doig, A.

J., 1998).

In protein crystals, 31% of amino acid residues are in O-helical structures

(Barlow, D. J., and Thornton, J. M., 1998 and Hubbard, R. E. et al., 1984) and 3-4% are

in 310 helices (Lee, K., et al., 2000). Most 310 helices are short, only 3 or 4 residues long,

compared to a mean of 10 residues in O-helices (Barlow, D. J. and Thornton, J. M.,

1988). They are also the preferred structure for short-methylated peptides (Bonora, G.

M., et al., 1986). Thirty-two percent of helices in crystal structures were found to have a

310-type hydrogen bond at their N-termini and 34% at their C-termini (Baker, E. N. and

Hubbard, R. E., 1984; Sun, J. K. and Doig, A. J., 1998). The L-(OMe)-Val homopolymer

formation of coil, 310-helix, or O-helix varied with concentration, peptide length, and

solvent (Sun, J. K. and Doig, A. J., 1998; Yu, C. et al. 2001).

Another variation with i + 5 hydrogen bonds is the T-helix. It is wound less tight

than O-helices, and has a hole down the middle (Creighton, T. E., 1993). The occurrences

of T-helices appear to be quite rare. Several reasons for the apparent lack of stability of

the T-helix have been put forward including backbone dihedral angles in a less favorable

conformational region than the O-helix (Low, B. W., and Greenville-Wells, H. J., 1953;

Lee, K., et al., 2000). The existence of a 1 A hole in the center of the T-helix is wide but
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not wide enough to accommodate a water molecule, thus causing the loss of van der

Waals interactions.

2.4 Kinetics of Helices

In the Ramachandran plot, the regions between the O. and 310 conformations are

allowed (Tomfool and Bernadette, 1991; Sun, J. K. and Doing, A. J. 1998). 310-helices

have been proposed as intermediates along the O-helix unfolding pathway (Millhouse, G.

L., 1995 and Soman, K., et al., 1991). The effect of the 310-helix/O-helix equilibrium on

the structure and folding of peptides or proteins has been studied. One way to perturb the

equilibrium is to introduce side-chain interactions that stabilize or destabilize one helix.

This can be done by adding i, i + 3 and i, i + 4 side-chain interaction energies to models

of 310-helix/o-helix/coil equilibria. It has been determined that strong i, i + 4 side-chain

interactions favor O-helix formation, while the 310-helix population is maximized when

weakeri, i + 4 side-chain interactions are present (Sun, J. K., and Doig, A. J., 1998).

The helix also transitions to and from the coil. This is a two-step process,

requiring nucleation and propagation. The nucleation is unfavorable, because it requires

the spatial fixing of the () and u■ of the three consecutive residues to the conformation.

There is a large entropic cost of initiating the O-helix, in which five residues have to be

preorganized before the first helical hydrogen bond is formed (Ramachandran, G., and

Sasisekharan, H., 1968; Rohl, C. A., and Doig, A. J., 1996; Lee, K., et al., 2000).

Propagation of the O-helix is favorable, because of the large stabilizing contribution from

hydrogen bonding and the spatial confinement of one residue (Avbelj, F. and Fele, L.,

1998). More specific interactions were included in a study by Wong and Misra (1997).
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The interactions were: residue helical preferences, intrahelical hydrogen bonds strength,

charge-helix dipole interaction, i, i + 3 and i, i + 4 side-chain interactions, and helix

capping interactions. (Wong, C. F., and Misra, G. P., 1997). The theory worked best when

local interactions were more important than tertiary interactions in determining the 2°

structural preference of amino acids. Intrahelical interactions (i, i +1), (i, i + 2), (i, i + 3),

and (i, i + 4) interactions in the capping motifs were also considered (Wong, C. F, and

Misra, G. P., 1997).

In a study by Fele et al. (1998), they included the hydrophobic effect and side

chain conformational entropy in the parameters for the helix-coil transition. This

inclusion resulted in the Qotal value improves by only a small amount (68.67% to

68.73%). Therefore the 2° structure of OR helices is less so determined by the

hydrophobic effect than by the side-chain conformational entropy. Thus supporting the

dominant role of short-range main-chain electrostatics in determining 2° structure of

proteins and peptides (Avbelj, F. and Fele, L., 1998).

2.5 Type I, II, and III Turns

Main-chain electrostatics has been shown to quantitatively explain the preferences

for O-helical, B-sheet, 3-strand, and other in-chain conformational states (Avbelj, F. and

Moult, J., 1995). Another type of 2° structure is turns, which were first identified by

Venkatachalam (1968) who found three types of turns (Types I, II and III), each

containing a hydrogen bond between the carbonyl oxygen of residue i and the amide

nitrogen of i + 3. These fl-turns exhibit a much larger conformational variety as aperiodic

structures. Types I, II, and III are the most abundant turns (Fasman, G. D., 1996). Each of
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these three types of turns has a backbone mirror-image conformation that is also found in

some proteins designated I', II", and III' even though these conformations are disfavored

due to steric hindrance. Type III is simply a single turn of a 310 helix with constant

(), u■ ) angles of (–60, -30) (Fasman, G. D., 1996).

Kuntz (1972) observed that ■ turns predominantly consist of hydrophilic amino

acid residues and are concentrated near the protein surface. As a consequence of the

folded geometry of the peptide backbone, the polar side-chain groups in corner positions

(i + 1 and i + 2) point outward and may serve as a site for molecular recognition. Turns

frequently have been suggested as the bioactive conformation involved in receptor

binding (Smith, J. A. and Pease, L. G., 1980). They have been suggested to represent

signal sequences of dibasic amino acid cleavage sites of precursor proteins (Reddy, M. S.

and Nagaraj, R., 1987; Brakch, N. et al., 1993). The possible role of turns in the complex

immunological, metabolic, genomic, and post-translational processes as well an

endocronologic regulatory mechanisms are discussed by Rose et al. (1985). The idea of a

01:1 Mitl 0-2 Vitz

I –60 –30 –90 0

II -60 120 80 0

III –60 –30 –60 -30

VIa -60 120 -90 O

VIb -120 120 -60 0

VIII -60 –30 - 120 120

Table 2.5: The four successive backbone torsional angle values associated with “Ideal” 3-turn types. In

VIb, the bonds are cis. (Fasman, G. D., 1996).
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[3-turn-driven early evolution also showed up in the literature (Jurka, J. and Smith, T. F.,

1987).

The other subtype of folded structures is the Y turn. These comprise only three

amino acid residues (two peptide groups) instead of the four (three peptide groups)

involved in 3 turns. [3 and Y turns have been recognized as forming an important group of

regular ordered 2° structures of proteins. 3 turns are sites where the polypeptide chain

reverses its overall direction (Richardson, J. S. 1981; Kabsch, W. and Sander, C., 1985)

has revealed that f turns are common in proteins, accounting for 25-30% of the residues

of the total molecule. The standard (b,\!, angles for the different fl-turn types are

summarized in Table 2.5. Lewis et al. (1973) found that about one-fourth of 3 turns do

not possess the hydrogen bond stipulated by Venkatachalam (Fasman, G. D., 1996).

In the Type I■ turn the following amino acids have a high frequency of

occurrence: Asp, Asn, Ser, and Cys at position i; Asp, Ser, Thr, and Pro at i+1; Asp, Ser,

Asn, and Arg at i+2; Gly, Trp, and Met at i +3. In type II ■ turns favor Pro at i+1; Gly

and Asn at i+2; and Gln and Arg at i+3. These preferences have been explained by

specific H-bonds and/or electrostatic interactions between the side-chain functional

groups and the backbone atoms (Wilmot, C. M. and Thornton, J. M., 1988, 1990)

2.6 Secondary Structural Predictions

Several predictions can be made for our peptide based on probabilities of amino

acids in specific structures or positions from databases of proteins. Since proteins are

less solvent accessible than the peptides, the methods are an approximation with varying
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degrees of accuracy and will be evaluated by CM-1. A study of in solvent accessible

surface amino acids would provide a more accurate estimation. Table 2.6 shows a list of

preferences for structures in regards to CM-1 from a study by Wilmot and Thornton

(1988). Since some residues are repeated in CM-1, each position is considered

independent of the other positions. The sum of significant probabilities for the total

number of residues for each 2° structure type is: O-helical (4), Other (3), Reverse turn (3),

Type I turn (3), 3-strand (2), and Type II turn (0). For sequences of 4, the probabilities

were calculated and shown in Table 2.7. The calculated highest probabilities are for an O

helix starting at residues Alal, Asn2, or Val2. The second highest probabilities are for

forming a Type I turn starting at residues Asn2 or Val2.

Based on data from Chou and Fasman (1974) Wilmot and Thornton adapted the

data to account for the division into Type I, Type II, and Type III turns (Wilmot, C. M.

and Thornton, J. M., 1988). Wilmot and Thornton performed a major statistical analysis

of 3 turns in proteins. This has been used to calculate the probability of our peptide,

ANVAENA to form a Type I, Type II, or nonspecific turn. The definition of 3-turn was

that the central residues were not helical, and that the distance between the C* of residue i

and the C" of residue i + 3 was less than 7 Å. The average occurrence of Type I, II, and

non-specific turns are 0.5459 x 10°, 0.1128 x 10", and 0.1450 x 10° respectively

(Wilmot, C. M. and Thornton, J. M., 1988). The values used and the results are shown in

Tables 2.8 and 2.9.

Since turns have the i, i + 3 interaction requirement, the probabilities for Alal

Ala4, Asn2-Glu5, Val2-Asnó, and Ala4-Ala" to form the turns were calculated. In Table

2.9, the highest probability is for Type I and Type III turns, while Type II turns are
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Amino Acid O-helix [3-strand Reverse Type I Type II Other

(Pa.) (PE) turn (P)

Ala 1.41 0.72 0.82 0.74 0.94 0.58

Asn 0.76 0.48 1.34 1.79 0.99 1.37

Val 0.90 1.87 0.41 0.39 0.61 0.48

Ala 1.41 0.72 0.82 0.74 0.94 0.58

Glu 1.59 0.52 1.01 1. 12 0.84 1.06

Asn 0.76 0.48 1.34 1.79 0.99 1.37

Ala 1.41 0.72 0.82 0.74 0.94 0.58

Sum of
Preferences 4 1 2 3 0 3

> 1

Table 2.6: The normalized frequencies, with a random frequency set = 1.

A frequency greater than 1 are highlighted, and represents a tendency for the amino acid to form the

indicated structure (Williams et al., 1988; Wilmot, C. M. and Thornton, J. M., 1988; Creighton, T. E.,

1993)

o-helix (P.) | 3-strand (Pb) | Reverse turn Type I Type II Other

(P)

Alal-Ala-4 1.120 0.948 0.848 0.915 0.870 0.752

Asn2Glu5 1.165 0.898 0.895 1.01 0.845 0.872

Val 3-Ala■ / 1.165 0.898 0.895 1.01 0.845 0.872

Ala-4-Ala■ / 1.292 0.61 0.9975 1.258 0.635 1.58
|

Table 2.7: The average probability of 4 residue strands calculated from Table 2.6.
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| Ala Asn || Val || Ala || Glu Asn Ala
Type I turn

Pt 0.742 1.788 0.394 0.742 1.121 1.788 0.742

f(i) 0.01.36 0.0924 0.0072 0.01.36 0.0176 0.0924 0.01.36
f(i+1) 0.0296 0.0139 0.01.30 0.0296 0.0418 0.0139 0.0296
f(i+ 2) 0.0210 0.0531 0.0101 0.0210 0.0352 0.0531 0.02 10
f(i+3) 0.0173 0.0370 0.01.30 0.0173 0.0269 0.0370 0.0173

Type II turn
Pt 0.943 0.986 0.610 0.943 0.840 0.986 0.943

f(i) 0.0148 0.0046 0.0101 0.0148 0.0066 0.0046 0.0148
f(i+1) 0.01.36 0.0069 0.0058 0.01.36 0.01 10 0.0069 0.01.36
f(i+ 2) 0.0012 0.0254 0.0014 0.0012 0.0066 0.0254 0.0012
f(i+3) 0.01.23 0.0069 0.0087 0.01.23 0.0132 0.0069 0.01.23

Nonspecific turn
Pt 0.577 1.370 0.484 0.577 1.059 1.370 0.577

f(i) 0.0185 0.0439 0.0101 0.0185 0.0374 0.0439 0.0185
f(i+1) 0.0346 0.0393 0.0289 0.0346 0.0462 0.0393 0.0346
f(i+ 2) 0.0148 0.0785 0.01.30 0.0148 0.0440 0.0785 0.0148
f(i+3) 0.0148 0.0346 0.0173 0.0148 0.0242 0.0346 0.0148

Table 2.8: Table from Wilmot, C. M. and Thornton, J. M. (1988) where: Pt = probability of amino acid

being in the turn conformation; P = no of particular amino acid in proteins studied/ total number of amino

acids in proteins studied; f(a) = total number of amino acids in position in proteins studied/number of

amino acids in proteins studied.

The window of Type I Type II Non specific
4 amino acids Turn

Alal-Ala-4 0.549 0.035 0.0856
Asn2-Glu5 0.153 0.025 0.112
Val?-Asnó 0.109 0.037 0.123
Ala-4-Ala■ / 0.126 0.064 0.158

Table 2.9: Turn Prediction of CM-1 portion calculated from Table 2.9

unlikely. The highest likelihood is for Ala4-Ala? forming a non-specific turn (0.158). For

these residues, a Type I turn has a likelihood of 0.126. The next highest is for Asn2-Glu5

to form a Type I turn (likelihood =0.153), requiring a hydrogen bond bet Asn 2 side chain

(i) and Ala4 N-H (i+2). The likelihood of these residues to form a Type II turn is

0.0248. The Type II turn is relatively flat; the central peptide lies in a plane
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perpendicular to plane of the turn and discourages hydrogen bonds with peptide. For

non-specific turns the likelihood is 0.112 for Asn2-Glu5.

2.7 Structural patterns of other peptides

2.7.1 The 1-2-5 and 1-4-5 Patterns

The 1-2-5 and 1-4-5 patterns of CM-1 variant peptides were evaluated. The 1”

position is where the helix starts. For hexapeptides, it can be at position 1 or 2. To see if

the patterns propagated throughout the peptide, the 1-2-5 and 1-4-5 patterns from the first

and second amino acid in the CMs were found (1–2–5, 1-4-5, 2-3-6, and 2-5-6). Since this

theory applies to 1-2-5 and 1-4-5 patterns, this doesn’t include helices starting at position

4 or later in the sequence. For heptapeptidesthe starting postion can be positions 1, 2, or

3. Since there were only two heptapeptides, the results would not be statistically

significant, so these were not included in the analysis.

In Table 2.10, for the 1-2-5 patterns, the +1 h h (hydrophobic) pattern was evident

in both active and inactive peptides. Thus this pattern isn't a deciding factor of activity.

Also for the 1-2-5 patterns, (+1 h –1) was seen in active and marginally active peptides,

but absent from inactive peptides. For 1-4-5 patterns, most of the active CMs had each

type of residue (+,-, and h), while the inactive CMs had two h’s or two +1 charges. The

marginally active CMs were split. For the 2-3-6 and 2-5-6 patterns (Table 2.11) h, h, +1

is seen in active and inactive CMs as a 1-2-5 and 1-4-5 pattern. For active CMs, h, -, h

triplet is a 1-4-5 pattern. The inactive CMs are dominated by (h, h, +1/-1) patterns, and a

glycine is involved in these interactions as well.

*******
*****-

**** * *
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CM Position
l 2 5 1 4 || 5

Active (I) h h -1 || h h -1
(II) tº h h = 4.1 -1 || H
(III) +1 −h -1 - || hº -1
(IV) 4-1 h –1 = −1 h = -1
(V) +1 h -1 || +1 hº] -1
(VI) -- h = h #1 -1 -h
(X) El h h 4-1 || 4 || h

(XII) -- h h +1 −1 h
(XI) +1 h h -- –1 || h

M-active (XIV) || -- h -1 || 4-1 h -1
(XV) h 4-1 -1 || h h - 1

Inactive (VII) h h h h h h

(VIII) -1 || h h -1 h h

(IX) +1 h h +1 -1 h --
(XVI) -- h : h +1 +1 −h _------
(XIII) +1 h h h h * ------

Table 2.10 The first position is assigned to the first amino acid. The CMs, their activity, and their ---.
---

sequences are shown. The positively charges are shaded dark gray, the hydrophobic residues are ~ :-
º

- - ---

represented by the gray shaded areas, and the negative charges are shaded white. ****

---

CM | Activity Position —
2 3 || 6 2 || 5 || 6

# Active I ; : -i
-

* --+ -- i.

(III) h I-h h hºl -1 h -º
(IV) h h : h : h -1 h * -->
(V) h : h tº h L-1 +. -
(VI) h h - h__h - -

(X) h = h = +1 h h El ------'
(XII) hºlºh +1 h : h . . .
(XI)

hº h h h h h
(XIV) | M-active h h h h -1 || h
(XV) +1 h +1 +1 –1 || ||
(VII) Inactive h -- 4-1 h h
(VIII) h h -- h : h -1
(IX) h = h -- h h - 1

(XVI) h h -- h : h
(XIII) h : h -1 || h h -1

Table 2.11 The 2-3-6 and 2-5-6 patterns of the CMs, their activity, and their sequences are shown. The

positively charges are shaded dark gray, the hydrophobic residues are represented by the gray shaded areas,

and the negative charges are shaded white.
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2.7.2 The Resulting 1-2-5, 1-4-5, 2-3-6, and 2-5-6 Probabilities

The probability of each triplet pattern (hhh, +1+1+1, -1-1-1, etc...) was

calculated for each type of CM (active, marginally active, and inactive), and compared to

see if patterns were dependent on activity. The patterns show that inactive CMs tend to

p(hhh) p(h+1-1) | p(hh-1) p(+1.hh) | p(+1h-1) || p(-1hh)

Active 0.11 0.55 0.33

M-active 0.5 0.5

Inactive 0.2 0.6 0.2

Table 2.12 The probabilities of different patterns for active, marginally active, and inactive CMs for the

triplets in the 1-2-5 positions, starting with the first amino acid as position 1. M-active is for marginally

active.

p(hhh) p(hh-1) || p(+1.hh) | p(+1h-1) || p(+1-1h.) | p(+1+1h) | p(-1 him)

Active 0.11 0.33 0.33 0.22

M-active 0.5 0.5

Inactive 0.2 0.2 0.2
-

0.2 0.2

Table 2.13: The probabilities of different patterns for active, marginally active, and inactive CMs for the

triplets in the 1-4-5 positions, starting with the first amino acid as position 1. M-active is for marginally

active.

p(hhh) | p(hh:4-1) | p(hh-1) || p(h+1+1) | p(+1.h41)

Active 0.44 0.55

M-active 0.5 0.5

Inactive 0.6 0.2 0.2

Table 2.14: The 2-3-6 probabilities patterns of different patterns for active, marginally active, and inactive

CMs starting with the second amino acid as position 2. Thus they are 1-2-5 probabilities from position 2.

M-Active is for marginally active.
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p(hhh) p(hh +1) | p(hh-1) p(h-1 h) p(h-4) p(+1.h4-1)

Active 0.11 0.44 0.33 0.11

M-Active 0.5 0.5

Inactive 0.6 0.2 0.2

Table 2.15: The 2-5-6 probabilities patterns of different patterns for active, marginally active, and inactive

CMs starting with the second amino acid as position 2 (1-4-5 patterns from position 2). M-active is for

marginally active.

have two or three hydrophobic residues in the 1-2-5 and 1-4-5, as shown in Tables 2.12

and 2.13.

For the 2-3-6 and 2-5-6 patterns, there is a different set of triplet patterns that

occur. The only two in common with the above table are p(hhh) and p(hh-1); the other

patterns are unique to this starting position. For the 2-3-6 patterns (1-2-5 patterns from

position 2), the inactive CMs congregate on the left side of the table, retaining the

tendency for at least two hydrophobic residues. The marginally active CMs have patterns

that is a subset of the active CMs. For the 2-5-6 patterns, the active CMs tend to carry a

charge, while the inactive CMs tend to be hydrophobic. The 1-4-5 patterns from position

2 as the starting residue (2-5-6 from position 1) are also shown in Table 2.15. Further

analysis of charge distributions is done in Section 2.8.

*** -
tº ºur

s *** ----"
nº-ra

- *****

***** º
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2.7.3 The Positional Preferences of the CMs for i, i + 3 versus i, i + 4

Table 2.16 and 2.17 show interaction preferences. Table 2.18 and 2.19 show the

resulting probability preferences. The probability of i, i + 3 versus i, i + 4 was calculated

for the active and inactive groups of CMs. Since the helix might not start at the first

position, the preferences for 2-5 and 2-6 interactions were also analyzed. From Tables

2.16-2.19, the most significant probability is for the 2-5 interactions of inactive CMs.

In Table 2.17, 100% of these CMS favor the 2–5 interactions over the 2-6

interactions. The active CMs also have a preference for this interaction (56%), but it is

not a strong as the inactive CMs. The marginally active CMs are split. Indicating that if

they formed a helix, they would prefer a 310 helix to an O-helix. The inactive CMs tended

to have the same 2-3-6 and 2-5-6 patterns (hh:4 or him-), while active CMs had negative

* - - -
- ****

- **. ----"
nº-ºº--

----- __-
*****
*** ****
tº-º-

... Yº

Activity CM ii-F3 ii-H4
1-4 1-5

Active (I) Fav,
(II) Fav

(III) Fav
(IV). Fay
(V) Fav
(VI) Favº.
(X) Fav

(XII) Fav
(XI) Fay

| M-active (XIV) Eaw
(XV) Fav I

Inactive (VII) | Same | Same
(VIII) Fav
(IX) Fav,

(XVI) Fay
(XIII) | Same Same

Table 2.16: The resulting 1-4 and 1-5 preference probabilities grouped by activity for CMs, their

sequences, and their activities are shown. A favored interaction (dark gray areas) or an interaction with no

preference (light gray areas) is indicated by fav and same respectively. M-active is for marginally active.

------

—

r
arsºv---

..~
- ->

--****
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Activi

Active

M-active

Inactive

I, i-3 || i, i+4
2-5 2-6

º

º

Sameº Same

Table 2.17: The resulting 2-5 and 2-6 preference probabilities grouped by activity for CMs, their

sequences, and their activities are shown. A favored interaction (dark gray areas) or an interaction with no

preference (light gray areas) is indicated by fav and same respectively. M-active is for marginally active.

Type of CM

Active

M-active

Inactive

1-4 1-5

0.44 0.56

0.50 0.50

0.33 0.66

Table 2.18: Probability 1-4 or 1-5 Interactions:

positions when the first amino acid is residue i.

the results of amino acid i, i + 3 and i, i + 4 favored

Type of CM

Active

Marginally Active

Inactive

2-5 2-6

0.44 0.44

0.5 0.5

1 0

Table 2.19: Probability 2-5 or 2-6 Interactions: the results of amino acid i, i + 3 and i, i + 4 favored

positions when the second amino acid is residue i.
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and positive charges in these positions. There were three active CMs that had a (hh-F) 2

3-6 and 2-5-6 pattern. The difference between these CMs and the inactive CMs was the

amino acid in the 5th position. For the active CMs it was alanine, and for the inactive

CMs it was glycine. So even though the inactive CMs had a preference for the 2-5 versus

the 2-6 interactions, they probably are unable to form any type of helix with Glycine in

this position.

2.8 Helical Stabilizations, Hydrophobic Stabilization, and Charge Distributions

The average helical stabilization (kcal/mol), hydrophobicity (kcal/mol), and

charges for residue positions were calculated for active, inactive, and marginally active

CMs. In Figure 2.3, the range of possible values was —0.77 kcal/mol for alanine and +3

kcal/mol for proline. Glycine, had a value of 0 kcal/mol. Only two amino acids, Gly and

Pro, had non-negative values. For active CMs, the positions at 1,3,6, and 7 were below

-0.6 kcal/mol kcal/mol. For the marginally active CMs, only reside 1 was within this

range. For inactive CMs, none were below —0.6. Among the active CMs, residue 5 is

between –0.5 and –0.6 kcal/mol. None of the marginally active is in this range, and

residue 3 among the inactive CMs is in this range. Between —0.4 and –0.5 kcal/mol, the

marginally active CMs have residue 3 and inactive CMs have residues 1 and 6. Between

–0.3 and —0.4 kcal/mol, all three groups have residue 4, and the inactive have residue 5.

For the active CMs, the helical stabilization values consistently decrease from residues

Ala4-Ala?. While in the marginally and inactive CMs, the values have a smaller

magnitude and oscillate.
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Activity Dependence on Changes in Average Helical Stabilization
for Each Residue Position

–0.1 +-
- -

–0.2 +
- - - - -

-0.3 +
D Active

L. Inactive

| M-active

-0.4 +
- --

-0.5 +| || -
-- --

-0.6 +
- -

Residue

Figure 2.3: Average helical stabilizations (kcal/mol) for the amino acids of each residue positions. The

three groups compared are the active, marginally active, and inactive CMs.

The helical stabilizations were analyzed statistically by an ANOVA (analysis of

variance) test. The p-value, the probability of a false positive, was also calculated.

Smaller p-values denote more significant results. In the analysis of helical stability, all

significant p-values were less than 0.05. Position 7 wasn’t tested because there was only

one representative from the groups with 7 amino acids. When contrasting the active and

inactive, all of the positions resulted in statistically significant differences in helical

stabilization. When comparing the active to the marginally active, only position 1 had a

significant difference in helical stabilization. The positions in order of preference

(decreasing F-test statistic values) are: 1, 6, 3, 5, 4, and 2. In all cases, the active CMs had

more negative values than the inactive. Gly, a helix destabilizer, is concentrated among
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the inactive CMs. None of the active CMs have Gly residues. Although one, LIAPEA,

does have a proline residue. This CM is not forming an O-helix; but could form a 310

helix starting at Pro. Helical stabilization is correlated to activity.

The average relative hydrophobicity of each residue position is also compared

among the three CM groups. The range of possible values within all the CMs was –9.9

kcal/mol for glutamic acid, and 2.5 for isoleucine. The values represent the energy of

transfer from a nonpolar to a polar solvent, with higher values being more hydrophobic.

In Figure 2.4, positions 1, 2, and 5 have similar values for all three groups. For the active

CMs, residues 1 and 2 have a positive AG, while residues 3–7 have a negative AG. For

marginally active CMs, residues 1-3 have a positive AG, while residues 4 and 5 have a

negative value. For inactive CMs, residues 1, 2, 4, 6 have positive values, while 3 and 7

have negative values. The active CMs have a slightly sinusoidal curve, while for the

marginally active it is shifted to the right with an extreme value at position 5. For the

inactive CMs, it has a higher frequency. The ANOVA analysis shows that inactive CMs

had a difference in hydrophobicity in positions 5, 3, 6, and 4 when comparing active to

inactive CMs. For marginally active CMs, none of the positions were statistically

different.

The charges of the residues were also analyzed and shown in Figure 2.5. The

ANOVA analysis shows that inactive CMs lack a charge that is statistically significant in

positions 5, 3, and 6, where their average charges are 0. The direction of the preferences

depends on position. In all three positions, the active CMs prefer a negative charge,

-
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Activity Dependence on Changes in Average Hydrophobicity
for Each Residue Position

D Active

_ Inactive

LM-active

Residue

Figure 2.4: Average hydrophobicity (kcal/mol) for the amino acids of each residue positions. The three

groups compared are the active, marginally active, and inactive CMs.

where the inactive have no charge. In comparing the active and marginally active CMs,

the positions 3 and 6 are equally significant. The marginally active CMs overcompensate

and have a larger charge than the active CMs. A summary of the significant preferences

is given in Table 2.20.

The positions that are not statistically significant could be so for two reasons:

opposite characteristics do not significantly affect activity, or opposite characteristics are

not represented within the three groups. For helical stabilization, all of the characteristics

are represented (lower than active and greater than active CMs) except for in residues 2

7, where there are no groups having more helical stability than the active CMs. The effect

-**
**-

****** *

*º-

-------
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Activity Dependence on Changes in Average Charge
for Each Residue Position

©
C■ )
: I T-I-I I

5 Lº D Active

% N o ^ - Inactive
s L M-active
(D

- —

>

< ** .
ear-º'- _º ---

-
**, --~~~

- -
*** *

**** -----
*** -->

**.***
-1.5 -º-º-

-
º

Residue ----,
*º-º-º-º-º:

i-º

Figure 2.5: Average charge for the amino acids of each residue positions. The three groups compared are tri-e- :

the active, marginally active, and inactive CMs.
---

---
.." º

Group A Group B Property Position Cause of Inactivity Tº
*****

*** *-

Active Inactive Helicity 1,6,3,5,4,2 Less stabilization - *
M-active Helicity l More stabilization -** *

Inactive Hydrophobicity 3,4, 6 More hydrophobic
5 Less hydrophobic

M-active Hydrophobicity None

Inactive Charge 5,3,6 No charge
Mactive* Charge 3,6 More negative

Table 2.20: the positions that have statistically significant differences among the CMs. All had a p-value <

0.05 except for the two groups with a * with a p<0.05, which had a p-value < 0.01. The positions are listed

in order of preference.
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of this on activity is unknown. For hydrophobicity, there is no group with negative

hydrophobicity at positions 1 and 2, and in position 7 the reverse is true. Thus the effects

of these are unknown. As far as charge in concerned, there is no evidence of a group with

negative or zero charges at positions 1 and 4 disrupting activity. The effect of a negative

or positive charge at position 7 is also unknown. Also, as far as marginally active CMS,

there are none with a positive or zero charge at positions 3 and 6. So no conclusion about

this effect on activity can be made.

2.9 Molecular Dynamics of CM-1

2.9.1 Modeling Algorithms

The energetics of the CM-1 interactions were analyzed by Moelcular Dynamics

(MD). MD simulations have provided detailed information on the fluctuations and

conformational changes of proteins and nucleic acids. It is used to evaluate the structure,

dynamics and thermodynamics of biomolecules and their complexes. McCammon et al.

(1977) performed the first protein simulation with the simulation of the bovine pancreatic

trypsin inhibitor (BPTI) (McCammon, et al., 1977). MD simulations solve for the energy

as a function of the conformation solves the Newton’s classical equations of motion for

protein atoms (Creighton, T. E., 1993). MD uses Newton’s second law, where Force is

mass times acceleration. The acceleration of each atom in the system is derived from the

force on each atom. Integration of the equations of motion yields a trajectory that

describes the time-dependent positions, velocities and accelerations of the particles. From

this trajectory, the average values of properties can be determined.
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The best conformation is in the region of the potential energy surface, near the

starting structure. The potential energy is a function of the atomic positions of all the

atoms in the system. Taking the derivative of the potential with respect to the coordinates

generates the forces. Thus the resulting and preferred conformation is consistent with all

terms in the equation. In MD, the starting structure is provided with sufficient energy to

overcome boundaries in the potential energy surface. (James, T. L., and Basus, V. J.,

1991; McCammon, J. A., and Harvey, S. C, 1987). Due to the complicated nature of this

function, there is no analytical solution to the equations of motion; they must be solved

numerically.

The foundation of any molecular dynamics simulation is the predictor-corrector

algorithm, allowing the prediction of atomic positions and velocities based on their

values at an earlier time. The accelerations are obtained from gradients in potential

energy. Numerous numerical algorithms have been developed for integrating the

equations of motion including the: Verlet algorithm, leap-frog algorithm,Velocity Verlet,

and Beeman's algorithm. A predictor-corrector algorithm often used is the Verlet

algorithm (Gough, C. A., 1992).

r (t + 6 t) = 2 r (t) = r(t-8 t) + d tº a■ t) [2.1]

Given the position at time t, this expression provides the positions at time t + 6t. Where 6t

is a small finite difference. The expression is derived from a Taylor series expansion

about r(t), by adding together the Taylor expansions for r (t) at times t + 6 t and t – 6t

and truncating after the second order term:

r (t + 6 t) = r(t)+ 6t v(t)+% 6 tº a■ t)+... [2.2]

r (t-8 t) = r(t) - 6 t v(t)+% 6 tº a(t)+... [2.3]
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The acceleration a may be obtained from the potential energy V(r):

= - V V(r) [2.4]

The velocities may obtained from the positions at times t + 6 t and t – 6t, in order to

calculate the kinetic energy of the system:

v (t) = [r (t + 6 t) — r (t – 6 t)] / (2 öt) [2.5]

Another algorithm used is the leapfrog algorithm (Snyman, J. A., 1982, 1983): which is

shown below:

r (t + 6 t) = r(t) + 6 t v (t + / 6 t) [2.6]

v (t + / 6 t) = v (t - % 6 t) + 6 t a (t) [2.7]

In the leap frog algorithm, the positions at time (t + 6 t) are predicted from the mid-step

velocities v (t – W. 6t) and the current positions and accelerations. For the purpose of

knowing the energy at time t, the current velocities may also be calculated: (Gough, C.

A., 1992)

v (t) = % v (t + / 6 t) + v (t - % 6 t) [2.8]

This algorithm is algebraically equivalent to the Verlet algorithm. However, the leap frog

algorithm has an advantage in that the velocities enter into the calculation of the

trajectory, and it is therefore possible to control the energy and temperature of the system

by scaling the velocities (Gough, C. A., 1992).

The length of computer simulations is limited by processes that can be performed

in the time step Št. This time must be smaller by an order of magnitude than the period of

the fastest motion in the system of interest. At each new point in time, the time

consuming calculation of the gradient of the potential energy must be performed (Gough,

****-
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C. A., 1992). The strength of MD depends on the energy parameters used and the method

of solvent inclusion (Creighton, T. E., 1993).

2.9.2 The AMBER Force Field

The AMBER Force Field Equation uses a potential of the following form where qi

and qi are the partial charges of atoms, in a medium with a dielectric constant e.

Eoal = 2 (K, (r-rº) + 2 (Ko (0–0.) + (1/2)× V,”[1+cos(n)-Y)] [2.9]
bonds angles dihed

+ 2 [Ali-Bi + qiqi) + 2 [Ci-Dil
isj Rº" R" ER; H-bonds Rºº R"

The first two terms in the equation involve the potential energy of distortion from

equilibrium of bond lengths and bond angles (rea and 0.8). Reproducing known bond

lengths and angles (to 0.01 Å and 3°) is usually straightforward, unless the fragments are

highly strained. The data can be obtained from high-resolution crystal structures. On the

other hand, the force constants, kb and k, must come from empirical data on vibrational

frequencies on fragments (Kollman, P. A., 1997).

The third term is for torsional interactions. The torsional energy is a periodic

trigonometric function that describes the energy as a function of rotation angle around a

given bond (j-k), described by four atoms connected in series (i-j-k-1). Most models

describe the rotational energy as a sum of all i-j-k-l quartets. In the majority of force

fields, the torsional potential is not parameterized until all the other parts of the force field

have been parameterized. This is done by empirically adjusting the torsional potential

function to reproduce, as accurately as possible, the experimental (or high-level, ab initio
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QM-calculated) barrier heights and minimum energies and the energies of fragments of

relevance in nucleic acid systems (Cheatham, T. E. 3rd; Kollman, P. A., 2000).

The fourth term represents van der Waals interactions. Nonpolar interactions are

defined by typical potential energy curves for the interaction of two atoms includes a very

steeply rising repulsive potential at short interatomic distances as the two atoms approach

so closely that there is interpenetration of their electronic clouds. This potential

approximates to an inverse 12" power law. Superimposed upon this is an attractive

potential due mainly to the London dispersion forces. This follows an inverse 6" power

law (Nemethy, G., et al., 1983)

The bottom of the potential well yields the favorable distance of separation, van

der Waals distance. Each atom has a characteristic van der Waals radius. These radii are

additive, so that the optimal distance of contact between the two atoms may be found by

the addition of two van der Waals radii. The van der Waals radii are not sharply defined

as covalent bond radii. This is because the potential energy wells are so shallow that the

contact distances may vary by 0.1 A or so with little change in energy. This, in a crystal

structure, it is found that there is a range of values, depending upon the local steric

constraints (Fersht, A., 1985).

Although the attractive forces are weak and van der Waals energies low, they are

additive and make significant contributions to binding when they are summed over a

molecule (Warshel, A and Levitt, M., 1976.; Fersht, A., 1985). In molecular mechanic

models, any electrostatic or van der Waals effects from atoms that are bonded together (1-

2 interactions) or bonded to a common atom (1–3 interactions) are assumed to be folded

into the bond and angle terms and thus are not included in the nonbonded evaluation.
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However 1-4 interactions (atoms separated by at least three bonds) are included,

although, in some force fields, they are treated differently from all other nonbonded

interactions. There is obviously coupling between the torsional energies and the 1-4

nonbonded interactions, and there is no obvious algorithmic way to deconvolute them.

There are two methods in common use for deriving the partial charges on the atoms (qi),

which is a required step for evaluation of the electrostatic term. On the other hand, all

force fields in current use evaluate the van der Waals energy empirically to fit nonbonded

interactions or the properties of liquids and/or solids (Cheatham, T. E. 3rd; Kollman, P.

A., 2000).

The fourth term is in AMBER force field is for electrostatic interactions.

Electrostatic interactions occur between charged or dipolar atoms and molecules. The

varieties of interactions include forces between randomly oriented permanent dipoles and

between a permanent dipole and a dipole induced by it, where the energy falls off as

1/Dr” (Barrow, G., 1988). There are also forces are between anion and a dipole induced

by it, where the energy falls off as 1/Dr", and forces between ions with net charges, where

the energy falls off as 1/Dr. The dielectric constant is not uniform throughout the protein

but depends on the microenvironment, which can range from being very polar near

charged groups or dipoles to being nonpolar in regions of hydrocarbon side chains. The

problem of calculating electrostatic effects in proteins is especially difficult because of

their heterogeneity of structure (Warshel, A. 1981; Fersht, A., 1985).

Hydrogen bonding is represented as the last term in the AMBER equation. The

optimal configuration of hydrogen bonds is linear, because bending leads to small energy

losses (Fersht, A., 1985). The lengths and strengths vary with the electronegativity of the
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acceptor or donor; the greater their electronegativities, the shorter the distance between

them and the stronger the hydrogen bond. Charged groups also give shorter and stronger

hydrogen bonds. Hydrogen bonds in proteins most frequently involve C=O and N-H

groups of the polypeptide backbone (Creighton, T. E., 1993). The variation of the

potential energy with the N---O has a minimum distance of approach being about 2.4 to

2.5 Å. In the H2O---H-OH hydrogen bond, the distance between the two oxygen's is 2.76

Å and the O---H distance is 1.77 Å (Fersht, A., 1985). The strengths of hydrogen bonds

are generally said to be within the rather broad range of 2-10 kcal/mol at room

temperature (Creighton, T. E., 1993).

2.9.3 AMBER Parameters

AMBER was run on a Hewlett-Packard Apollo workstation using the 1984

Weiner et al. all-atom force field (Weiner, S.J., et al., 1984, Weiner, S.J., et al., 1986)

and the TIP3P water model (Nukui, H., et al., 1994) was used. A residue-based cutoff of

8.0 Å was used for the nonbonded interactions. A dielectric constant of 1.0 was used

(Jorgensen, W. L., et al., 1983) Visual preparation of the initial structures and visual and

structural analysis of the final structures were carried out with the molecular graphics

programs MidasPlus (Ferrin, T. E., et al., J Mol Graphics, 6:13) at the UCSF Computer

Graphic Laboratory.

The structure was generated by assembling the N- and C-terminals blocked

peptide sequence with the program AMBER (Kollman, P.A, et al., 1991), and hand

modeling the dihedral angles using the programs Midas Plus and the facilities of the

UCSF Computer Graphics Laboratory. After an initial minimization, 30 picoseconds of
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constant-pressure dynamics were performed with explicit solvent molecules, followed by

another energy minimization (Bhatnagar, R. S., et al., manuscript in preparation). All

energy minimizations were continued until the final root-mean-square energy gradient

was 0.1 kcal/(mol% Å) or less. Solvation was included via periodic boundary conditions,

where each water box contained 1966 explicit water molecules.

For atom pairs that are hydrogen bonded, the R*-R" terms were used in place of

the R*-R" terms used to represent the van der Waals interactions of non-hydrogen

bonded atom pairs. This term was added to the Weiner et al. force field in order to

facilitate the fine-tuning of hydrogen bond distances (Weiner, S.J., et al., 1984; Weiner,

S.J., et al., 1986). A later version of the AMBER force field avoids the use of the R*-R"

term to describe interactions between hydrogen bonded atoms, but rather uses a more

carefully parameterized R*-R" term to represent hydrogen bonding interactions as well

as other nonbonded interactions (Cornell, W. D., et al., 1995). However, using the

R”-R" term allowed different hydrogen bonding geometries of H2O (Gough, C. A. and

Bhatnagar R. S., 1999).

2.94 Molecular Dynamics Results

CM-1 was modeled into a structure as a type of 3-hairpin, a G1 [3-bulge. This type

of structure is common in globular proteins, but has not been seen in small peptides. The

structure consists of 2 strands forming a short antiparallel fl-sheet, connected by a Type I

3-bend. Table 2.21 shows the Ö—u■ angles for this structure. CM-1 was prepared in this

structure, solvated, and then subjected to energy minimization. The minimization was

done in the presence of solvent. The model changes somewhat from the canonical G1 B
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bulge, but still retains the i to i + 3 hydrogen bond, the hydrogen bond between the amide

hydrogen and the carbonyl oxygen of Asn2 and Asnó, and the hydrogen bond between

asparagines side chain carbonyl and the amide hydrogen of Ala-4.

After minimization, the structure no longer contains a Type I bend, but rather a

different type of turn. This could be considered a somewhat distorted Type VIII fl-turn, or

one could consider Val-Ala-Glu to form a Y turn, which would be consistent with they

hydrogen bond between the backbone amide hydrogen of glutamic acid and the backbone

carbonyl oxygen of valine. Thus this is an extensive fl-strand structure and the one

residue (Val2) in the Type I bend/o-helical conformation. Table 2.12 shows the

Ö-\g angles for this structure.

Amino Canonical After Energy | After 15 ps

Acid Modeled | Minimization Molecular

Bulge Dynamics

() \■
-

() \■ () \■

Alal -163.8 168.4 -100.1 –99.6 –74.6 -143.0

Asn2 –90.0 161.0 –74.8 161.7 –96.4 131.3

Val2 –55.7 –24.1 -50.4 -40.4 -46.6 -42.0

Ala4 –92.0 2.0 -88.7 36.9 –77.4 40.2

Glu5 94.6 2.4 77.0 –37.2 85.6 -47.6

Asnó -85.2 136.7 -43.2 109.2 –75.1 139.1

Ala'7 -129.3 159.3 - 107.1 142.7 –70.2 70.6

Table 2.21: Backbone Torsion Angles of CM-1 Structures (in degrees).
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ANVAENA after 30 ps Dynamics, Figure 2.6 shows a hydrogen bonds between the Asn2

main chain amide and the Glu5 main chain carbonyl group.

Jól O YO;34. C.6914N 3:23

N--
fº
tº ALA;

UCSF Midaspius

Figure 2.6: Results of 30 ps MD simulation of CM-1. The main chain amides and carbonyls are green and

orange and the alpha Carbons and side chain groups are blue. The hydrogen bond distance is 3.23 A.

2.10 Discussion of Structural Predictions

CM-1 is predicted to form an O-helix, a Type I turn, and a non specific turn from

all standard 2° structures. When considering specific regions within CM-1, the highest

probabilities for structures starting at Ala4: an O-helix (0.129), a Type I turn (0.126), and

a nonspecific turn (0.158). Thus the prediction is a non-specific (not Type I or II) turn,

which would include Type III turns. But when compared to the experimental CD and

NMR data, the predictions have been shown to be accurate for a short peptide.
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One structural prediction was the 2-5 preference of the inactive CMs (100%)

versus the smaller preference for marginally active CMs (50%) and inactive CMs (56%).

Both inactive and active CMs favor the 2-5 interaction, but the inactive CMs favor is

more. This indicates that the inactive CMs may prefer this interaction too strongly. And if

the CMs form an helix, the inactive CMs strongly prefer a 310 helix. But on further

inspection, the nature of the h-h preference includes a Gly for the inactive CMs and an

Ala for the active CMs. Gly and Ala have similar preferences for Type I/II turnsCMs.

Gly is common at the i+2 position of Type I turns, and the i+3 position of Type II turns

(Wilmot, C. M and Thornton, J. M., 1988). In helices, alanine stabilizes O-helices the

most (-0.77 kcal/mol), while glycine is ranked almost last, as 19 out of the 20 amino

acids (0 kcal/mol). The larger difference in activity suggests that Gly inhibits helix

formation. Thus it is unlikely that these inactive CMs form a 310-helix at all, inspite of

their 2-5 (i, i43) preference. which could be the result of their inactivity.

When comparing active, marginally active, and inactive CMs, several structural

characteristics are discovered. Since the substitutions were limited, not all characterstics

were seen for all positions. No drastic subsitutions were made, yet drastic changes in

activity resulted. Thus the difference is probably structural. The distributions of residue

positions and their properties (helical stabilization, realative hydrophobicty, and charge)

did elucidate some differences among the groups of CMs. It was more useful in

differentiating between the marginally active and the inactive CMs, which had opposite

tendencies relative to the average values for the active CM.

Inactive CMs tended to have less of a characteristic, where marginally active CMs

had more of it when compared to the active CMs. CMs with less helical stabilization in

ºwser."
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positions 1-6 result in inactivity, while more stabilization in position 1 results in marginal

activity. That a residues in postion 1 could have a helical stabilization that is too high

indicates that it is ideal to have the N-terminus less restricted, or that the structure

requires conformational flexibilty for bioactivity. For the active CMs, most of the

hydrophobic residues are alanine, while for the inactive peptides most of the residues are

glycine.

For hydrophobicity, the N-terminal residues 3, 4, and 6 prefer to be polar, while 5

has less of a preference. Hydrophobicty and charge overlap for positions 5, 3, and 6.

Position 4, prefers to be polar but uncharged. Positions 5, 3, and 6 prefer to have a

negative charge, while zero charge results in inactivity. Too much charge in postions 3

and 6 leads to marginal activity. The stronger negative charge could repel another

negative charge in the CM and change its conformation to something more extended,

repel a negative charge in the binding region of the receptor, or attract a postive charge

outside of the binding region. Using a method based on averages is not absolute, because

there will be exceptions, but it does provide useful guidelines for activity prediction for

peptide design and activity prediction. Ultimately, antagonists, that bind but block

bioactivy can be developed. A variation of CM-9 (LIADAK), which has similar structural

charactersitics as the active CMs, but results in inactivity, could serve as a strating point.
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Chapter 3

Circular Dichroism Spectroscopy

3.1 Circular Dichroism Introduction

The L-amino acids in proteins interact differently with beams of left- and right

circularly polarized light. This causes the two beams to travel at different speeds through

these polypeptides and to rotate the polarized light. This is the basis of circular dichroism

(CD) spectroscopy. The resulting spectra have useful information about the 2° structure

of the protein. Similar CD spectra result from proteins with analogous structures, thus CD

mainly reflects the conformation of the backbone. CD Spectroscopic results can show

evidence of an O-helix, 3-turn, 3-sheet, or random coils. The CD spectra in the amide

region can be further influenced by the presence of aromatic side-chains, sulfur side

chains, lengths of O-helices, and twists in fl-sheets (Johnson, C, et al., 1999). When more

than one structure is present, the observed spectrum is a combination of the individual

conformations (Crieghton, T. E., 1993). The summary of these spectral components,

their local and absolute maxima/minima, and their positions are summarized in Table 3.1.

The CD spectrum of an unordered peptide has a strong negative at 197 nm as

shown in Table 3.1. The O-helix and 3-sheet structure have negative local maximum

between 208-222. The O-helix molar ellipticities [6]20s.222 (m" cm dmol') are –37 and—

39, while the ■ structure is smaller (-5 to -10). The O-helix also has a larger positive

absolute maximum at 191 nm, while at 197 the fl-sheet has a smaller maximum molar
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Secondary Structure Position (nm) [0] m” cm dmol"
O helix 222 –39

208 –37
191 +88

fl pleated Sheet 215-222 -5 to –10
195-200 +24 to +32

3 turn Type I 188 12.0
208 –9.6
215 –9.2

[3 turn Type II 198 +9
222 –4

Charged/Extended Random Chain 238 - . 150
217 +4.6
197 –42

Table 3.1: Positions of CD band maxima of residue molar ellipticities of poly amino acids of different

conformations (Jirgensons, B., 1973). The data on the turns is from Gierasch (1981) and Fasman (1996).
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o
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:I
Figure 3.1: Reference Spectra (Wavelength versus Molar Ellipticity) for random coil, 3-structure, O-helix

(Jirgensons, B., 1973).

ellipticity [0] (m" cm’ dmol") between +24 and +32. These values are important in

analyzing CD spectra of our peptides to obtain structural information. The sample

reference spectra used in interpreting CD spectra is seen in Figure 3.1.
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3.2 CD Methods

CM-1 was synthesized by using standard solid-phase methods. The peptide

showed a single peak on analytical reversed-phase HPLC and gave a mass spectrum

identical to that expected from CM-1’s sequence. CD spectra of the peptide were

recorded using a Jasco-500 CD spectropolarimeter (Japan Spectroscopic Co., Tokyo).

The readings were taken within the far-UV region (190-250 nm), and were the average of

4 scans. A 0.1-cm optical path was used in a thermostatted cuvette. The bandwidth was 1

nm with data spacing 2.5 nm and the scanning speed used was 10 m” cm". The peptide

concentration used was 0.5 mg ml". CD spectra were found to be independent of

concentration. The spectra were taken at 25 °C in PBS, TFE, and 1:1 PBS:TFE. The 1:1

PBS:TFE solution was used for the temperature dependence study. Ellipticity

measurements were expressed as mean residue ellipticity, in units of mº cm dmol".

The CD spectra of CM-1 were determined in different anisotropic environments.

The temperature dependence of the peptide’s structure was determined in PBS at 10°

intervals from 5 °C to 45 °C in most cases. As a result, an increasing structure was seen

with temperature in the O-helical/fl-bend region (208-222 nm). The CD spectra were also

measured in solvents known to stabilize 2° structure, to see if the structure could be

maximized. The CD spectra of the peptides were measured in TFE, CH3OH, and D2O.

Each of the solvents resulted in increased structure compared to PBS. CD measurements

of CM-1 were also measured in other PBS: TFE ratios (1:0, 3:1, 1:1, 1:3, 0:1). Increasing

the TFE ratio had similar effects as increasing the temperature in PBS, more 2° structure.

3.3 CD Results
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The CM-1 spectra in PBS are shown in Graph 3.2. Two regions of interest

indicate the changing structure with temperature. Between 210 and 230 nm, the local

minimum [0]20.230 increases from -11 at 5 °C to —20 at 45 °C. The absolute minimum,

[0]200, of the spectra ranges from —78 at 5 °C to -54 at 45 °C. So as [0]20.230 increases

82%, while [0]200 decreases 32%. The composition of the graph could include helices

and/or turns at the lower temperatures and a slightly higher helical character ([0]222) at

the higher temperatures (above 35 °C).

CD Spectra of CM-1 |----"
in 100%PBS iºn---

—e—5 deg C Tº
—º- 15 deg C -:

25 deg C ---.
–4–35 deg C

—Mé— 45 deg C ---
---****

- **
---

re-ºr"

:
Wavelength (nm)

Figure 3.2: The CD measurements of CM-1 ranging from 190 to 250 nm in 100% PBS showing increasing

structure (210-230 nm) with temperature.
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When TFE is added, the band between 210 and 230 nm changes from a [0]210:230

of-11 in 0% (0:1) TFE to a [0]20.230 of –20 in 100% (1:0) TFE. The negative absolute

minimum, [0]1975,200, decreases from —78 to -44. So as the [0]210.230 increases 82%, the

[0]200 decreases 44%. This is comparable to the changes seen in 100% PBS from 5 °C to

45 °C, where [0]20.230 increases 82%, while [0]200 decreases 32%. This graph also

contains a more helical character as TFE is added, as measured by the [0]222.

To graphically show the similar effects of TFE addition and temperature increase

on the structure of CM-1, two plots from Figures 3.2 and 3.3 are plotted together in * * * ~ *

-----"
*-*-

º -----
**-
!---a-"

CD Sepctra of CM-1 º
in PBS and TFE (1:0, 1:1, and 0:1) at 5 deg C

-

( ) g Tº
20

-

---
10 —

O +*e --
-

–6–100% PBS ****
«-N -19s S —º- 50% P:T &

■ É –20 – 100% TFE ---&
- -* *-

# # –30 .*-*# *o –40
-

> # -50 -
` -60 -

–70 –

–80 -

-90
Wavekength (nm)

Figure 3.3: The CD measurements of CM-1 at 5 °C ranging from 190 to 250 nm in different PBS:TFE

ratios showing increasing structure (210-230 nm) with TFE addition. Where P represents PBS, and T is for

TFE.
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Figure 3.4. The most similar spectra are 100% (0:1) TFE at 5°C and 50% (1:1) PBS:TFE

at 35°C. Both spectra have a local minimum [0]212.5.222s range from –17 to —20. In this

region, the 1:1 PBS:TFE 35 °C graph is only 8% greater than the values for the 100%

TFE graph. The minima for the spectra are at [0]1975 of —45 and —60.

The CD spectra for CM-1 in 1:1 PBS:TFE was used to examine the transition

since this ratio allowed moderate amounts of structure without maximizing it, thus

making the transition observable. In Figure 3.5, the spectra at 5 °C and 15 °C are nearly

equivalent below 205 nm. When the temperature is increased to 25 °C, the spectrum

changes, with the [0]20.230 increasing. From 25 °C to 35 °C, the spectra overlap, and *-

CD Spectra of CM-1 *º-

in PBS and TFE at 5 and 35 deg C ---.
0 - T-T-T-I-T-TTTTT-T-TT-T-T-T-T-T-T-T-TFILE

o —e—35 deg C/1:1 P:T

—s–5 deg C/100% TFE -***

* ºr "
wº

---:
Wavelength (nm)

Figure 3.4: The CD measurements of CM-1 from 190 to 250 nm in different PBS:TFE ratios (1:1 and 0:1)

and temperatures (35 °C and 5 °C) showing increasing structure (210-230 nm) with TFE addition.
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again jumps when the temperature is increased only 5 °C to 40°C. this indicates that at

least a two-state transition is most likely occurring from unfolded to the folded state, and

is seen in 1:1 PBS:TFE between 5°C and 40 °C.

The CD spectra were also taken for several other peptides. CMS 1 (active), 3

(active), 9 (inactive), 13 (inactive), 14 (marginally active), 15 (inactive) spectra are

shown in 1:1 PBS:TFE at 25°C. All of the active peptides, along with CM-9, show

structure in the O.-helical/B-bend region (210-230 nm). With comparison to CM-1 in 1:1

PBS:TFE, which showed increasing structure with temperature in O-helical/B-bend

Temperature dependence of CM-1'sCD Spectra
in 1:1 PBS:TFE

2-> —º-5 deg C

P 5 —m-15 deg C
| 3 & 25 deg C# # —s—35 deg C

# i. —A-40 deg C# #

Wavelength (nm)

Figure 3.5: The CD measurements of CM-1 from 190 to 250 nm showing increasing structure (210-230

nm) with temperature in 1:1 PBS:TFE.
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CD Spectra of CMs
in 1:1 PBS/TFE at 35 deg C

—e— CM-13 (Inactive)

—-- CM-14 (M-Active)

CM-9 (Inactive)

—x– CM-3 (Active)

—3.6— CM-11 (Active)

—e— CM-12 (Active)

—H CM-1 (Active):
–7 O -

Wavelength (nm)

Figure 3.6: The CD measurements of CM-1, 3,9,11,12,13,and 14 in 1:1 PBS:TFE at 35 °C from 190 to 250

nm showing the different structural dependence of the active inactive, and marginally active CMs.

region, the other active peptides had similar trends. CM-9 in 1:1 PBS: TFE shows

structure increases with temp, but the graph is narrower than CM-1 in Figure 3.6. The

inactive and marginally active peptides exhibit a different spectral pattern. CM-13 and

CM-14 have negative maxima that are much smaller than the other CMs.

3.4 CD Data Analyses

The reported mean residue ellipticity [0] (m" cm dmol ') is derived from the

observed ellipticity, [0]observation (m"), using the formula
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[0] = [0]observation (MRW/10lc) [3.1]

where MRW is the mean residue molecular mass of the peptide (molecular mass of the

peptide divided by the number of peptide bonds), l is the path length (cm) and c is the

peptide concentration (mg mL.') (Jirgensons, B., 1973; Hammarström, L. G., et al.,

2001). This allows measurements to be made that are interpreted independent of

concentration or path length.

Since CM-1 was shown a local minimum near 222 nm that was larger than that

expected for fl-turns or 3-sheets (-9.2 or –10 mº cm” dmol"), the fraction of helix was

calculated, assuming that at least a portion of the CMs were helical. The minimum [0] for

an O-helix ranges from 222-225 nm. This is from a n->tº transition. They have a weaker

band at 206-208 nm representing a T->Tº transition. The third band, near 190 nm, is also

due to the T->tº transition (Fasman, G.D., 1996). Based on CD studies of model peptides

that mimic the O-helical regions of intermediate-filament proteins, the [0]222 for a 100%

helix is taken as +43 m” cm dmo■ ' (Lazo, N. D., and Downing, D. T., 1997). The helix

content can be estimated from CD spectra very accurately if the content is moderate or

high (30-80%) (Jirgensons, B., 1973). The helix content of each peptide was determined

from the values of their mean residue ellipticities at 222 nm, [0]222. Chen estimated the 9%

O-helix according to the following equation at al (1972):

fH = -(L6]222 + 2340) / 30300 [3.2]

Where [0] is the molar ellipticity and fi represents the O-helical content. The fraction of

helix was determined for different PBS:TFE ratios for CM-1. Figure 3.7 shows that two
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Change in CM-1 Helical content
as a function of TFE:PBS ratios

0.7 —e 50% TRE:PBS

-- m 0% TRE:PBS

25% TFE:PBS

O.5 -

O.4 –

O.3 —i
O.2 –

45 35 25 15 5

Temperature (deg C)
–

Figure 3.7: The temperature dependence of helix fraction for different TFE: PBS ratios at CM-1 0222 for

CM-1.

state behavior is not seen at 0:1TFE: PBS. At 1:3 TFE: PBS, a slight two state behavior is

seen. And in 1:1 PBS:TFE, the two-state behavior is evident. Thus 1:1 PBS:TFE was

used for comparing the fractions of helix CMs. The fraction of helix was calculated and

compared at different TFE ratios. 3:1 TFE: PBS allowed helical ratios of 60.3% to be

reached in Figure 3.8. This same helicity required 45 °C in 50% PBS. Increasing the ratio

of TFE had similar affects as increasing the temperature. A two-state behavior is seen,

with a range (fl = 23.8% to 60.3%) similar to 50% PBS:TFE (fi = 8.05% to 58.5%) and

a shape similar to 25% TFE:PBS.
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Change in CM-1 helical content
as a function of TFE fraction

O.7
-

0.6 - •

0.5 - `s

0.4 –

0.3 –

0.2 –

O.75 0.5 0.25 O

Fraction Of TFE

Figure 3.8: The fraction of TFE versus the fraction of Helix measured at 0222 at 25 °C.

The helical fraction was calculated and compared among the CMs to see what fraction of

helix they contained based on their CD spectra. The CMs began to differentiate at higher

temperatures (35 °C and 45 °C) in Figure 3.9.

In 1:0 PBS, the active CMs (CM-1, CM-3, CM-11) had steeper slopes and were

able to achieve a higher fraction of helix of an average of 0.281 and a standard deviation

of 0.046 at 45 °C. The transition occurred at higher temperatures. Since active CMs had

smaller helical fractions than CM-1, this 9% helicity wasn’t required for activity.

For the marginally active (CM-15, CM-14) and inactive (CM-13) CMs, the slopes were

smaller in Figure 3.9. They transitioned at lower temperatures, and reached a smaller 9%
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Change in C M S helical content
as a function of temperature in 1:0 PBS:TFE

0.4
-—-- CM - 1 (active)

0.35 — CM -3 (active)

0.3 - —º- CM -9 (inactive)
—ºk—CM - 1 1 (active)

0.25 - —e—CM - 15 (marg active)

: 0.2 – —H CM - 13 (inactive)

# 0.15 - —e–CM - 14 (marg active)
º:

.2 0.1 -
g
# 0.05 -

O

- 0.05 —

-0.1 -

- 0.15

Temperature (deg C)

Figure 3.9: The temperature (°C) versus the fraction of helix at 0222 for active, marginally active, and

inactive CMS in 1:0 PBS.

helix value with an average of 0.097 and a standard deviation of 0.041 at 45 °C. CM-9 is

an outlier. When CM-9 is included in the active peptides, the standard deviation is

actually lowered by 5.00% to 0.044 and when included with the inactive peptides the

standard deviation increases by 122.43% to 0.09. CM-9, even though it is inactive, was

able to achieve a fraction of helix comparable to the active peptides.

A similar effect was seen with 1:1 PBS:TFE Volume ratios. When TFE is added,

less temperature is required to reach higher helix fraction. Fractions that require 45 °C in

100% PBS are reached between 15 and 25 °C in 50% PBS: TFE ratios. For the active

CM-s (1,12,3,11) the average fraction of helix and the standard deviation were 0.34 +/-

0.10 at 35 °C. The active peptides are more comparable to CM-1. For the inactive and
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marginally active peptides (CM-13, CM-14), the average fractional % helicity was 0.16

+/- 0.031 at 35 °C.

When CM-9 is included with the active peptides, the standard deviation slightly

decreases 0.22% to 0.10. And when CM-9 is included with the marginally active and

inactive peptides, the standard deviation increases 79.24% to 0.055. Thus CM-9 remains

an outlier at 1:1 PBS: TFE ratios. This indicates that CM-9 is inactive for reasons other

than structural ones. These fractional helix values are higher than the values in 100%

PBS at 45°C. This is shown in Figure 3.10.

The CD spectrum of a 310-helix is close to that of an O-helix (Miick, S. M., et al.,

1992). In a study by Iwata et al. (1994), the CD spectrum of H-(Leu-Arg-Leu)3-OH in

diphosphatidyl-choline liposomes was an arbitrary model 310-helix (Iwata, T., et al.,

1994). In this study, [0]208 = [0]n nº = -21 500 deg cm dmo■ ' was defined as 100% 3.10

helix.

Further differentiation between 310 and O-helices is possible. Balaram and co

workers (Balaram, P., et. al., 1984; Balaram, P., et al., 1983) reported profound intensity

differences in the two minima that characterize helical peptides, but were hesitant to

conclude that this intensity difference was indicative of a 310-helix. They had a limited

basis set of CD spectra and did not have independent structural evidence verifying that

the unusually intense 208 nm band relative to the 222 nm band correlated with the

310-helix. For 9% 310-character in a helix, Woody and co-workers (Manning, M.C. and

Woody, R.W., 1991) provided simulations indicating that the unusually intense
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Change in CMs helical content
as a function of temperature in 1:1 PBS:TFE

0.6
—e—CM -1 (active)

—º-CM - 12 (active)
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-CM -3 (active)

—º- CM - 1 1 (active)
0.4 –

- - - -—3.6—CM -9 (inactive)

É —H CM -13 (inactive)
E 0.3 – —— CM - 14 (marg active)
O

5
# 0.2 -
s
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O
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Figure 3.10: The Temperature (°C) versus the fraction of helix at 0222 for active, marginally active, and

inactive CMS in 1:1 PBS: TFE.

208 nm band relative to the 222 nm band correlated with the 310-helix. The ratio, R,

where R = [0]222/[0]208, was proposed by Toniolo et al. (1996) as the factor to distinguish

a 310-helix from an O-helix. They suggested that 310-helices have R - 0.4, whereas O

helices have R x1. An additional distinguishing feature is the positive CD band near

195 nm. This band is much weaker in the 310-helix than in the O-helix. Also, the 310

helical peptides show much stronger minima near 185 nm. It has been proposed that a

value of [0]222 between 15 and 30 m” cm dmol" for the helical peptides or proteins

suggests the presence of a mixture of nascent helix, 310-helix, and O-helix (Millhauser, G.

L., 1995; Lazo, N. D., and Downing, D. T., 1997).
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CD Spectra of CMs
in 1:1 PBS/TFE at 35 deg C

—6–CM-13 (Inactive)

—m- CM-14 (M-Active)

CM-9 (Inactive)

- x - CM-3 (Active)

—3%– CM-11 (Active)

| —e— CM-12 (Active)

—H CM-1 (Active):
Wavelength (nm)

Figure 3.6: The CD measurements of CM-1, 3,9,11,12,13,and 14 in 1:1 PBS:TFE at 35 °C from 190 to 250

nm showing the different structural dependence of inactive, marginally active and active CMs.

In light of these peak intensity comparisons, further investigation of the Figure 3.6 for the

CMs shows that in addition to the peak heights at 200 nm and 222 nm, there is also a

difference in the peak ratios between 208 and 222 nm. Active CMs have [0]222 that are

much lower than [0]208.

The active CMs (1,3,11, and 12) have maximum peaks greater than —40,000

deg"cmºdmol". Also, the active CMs and CM-9 have a [0] 208 greater than [9] 222. While

CM-13 and CM-14 have [0] 208 very near their [0] 222 in 1:1 PBS:TFE at 35 °C. These

ratios were determined for the CMs in 1:1 and 1:0 PBS:TFE and quantitatively compared.

For CM-1, the 208/222 ratios of molar ellipticity peaks showed a pattern of decreasing
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ratios as temperature increases in 1:1 and 1:0 PBS:TFE. The range of ratios is 1.96-4.33

in 1:0 PBS:TFE and 1.38–3.2 in 1:1 PBS:TFE ratioS. The ratioS Show that in 1:0

PBS:TFE at 15 °C and 1:1 PBS:TFE at 5 °C have similar ratios of 0.31, Also in 1:1

PBS:TFE the ratios at 25 °C and 35 °C (0.64/0.65) are nearly equivalent. So ratios can

provide similar information about structural comparisons and transitions. None of the

ratios are >> than 1 (showing an O-helix), and only one of the ratio is ~ to 0.4 (showing

evidence of a 310 helix).

The ratios were calculated for the other CMs under other conditions. They are

shown in Table 3.3 and 3.4 below.

PBS:TFE 5 15 25 35 45

1:1 0.31 0.35 0.64 0.65 0.31

1:0 0.23 0.31 0.37 0.44 0.23

Table 3:2: CM-1 Ratios ([0]222/[0]20s) in different environments. Ratios ([0]222/[0]20s) in 1:1 PBS:TFE and

1:0 PBS:TFE of CM-1 at different temperatures. Showing the ratio changes with structural changes.

CM/Activity 207.5 222.5 Ratio (101222/[0]208)
CM1

Active –27.05 -17.39 0.64
CM3

Active -16.50 - 10.83 0.66
CM9

Inactive - 13.80 -8.49 0.62
CM11
Active –20.11 -9.78 0.49
CM12
Active –20.58 -12.46 0.61
CM13

Inactive -6.60 –5.90 0.89
CM14

Mactive –2.83 -6.60 2.33
CM15

Mactive - 18.07 –9.57 0.53
Table 3.3: Ratios for CMs in 1:1 volume ratios of PBS:TFE at 25 °C.

* -- ~

*-***
tº -

--º-º:
*

****
---

****
****

78



CM/Activity 207.5 222.5 Ratio ([01222/10]208)

CM1
Active –26.08 - 16.90 0.65
CM3

Active -15.98 - 10.31 0.65
CM9

Inactive -14.86 –9.55 0.64
CM11
Active –21.74 - 10.32 0.48
CM12
Active –21.67 - 13.00 0.6
CM13

Inactive -7.08 –6.60 0.93
CM14

MActive –2.83 -8.02 2.83
Table 3.4: Ratios for CMs in 1:1 volume ratios of PBS:TFE at 35 °C.

Applying the tests to the bands and ratios provide helical characteristics of CMs 1,

11, 12, and 14. From Iwata et al. (1994), [0]20s = [0], nº = -21.5 m" cm dmol 'was

defined as 100% 310-helix. CMs 11 and 12 have [0]20s of -21.74 and —21.67 respectively

in 1:1 PBS:TFE at 35 °C (Table 3.4). It has also been shown that 310-helices have R £0.4,

whereas O-helices have R x 1. CM-14 has a R of > 1 in Table 3.3 (R = 2.33) and Table

3.4 (R = 2.83), suggesting that it is an O-helix. Also, a [0]222 between -15 and -30 m” cm”

dmol' shows the presence of a mixture of nascent helix, 310-helix, and O-helix. CM-1 is

the only CM that passes this test. In Table 3.3 (at 25°C and in 1:1 PBS:TFE) and in

Table 3.4 (at 35 °C and in 1:1 PBS:TFE) and, CM-1 has a [0]222 of -17.39 and -16.90.

This indicates that it is a mixture of 310 and O-helix. Thus the CMs are inactive or active

for different structural grounds, and CM-1 could be active for being able to fluctuate

between structures.
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3.5 Thermodynamic Data Analysis

The equilibrium unfolding data were analyzed using the two-state [native (N)*

unfolded (U) state] model of unfolding (18-20) by converting the raw data to the fraction

of the protein in the unfolded state (f), as a function of temperature, using the equation

(Yu, C. et al., 2001).

f = {YI – (Yf + mi■ D])}/{(Yu + mu■ P]) — (Yf + mi■ D])} [3.3]

where Yi is the observed spectroscopic property, Yr and mí are the intercept and slope of

the folded state baseline, and Yu and mu represent the respective intercept and slope

values of the unfolded baseline. [D] is the molar denaturant concentration and

AGu = -RT ln Ked [3.4]

Keq = fu /f [3.5]

where Keq is the equilibrium constant, AG, is the change in free energy in the presence of

the denaturant, R is the gas constant, and where f is the fraction of the protein in the

folded state = 1 -f. The raw thermal denaturation data were converted to the fraction of

the unfolded species (fi) as a function of the temperature as:

Keq = fu /(1- fu) = {Yi— (Yi + m, Tl)}/{(Yu + m,T) – Yi} [3.6]
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A two-state unfolding process is also characterized by a change in heat capacity (ACE)

that is independent of temperature in the range of measurements (21,22). This parameter

provides the temperature dependence to AG, AH (change in enthalpy), and AS (change in

entropy) is given as:

AG/RT = A ln(T/To) + B(1/T – 1/To) + C [3.7]

AH = S(AG/T)/8(1/T) [3.8]

AG = AH – TAS [3.9]

AS = (AH – AG)/T [3.10]

ACp = (6AH/öT) [3.11]

The Arrhenius equation describes the relationship between the rate and the temperature of

a reaction:

k = A exp (-E/RT) [3.12]

where k is the rate constant, the preexponential factor A is the frequency factor [s"], E, is

the energy of activation (J/mol), R is the gas constant [J/(mol·K)], and T is the absolute

temperature [K]. Similarly, rate constants may be predicted with the absolute rate

(Eyring) theory (Daniels, F. and Alberty, R. A., 1975):
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k = K, T/h exp(AS/R) exp(-AH/RT) [3.13]

where Kb and h are the Boltzmann and Plank constants, respectively; Ast is the entropy

of activation, and Al■ º is the enthalpy of activation. The relationship between AH" and

Ea, and As F and the frequency factor (A) may be obtained by calculating the slope of a

plot of ln k versus 1/T from equations 3.12 and 3.13 (Daniels, F. and Alberty, R. A.,

1975; Corredig, M. and L. Wicker, L., 2000):

ln k = –AH/RT + AS/R [3.14]

This graph of ln k versus 1/T was used to calculate AH and AS for CM-1. The

Kea and AG were calculated for CMs exhibiting two-state behavior in 1:1 PBS:TFE

between 5 °C and 45 °C. The CMs analyzed are CM-1 (active), CM-3 (active), CM-9

(inactive), CM-14 (marginally active). CM-1 shows exothermic AG of folding, while the

other CMs are endothermic, as shown in Table 3.5.

CM Tml Tm2
(°C) (°C)

CM-1 Active 25 75
CM-3 Active 25 75

CM-9 Inactive 20 57
CM-11 Active 20 69

CM-15 M-Active 20 138
CM-14 M-Active 25 140
CM-13 Inactive 20 203

Table 3.5: The Tms of unfolding for CMs showing two-state behavior from 5 °C to 45 °C in 1:0

PBS:TFE. The Tm was calculated from the temperature midpoint with the transition from unfolded to

folded occurs. The Tm2 was calculated from where the fraction of helix of the CM reaches 50%. The Tm2

value is not within the state transition for most CMs, but does give some evidence of CM stability.
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CM Tm2 f K AG

("C) kcal/mol

CM-1 Active 26 0.20 0.25 0.8

CM- 12 Active 95 0.28 0.40 1.95

CM-9 Inactive 86 0.66 2 -0.49

CM-11Active 167 0.24 0.31 1.01

CM-14 M-Act 172 0.2 0.25 0.10

Table 3.6: The AG of unfolding for CMs showing two-state behavior from 5 °C to 45 °C in 1:1 PBS:TFE.

Where fu is the fraction unfolded at equilibrium.

TFE versus helical fraction

at different temperatures of CM-1

0.7

■ —O-5 C

— H. 15 C

25 C

—%–35 C

-3%-45 C

Fraction of TFE

Figure 3.11: The change in fraction of helix with TFE addition of CM-1 as a function of temperature. This

was used to calculate the thermodynamic properties of CM-1.
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25 °C 35 °C 45 °C

K 1.15 1.08 1.46

AG kcal mol" –89.4 –49.9 –225.7

AH kcal mol" 178.7 99.9 451.4

AS cal mol' K' 842 486 2271

Table 3.7: The thermodynamic properties of CM-1 as TFE is added, calculated from Figure 3.11 and

equations (2) and (7).

The active CMs are folded to the same extent, as is the marginally active CM-14. Thus,

CM-14's inactivity may be due to folding an ineffective 2° structure. As previously

stated, CM-14 has a [0]222/[0]208 ratio -> than 1, indicating that it is an O-helix. Thus, AG

is 30 because of AS, and CM-1 is entropically stabilized.

3.6 Discussion of Circular Dichroic Analysis

In PBS at low temperatures, CM-1 shows a peak between 220-230 nm that could

be helical or a 3-structure. The peak decreases to slightly below –10 m” cm dmo■ ' at 45

°C. When TFE is added, the peak decreases to almost–20 m” cm dmol". This structure

can be explained as partial helical one when comparing it to the reference spectra. The

ability to form a helical structure in TFE could mimic the ability of CM-1 to form this

structure when in its native state. The CMs lack activity for not being able to adapt the

proper helical structure, or being stuck in an undesired conformation. The calculated Tm

values correlate to activity. Values with high Tms, that don’t form 50% helical structure

within the parameters of the CD spectra, were with marginally active or inactive. Active
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CMs had a Tm between 69-75 °C, marginally active CMs had Tms of 138-140 °C, and the

inactive CM studied had a Tim of 203 °C.

The predictions of ratios of 310-O-helices are accurate for structures that are

purely helical. Structures that may have a turn with an expected [0]215 peak of –10 m”

cm dmo■ ' would result in a lower [0]222 value that that expected for a helix. It would

also cause the ratio of O-helix to 310-helix to be overestimated. The ratios can be used to

predict similar compositions among CMs. LIAPEA (CM-3), which is unable to form an

O-helix because of the Pro in the middle, is active. It is also predicted by CD to be more

310-helical by its larger [0]208 versus its [0]222 at both 25 °C and 35 °C. The 7"PEA”, is a

portion of a loop in TGF-É, and forms a 310-helix in that environment. Thus, according to

this data, the activity can be correlated to the ability to quickly form a 310-helix.

The CD analysis highlighted some structural causes of activity or lack of it. For

CM-11 and CM-12, their values indicate that they are 100% 310-helix under these

conditions. CM-14, which is marginally active, seems to be primarily an O-helix judging

by its [0]222 /[0]208 ratio of 2.83 in 1:1 PBS:TFE at 35 °C. CM-15, also marginally active

has ratios similar to those of the active CMs. For CM-9, the cause of inactivity is not

structural. Its properties were consistently among the values for the active group

throughout the analysis. CM-9 is the result of a E->D substitution in CM-3. CM-1 seems

to have the best abilities to transition between a 310-helix and an O-helix.

Simulations have been done on helices. It has been shown that peptides rich in

Aib favor a 310-helix in less polar media and an O-helix in water. This preference is

attributed to the i - i + 3spacing of the 310-helix, which forms an extra hydrogen bond

relative to the O-helix. In water, O-helices are favored because the additional available
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carbonyl and amide are able to interact with the solvent (Hammarström, L. G., et al.,

2001). The environment of TFE could mimic the environment of the TGF-3, and

influence the nonpolar stabilization of 310-helices for even smaller peptides.

----
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Chapter 4

Nuclear Magnetic Resonance Analysis

4.1 NMR Introduction

Over 30,000 proteins are expected to come from the human genome, and even

more from plants and pathogenic genomes (Sali, A., 1998; Prestegard, J. H., et al., 2001).

De novo design, the design of modified proteins, and the design of drugs further increase

the need for accurate structural analysis (Gronenborn, A. M., and Clore, G. M., 1990). In

the protein data bank, 82% of the structures are from X-ray crystallography and 17% are

from NMR (nuclear magnetic resonance) (Berman, H. M., et al., 2000; Prestegard, J. H.,

et al., 2001). NMR has several advantages over crystallography. It has an improved

efficiency and can characterize proteins that may not produce crystals suitable for X-ray

diffraction. Solution structures may differ from the crystal forms and are in an

environment that is more physiological. In NMR, the conditions can be varied in terms of

pH, temperature, or ionic strength (Wuthrich, K., 1986). NMR can be used for small

ligands and macromolecular complexes essential for folding and function. Thus, NMR

will continue to be an essential tool, and will play an important role in current and

developing fields (Wuthrich, K., 1995; Clore, G. M., et al., 1993; Engh, R. A., et al.,

1993; Prestegard, J. H., et al., 2001).

One-dimensional spectra are informative, but limited by resonance overlap from

macromolecules. The development of 2D NMR (Jeener, J., 1971; Aue, W. P. et al., 1976;

Jeener, J, et al., 1979; Gronenborn, A. M., and Clore, G. M., 1990) led to vital

improvements. Jeener performed the original 2D NMR in 1971. Aue et al. (1979)

analyzed this experiment, resulting in new pulse sequences (Bax, A. and Lerner, L.,
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1986). Early 2D methods focused on simplifying the analysis of overlapping spectral

lines (Ernst, J, et al. 1975; Aue, W. P., et al., 1979; Bax, A. and Lerner, L., 1986). The

use of high field magnets has increased signal to noise ratios and has allowed a greater

spectral resolution (Havel, T. F., et al., 1983, 1984; Braun, W, and Go., N, 1985; Clore,

G. M., et al., 1985; Billeter, M, et al., 1987; Nilges, M., et al., 1988; Litharge, O., et al.,

1987; Gronenborn, A. M., and Clore, G. M., 1990).

The basis of 2D pulse sequences is the observation of the transfer of

magnetization from one nucleus to another (Freeman, R. and Morris, G. A., 1979;

Freeman, R., 1980; Bax, A., 1982; Benn, R. and Gunther, H., 1983; Berlinger, L. and

Reuben, J., 1984; Bax, A., 1985; Bax, A. and Lerner, L., 1986). Each proton has a

magnetic moment. When a molecule is placed in a magnetic field, the magnetization lies

parallel to it (Gronenborn, A. M., and Clore, G. M., 1990). An applied pulse rotates the

magnetization. The spectrometer observes the signal that is induced by the precessing xy

magnetization in the detection coil. This signal decays with time as a result of relaxation

processes and thus is called the FID (free induction decay).

A 2D experiment is comprised of a time of preparation, a time of evolution, a

time of mixing, and lastly a time of detection (Gronenborn, A. M., and Clore, G. M.,

1990). If the experiment is repeated for a large number of increasing tº times, a set of

spectra is obtained. A Fourier transformation of this signal in the time domains, ti and t2,

results in a spectrum in the frequency domains, (01 and (02. The resulting spectrum has

resonance lines at the offset frequency, each corresponding to an observed nucleus (Bax,

A. and Lerner, L., 1986). Each resonance line has a small chemical shift (expressed in

parts per million, ppm) and contains structural information. (Bax, A. and Lerner, L.,
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1986). At constant field strength, the resonance frequency of a particular nucleus varies

with its chemical environment. The diagonal of a homonuclear 2D experiment is the 1D

spectrum. The cross peaks are symmetrical representations of spin interactions

(Gronenborn, A. M., and Clore, G. M., 1990), the interactions depending on the type of

experiment.

4.2 The NOE (Nuclear Overhauser Effect)

NOE measurements can demonstrate the proximity of protons in space and are the

basis of NMR-derived protein structures (Overhauser, A., 1953, 1953; Solomon, I., 1955;

Noggle, J. H., 1971). This essential phenomenon results from an exchange of

magnetization between protons, occurring by cross-relaxation. The cross relaxation rate is

proportional to r", where r is the distance between two protons, and tapp, the effective

correlation time of the interproton vector. Perturbing the magnetization of one of the

spins changes the magnetization of the second spin. This is caused by an interaction

between the magnetic dipole moments of the two nuclei (Noggle, J. H. and Schirmer, R.

E., 1971). The change in magnetization of proton i upon perturbation of the

magnetization of proton i is known as the nuclear Overhauser effect (NOE). The initial

build-up rate of the NOE is equal to the cross-relaxation rate and proportional to rº

(Gronenborn, A. M, and Clore, G. M., 1990). The basis of the NOE is the following

equation (Bax, A. and Lerner, L., 1986):

Ni (t) - Ojt [4.1]

G = x' th' (ºr- (6 furl (1+40° frºm [4.2]
(10 rº")

* -

:
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Where Nij (t) is the time-dependent NOE, oil t is the cross-relaxation rate between

protons i and j (Wagner, G. and Wuthrich, K., 1979), and Y is the gyromagnetic ratio of

the proton. For protons, a good approximation of the initial rate of intensity change

observed for nucleus i on perturbation of the z magnetization of j is given by:

k = [34.2 t /(1 + 40°t.*) – 5.7 tº) + 10" r" [4.3]

where r is the distance between protons i and j (in A), o is the angular proton resonance
*** *

frequency, and te is the correlation time of the molecule (approximately average time it -**

_*-*

takes the molecule to tumble through an angle of 1 radian). The expressions show that *-
***

measurement of k directly determines the interproton distance, r, if te is known. *~ º

**

º
4-3 Two-dimensional (2D) Experiments

Sequence assignments in NMR rely on specific experiments that can be either -

hormonuclear or heteronuclear. The homonuclear category includes both the J ...
connectivity and the NOE connectivity. One J connectivity experiment is the COSY 2
(correlated spectroscopy) experiment (Gronenborn, A. M, and Clore, G. M., 1990), first

described by Aue et al. (1976). In a COSY spectrum, the cross peaks manifest scalar

*Pin-spin couplings between the correlated protons. This demonstrates through bond

*alar connectivities, grouping together protons belonging to the same residue (Wuthrich,

K., 1 984). Thus, for a residue with NH, C*H, C*H, and CH protons, it will yield peaks

*Presenting these interactions (Bax, A., 1988). Another J connectivity experiment is the
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Figure 4-1: A schematic representation of peaks obtained from COSY and NOESY pulse experiments

(Wuthrich, K., 1986).

TOCSY (total correlated) experiment. In TOCSY spectra, the multiplet components of

the cross-peaks are in-phase, as opposed to anti-phase in COSY spectra. Thus TOCSY

*Periments yield a better sensitivity and extra cross peaks (Gronenborn, A. M., and

Clore. G. M., 1990), and were used in the analysis of CM-1.

The NOE connectivity category includes the NOESY (nuclear Overhauser and

exchange spectroscopy) and the ROESY (rotating frame) experiments. The NOESY

sequence assignments rely on experiments demonstrating through space (<5 Å)

°Onnectivities (Wuthrich, K., 1986). The detection of NOEs enables connections to be

*de between a residue and its immediate neighbors in the linear sequence of amino

*ids (Gronenborn, A. M, and Clore, G. M., 1990). For the purpose of sequential

assignment, the most important connectivities are the C*H(i)-NH(i+ 1, 2, 3, 4), C*H (i)-

NH(i+1), NH(i)-NH(i+1) and C"H(i)-C*H(i+3) NOEs (Gronenburg, A. M., and Clore,

G. M., 1990). Both J and NOE connectivities are shown in Figure 4.1. By combining

*** -

***

s
s
-■
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Figure 4.2: Precession of M about Hi in the rotating frame by 90°

COSY and NOESY experiments, connectivities within a residue and connectivities

between residues can be differentiated. In the NOESY experiment, the mixing period

begins with a 90° pulse, the spins evolve and cross-relax, and then another 90° pulse is

*PPlied. An example of a 90° pulse is shown in Figure 4.2.

Cross-relaxation occurs parallel to the static magnetic field Bo, and is dependent

* longitudinal relaxation. In a ROESY experiment, a strong on-resonance radio

frequency (rf) field (spin-lock) is applied orthogonal to Bo. ROESY cross-relaxation takes

Place perpendicular to Bo, and is function of transverse relaxation (Jones, G. P. 1966;

Solomon, I., 1955). This resulting cross-relaxation-rate, oil, is always positive. Where (00

is the Larmor frequency, tc is the correlation time, and K = 0.1 Y'h', the longitudinal

"elax ation rates are given by (Solomon, I., 1955; Liu, H, et al., 1995):

s
º wº -

§
- -

º *

s
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j
pi* = K, X. [6]2(0) + 3J (0) + 3Jo(0)] [4.4]

J not = i

oij" = K [6]2(0) - Jo(0)] [4.5]

The transverse relaxation rates are given by:

j
pi* = K, X. 3]2(0) + (9/2)]1(0) + (5/2)]o(0)] [4.6]

J not = 1

oij” = K [3]1(0) + 2Jo■ eo)] [4.7]

The spectral-density function Jm(a) for a rigid molecule undergoing isotropic tumbling

with a correlation time to has the form:

Jm(0) = TC rij-6 [4.8]
1 + mºo’tcº

Most biomolecules exhibit some degree of flexibility in solution, and internal motions of

the molecules should be take into account. The NOESY and ROESY experiments result

ºn the following cross-relaxation rates:

Q01C NOESY ROESY

Cross-relaxation rates, oil Cross-relaxation rates, oil

(Dotc < 1 Negative Positive

(Dotc - 1.118 Zero Positive

(Dotc > 1.118 Positive Positive

Tasis 4.1: Cross-relation rates, oil, of NOESY and ROESY experiments.

:
:

;

.

* *£ i.

().

s
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Thus for molecules with (Ootc - 1.118, the NOESY experiment yields a oil of zero,

where in the ROSEY experiment it is positive. Thus, the ROESY experiment is necessary

for determining structural conformation (Bothner-By, A. A., Stephens, R. L., 1984;

Ivancic, M, and Hsu, V. L., 2000)for medium sized molecules with a to < 1 ns, including

small peptides (Liu, H., et al., 1995).

In biomolecules with slow molecular motion, (Dotc >> 1, laboratory frame cross

relaxation is an energy conserving process and causes spin diffusion (Macura, S. and

Ernst, R. R., 1980). In spin diffusion, magnetization is relayed between two protons i and

j by proton k. It strengthens the NOE between protons i and j, making their distance

appear larger. In rotating frame, cross-relaxation spin diffusion is less prominent than in

laboratory frame cross-relaxation, (Farmer II, B. T, et al., 1987). The ROESY experiment

can lead to more accurate measurements of cross-relaxation rates and better structure

determination for biomolecules. NOESY experiments are still more popular. Cross

relaxation to a group of chemically equivalent spins is more efficient than in a ROESY

experiment. Thus NOESY spectra also have a higher sensitivity and a higher signal to

noise ratio (Farmer, B. T., et al., 1988). So when a NOESY experiment can be used, it is

the option chosen. Thus ROESY experiments were used to analyze CM-1 in all cases

except in CD3OH at -10°C, where the tc was high enough to yield positive cross

relaxation rates.

4.3 Spin Systems and Coupling Constants

The structure of any molecule can be determined with a sufficient number of

structural constraints from proton-proton internuclear distances. Once sequence specific

- º
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resonance assignments are obtained, further NMR measurements such as spin-spin

coupling constants can be determined (James, T. L. and Basus, V. J., 1991). The identity

of a proton to which an NOE is observed can be specified by the frequencies of the other

protons in the spin-system to which it has a strong enough Jeoupling (James, T. L. and

Basus, V. J., 1991). Spin systems such as Gly, Ala, Thr, Leu, Ile, and Lys, are

characteristic of single amino acids. In an AMX, the frequency difference between the

multiplets is JAM, the active coupling (Ludvigsen, S., et al., 1991).

There are six three-bond coupling constants that can potentially be measured that

involve the () backbone angle, connecting C* of the previous residue or H (bonded to N)

to any of H*, or C" (bonded to C*). The 'JKNN) and 'J(H.N) are both small and change

with \P (K. Theis, et al., 1997; Wang, A. C. and Bax, A., 1995; Düx, P., et al., 1997;

Pellcchia, M., et al., 1998; Case, D. A., 2000). The vicinal spin-spin coupling constant 3J

is a function of the intervening angle 0 (Karplus, 1959). The dependence of ‘Jhºn on the

torsion angle () in polypeptides was surveyed by Bystrov (1976) and more recently by

Pardi et al. (1984). The following equation was derived from converting the () angles

standardized from he crystal structure of BPTI. The 3JHoHN values were measured in

solution. The 'JHahn in hertz is (Wuthrich, K., 1986):

*Jhon = 6.4 cos 0–14 cos) + 1.9 [4.8]

When vicinal spin-spin coupling constants are correlated with the intervening

torsion angles via a Karlpus-type relation, there are some ambiguities. In proteins, the

dihedral angles () are concentrated in the range of -30 to −180° for all amino acid
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Direction Structure () 'Juan

(Hz)

Right-handed O helix –57 3.9

Right-handed 310-helix –60 4.2

Antiparallel fl-sheet - 139 8.9

Parallel fl-sheet - 119 9.7

Left-handed O-helix +57 6.9

Table 4.2: Standard ‘JHoHN is from the original Karplus equation (1959).

residues except glycine (Richardson, J. S., 1981). Using equation 4.8, the *Hahn for 2°

structures are calculated and listed in Table 4.2.

In or regions, where both 0 and u■ are positive, the C*-H” coupling is especially

small, offering a useful way to observe this unusual conformation (Case, D. A., 2000).

Both regular helix and B-sheet 2° structures were found to contain a dense network of

short 'H-'H distances. The results obtained imply that the combined information on all

these distances obtained from visual inspection of the two-dimensional NOESY spectra is

sufficient for determination of the helical and 3-sheet 2° structures in small globular

proteins (Wuthrich, K, et al., 1984). The relationship between drin, the 2° structure, and

the Ö—u■ angles is shown in Figure 4.3

This dependence on coupling strength makes this a good procedure for protein

segments in an extended chain or 3-sheet conformation, in which amide to O-proton

Coupling is large. For protein segments in a helical conformation, most of the resulting

Cross-peaks are weak (James, T. L. and Basus, V. J., 1991). The occurrence of

.

& ■ º tº

5
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HE - F. l■ T d * -—180° 0° q}; + 180 sº

Figure 4.3: A Ramachandran quadrant showing the relationship between (), u■ , and dNN. A, B, and C are -.
***

the O-helix, antiparallel B-sheet, and parallel 3-sheet (Billeter, M., et al., 1982). *** 3.

*

patterns of NMR parameters along the polypeptide chain indicates a particular 2° .
Cº.,

structure. The information is a starting point for determination of the tertiary structure * Y

(Derome, A. E., 1987). 3. .*º

* \"
* º ...'

4.4 Secondary Structural Indications with NMR º º, 1.

When specifying a 2° structure by NMR, 'H-H distances should be sufficiently tº º
~,
}, , , , º,

large in order to be observed in NOESY experiments (< 5.0 Å) (Kumar, A., et al., 1981 ; º
Braun, W., et al., 1981, 1983; Dubs, A. et al., 1979, Poulsen, F M., et al., 1980; 5

Williamson, M. P., et al., 1984; Wuthrich, K., et al., 1984). Distances should also be * º,

(". sº
unique in 2° structures. The following table shows useful distances (Wuthrich, K., et al.,

1984). º
º,

º
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Distance d-helix 310-helix Type I turn Type II turn

doN 3.5 3.4 3.4/3.2 2.2/3.2

doN(i, i + 2) 4.4 3.8 3.6 3.3

doN(i, i +3) 3.4 3.3 3.1-4.2 3.8-4.7

doN(i, i + 4) 4.2
--

dNN 2.8 2.6 2.6/2.4 4.5/2.4

dNN(i, i + 2) 4.2 4.1 3.8 4.3

dNN(i, i +3) 2.5-4.4 3.1-5.1
--

Table 4.3: Distances for 2° structural components (Wuthrich, K., 1986).

There are several different distance criteria that can provide helix identification

with high extent and high uniqueness. Only a small proportion of these short distances

needs to be observed to characterize an O-helix. The reliability of determination of the

residues where the helix starts depends on the availability of more complete sets of

distance constraints for these residues. It can be improved by additional data on the amide

proton-C* proton spin-spin coupling constants (Pardi, A. et al., 1984) and further

specifying the location of hydrogen bonds (Zeiderweg, E. R. P., et al., 1983;

Williamson, M. P., et al., 1984).

The O-helix is by far the most abundant helical structure in globular proteins, but

short segments of the 310-helix have been observed also in protein crystal strucures

(Richardson, J. S., 1981). The different periodicities of the two structures are manifested

by short doN (i, i + 2) values in the 310 helix and short doN (i, i + 4) values in the O-helix.

Furthermore, observation of short dop(i, i + 3) values would indicate a prevalence of o

4 / \, ,
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helical structure (Wuthrich, K., et al., 1984). The distances can be found by using a

reference distance (rre■ ) from the following equation, 4 / .
* *

r =re (ae■ a)" [4.10]
-

where r is the distance, and a is the intensity of the NOESY cross peak (James, T. L. and
-

º

Basus, V. J., 1991).

4.4 NMR Methods

A sample must be prepared in solution (~ 1 mg in 0.4 ml). The solvent choice is * -

critical since solvent signals will obscure regions in the spectrum. Viscous solvents will ~ º J

affect the line widths, the resolution obtainable, and the relaxation parameters of the : () : A

sample. Solvents can also have exchangeable protons that prevent the observation of º º,
f

other exchangeable protons in the protein. The melting point, boiling point, presence of f
l

* - - - -

aromatic groups, and the strength and sharpness of deuterium signal available from the º _1

solvent are also considered. Other sources of interfering signals are residual protons in : º *.º _º

the deuterated solvent, dissolved water, and dissolved impurities (Derome, A. E., 1987). 3. s A.
The resolution obtainable with a given combination of probe and magnet can be ; º, *

maximized. Common parameter to measure resolution is the width at half-height of a I º

particular line measured in Hz. More importantly is the line shape deviation from º
A

Lorentzian; NMR lines have a natural width, determined by the relaxation processes to 5

which nuclei are subject. Three most important factors are the static sample field, the sº

NMR probe, and the sample (Derome, A. E., 1987). tº lº

H2O and CD3OH were the solvents used in this study. H2O provided peak º

assignments, and CH3OH stabilized the structure of the peptide. ID "H NMR spectra º
"I, Viº

Yº
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were collected at 2 °C, 25 °C, and 45 °C in 90% H2O/D2O and –10 °C, 0 °C, and 45 °C in

90% CD3OH/D2O using a 600 MHz Varian spectrometer. The peptide had a pH of 6.2

and concentrations of 3.65mm and 1.16 mM. Samples were pH controlled with 3M

NaOH. The 1D H spectra in CD3OH with a spectral width of 60002 Hz. Saturation of

the water peak occurred by a saturation power of 2, a saturation frequency of 727.386 in

D2O and using the jump and return method for experiments in CD3OH.

The 2D H ROESY and TOCSY experiments were done for resonance

assignments. Instead of a ROESY, a NOESY spectra was taken at -10°C. The

parameters were with 4096 points using a sweep width of 7499.8 Hz. The spectra were

pre-saturated for a water peak with a saturation power of 30 for the ROESY spectra. For

the NOESY spectra, jump and return was used to suppress the water peak. In H2O, 2D 'H

ROESY and TOCSY spectra were taken at 45°C and 25 °C. All ROESY and NOESY

spectra were collected with 150-ms mixing times. All NMR data were processed on

Silicon Graphics workstations with SPARKY (UCSF).

4.51D NMR Results

45.1 1D H Spectra of CM-1 in H2O

The coupling constants measured in 90%H2O/10% D2O are shown in Figures 4.4-

4.6. Most of the coupling constants were between 6-8 ppm, indicating an absence of a

dominating population in a specific conformation. The spectra at the higher temperatures

º º

:

:
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presat

Pulse sequence: water

solvents D20
temp. 2.0 c z 273.1 K

Users george
Irova-600 “degas”

rulgº sºu-cer water
Relax. delay 5.000 sec
Pulse s2.2 degrees
mixing 0.000 sec
Acq. time 2.001 sec
width 12012.9 -s.
64 repetitions

oss-ºv- -1. 599.8353155 Mºts
nara Processing

Gauss window 0.235 sec
center at 0.364 sec

Pr sise 131072
Total time 7 aim, 42 sec

i
i --ii:

|i

|
■ :|*...**º-º-º-º-º-º: "Tºº." wº-ºººº..."

-

5500 5400 5300 -5200 | # | 5000 4900 | Hz

Residues: Ala'7 Val? Asnó Ala4 Glu5 Asn2

Figure 4.4:1D'H spectrum of CM-1 in 90% H2O/D.O at 2 °C.

are shifted to the right. In Figure 4.4, at 2 °C, the order of amides is: Ala?, Val2, Asnó, Ala4,

Glu5, and Asn2. The Asn2 peak is far upfield at 5200 Hz. The Ala? peak is far downfield at

4800 Hz. The remaining peaks are clustered around 5100 Hz. The Val2 and Asnó peaks

are overlapping. The ‘Jºhn outside of the random range at is 5.87 Hz for Val2 and 8.8

Hz for Asnó.
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In Figure 4.5 at 25 °C, the peaks are shifted upfield relative to Figure 4.4 at 2 °C. º

The peak order from left to right is Ala?, Val2, Asnó, Ala4, and Glu5. The Asn2 peak ** {\ }

; : ')

Pulse sequence: water

Golvent: D20
temp. 25.0 c z 25s.1 x

User: george
rºova-Gog "degas

puls- sºul-c-1 water

DATA Pºocºtsalºo
Gauss window 0.233 sec

Relax. delay 5.000 sec : s : R B, § 2.
Pulse $2.2 degrees * * * - * * e • *

Mixing o. 000 see # s & 3 : : * :Acq. time 1.023 sec - tº ºn - -n - - : ;
width 12012.0 -x 2 | 5 *
48 repetitions | º

oss-RVE -1, 599.e560.702 -- |

center at 0.371 sec
ºr size 32760
Total time 6 min, 30 sec

* *

-

| |
* -

| | | - >
| | | -- * : *

º, | j'■ (, .
º º * * * * 'tºººf º -: 2.

* 5100 sº sº •
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Residues: Ala'7 Val2 Asnó Ala4 Glu5 2. l

º, --

Figure 4.5:1D'H spectrum of CM-1 in 90% H2O/D.O at 25°C. . .

| | |
~,

*\º
was not apparent. The Glu5 peak is shifted far upstream at 4700Hz. The peaks to *-

º

the far left at 5050 Hz are the Ala'7 and Val2 peaks, which overlap. All of the *Hahn
* *

values measured are between 6.6 and 7.3 Hz. There is no evidence of structure * * *tº º

In Figure 4.6 at 45 °C, the peaks are further shifted upfield. The peak order is f

different from 25 °C. Asnó, Ala4, Glu5, Val2, and Ala". The Ala'7 and Val2 peaks that
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were overlapping in Figure 4.5 have separated. Ala? is shifted upfield to the far right

(4600 Hz). Asn2 is not apparent in the 1D spectra. The central residues Ala4-Asnó & A.

are near each other, while Ala4 was shifted up and Glu5 and Asnó were downshifted. All

presat

Pulse sequence: water

solvent: D2O

Temp. 45.0 c z 318.1 x

PULSE sequºcº water
Relax. delay 5.000 see
Pulse s2.2 degrees
Mixing 0.000 sec
Acq. time 2.001 sec
width 12012.0 Li
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Figure 4.6:1D'H spectrum of CM-1 in 90% H2O/D2O at 45 °C. ~, |

*\\
-

º
-

of the coupling constants are between 6.2 Hz and 7.5 Hz. * -

- - - --
sº tº

The coupling constants measured from Figures 4.4–4.6 are graphed in Figure 4.7.
º

The predicted values from the CM-1 MD simulation in Section 2.9 are also graphed. For
-

º,

the experimental values, the Asn2 and Ala? values are clustered near each other. The * -º
" ;
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Val2-Asnó positions have more variance. When the MD simulation is included, it has the

most successful prediction for the coupling constants of the central residues Ala4 (2 °C & A. "

and 25 °C), Glu5 (45 °C), and Asnó (25 °C and 45 °C). MD diverges at Val2 into the

helical region of ‘Jºhn values. The 2°C graph diverges at Asnó, approaching the

Temperature Dependence of Coupling Constants of CM-1 in
H2O/D20

**

:

—m-2 C * .
- “…É -O = 25 C * º

-º- º - s; 45 C *

m Q m

MD i C■ º

& Y -
º -

O I + I I I ! sº
*

ASn2 Valº Ala4 Glu5 ASnó Ala■ / f \"
Residue > • ".

º, 1.

Figure 4.7: Experimental 3JHoHN values for CM-1 in H2O as temperature changes for each residue. The ! I
!/?" º

residues assignments are from the 'H2D NOESY and ROESY experiments. MD is for the molecular º
dynamics predictions for CM-1 in H2O. _y

&

- - - - -
º

turn/sheet regions. MD predicts a structure centered at Asn2, while there is no evidence
+.

of this experimentally. The *Hahn for Val2 is the only value below 6 Hz (5.87 Hz) at 2 º º

* º

°C. There is some experimental evidence of a 3-structure centered on Asnó. For the
-

º

º
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surrounding residues, Ala" is far upfield at 45 °C, while Asn2 is far upfield at the lower

temperatures (2 °C and 25 °C).

4.5.2 1D1H Spectra of CM-1 in CD3OH

In CD3OH, the coupling constants were measured at-10 °C, 0 °C and 45 °C

(Figures 4.8-4.10). There are six possible amide peaks from residues 2-7. In Figure 4.8, at

45 °C, the amide peak order is: Asnó, Ala4, Asn2, Val2, Glu5, and Ala". Ala? has the

**lowest’■ HoHN at 6.21 Hz., and Glu5 has a 3J HoHN of 8.07 Hz. Asnó is far downfield at º º *

:
5100 Hz. The second peak from the left is Ala4. The third peak at 4800 Hz is the largest

and contains Asn2 and Val2, both with coupling constants of 8.28 Hz. The peaks are | * .
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preset

Pulse sequence 1 water

solvent 1 chaoh

temp. 45.0 c f 318.1 K
users george
risova-goo "degas”

PULSE sºgo-Rºc-1 water
Relax. delay 5.000 sec
Pulse 81.4 degrees

s imixing o. ooo see : 2
Acq. time 2. ool sec * : - * r
width 67 so. 2 ºn • . * : ! | r
64 repetitions : ; • | f ºn 3

oss-v- al., 599.8569706 MHz * = ■ * * *
DATA PRocessinºo - -

p : ! ~
Gauss window 0.540 sec - -

' • G | “.
center at 0.525 sec - º, s

Pr size 131072 +

|
|

- º
Total time 7 min, 42 sec | | | .”|

| | || || || |
| -

| | !li | | | ||
! #| ||

| | º º
■ || | | º

| | | || ||ij ',
| º : t | | t| in. . . . .

| º, , , , , | \, .
* * * '', 'V' -

, --
sº .." w ... ',” \

-.” **-*-* ~ ** ...,’- “” *~~".
w.---~~~~~~~~ *-*** ***** -- ~~~~~~~~~"
–––. ------------------- - r - -

-----------, --, -, -- --, --- r → -------, -------

5200 5100 5000 4900 4800 4700 4600 Hz

Residues: Asnó Ala-4 Asn2/Val 3 Glu5 Ala■ /

Figure 4.8: 1D H spectrum of CM-1 in CD,OH at 45 °C.

more distinguishable when compared with the spectra at 25°C (Figure 4.8). The two

overlapping peaks on the right are Glu5 and Ala'7, with coupling constants of 8.07 and

6.21 Hz respectively.

In Figure 4.9 (CD3OH at 0 °C), the peak order is Asn2, Ala4, Val2, Asnó, Glu5,

and Ala?. All the amide peaks are to the left of 4700 Hz. The peak to the far left is the

Asn2 peak. The two peaks after that, Ala4 and Val2, overlap to form a large peak at

:

{T/. v. º -

* * *

º

Sº I
º

tº “

*
*

* *
º,

sº º,

106



º
*-

* -

**
*
º
- * * * * *

º: " "
* - - - - -

***.. -*

*** - - - -

a ºn - * * * *
t

* * * * * * *

*ºse wease - sº
r

-****** * * * * .

º
*******" as . *- :

-gº * * ** -º t**** -

* -

" * * * * *
tº --- rs --- - -

* - - - - - -



preset

Pulse sequences water

solvent 1 chºch
Temp. 0.3 c. r. 273.1 K

user a george
File: chil_id_xteoc
rºova-600 *dumont."

PULSE sºotnºce: water
Relax. delay 5.000 sec
Pulse 81.4 degrees
Mixing 0.000 sec
Acq. time 2.001 sec
width 6780.2 mm
64 repetitions

oss-Rws al., 592.8569837 MHz
para process ING
rt airie 131072
rotal time 7 min, 42 sec

.." | -J
5300 5200 5100 5000 4900 4800 4700 4600 4500 4400 4300 4200 4100 4000 Hz

Residues: Asn2 Ala4 Val? Asnó Glu5 Ala■ /

Figure 4.9:1D'H spectrum of CM-1 in CD.OH at 0°C.

5000 Hz. Attached to the right of this peak is Asnó at 4900 Hz. The next two peaks on

the right, Glu5 and Ala? peaks are above 4800 Hz and overlap. The Asnó at 4900 Hz

has a coupling constant of 7.3 Hz. The last four peaks far upfield, 4100–4600 Hz, are

from the Asn2 and Asnó side-chain NH2 groups. None of the other residues have

coupling constants in the O-helical, 3-bend, or 3-sheet range. The lack of helicity is

confirmed by the 2D data, which is missing N-N peaks. The 2D data shows evidence of

substructure for residues Ala4, and Glu5. This could explain the small peaks
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Pulse sequences water

solvent: CD3OD
Temp. -10.0 c a 263.1 K

User , george
rºowa-600 "dumont"

PULSE SEQUENCE: water
Relax- delay 5.000 sec
Pulse 93.0 degrees
Mixing 0.000 sec
Acq. time 2.001 sec
width 6780.2 His
16 repetitions

obsgaws R1, 599.92.01605 MR=
para processing

Line broadening 1.6 wº
rt size 131,072
Total time 2 min. 5 sec

|
| | | -

* | | | |
-. ." U , wº
*~~~~~~~~~~

—----- ----, H---------

5300 5200 5100 5000 4900 4800 4700 4600 4500 4400 4300 4200 4100 4000 hº
---

Residues: Asn2 Ala4 Val? Asnó Glu5 Ala■ /

Figure 4.10: 1D H spectrum of CM-1 in CD,OH at -10°C.

on the side of Asn2 Ala4. The small side peaks had coupling constants between 6-8 ppm.

The lowest coupling constants are 6.52 Hz, for Val3, Ala4, and Ala?. The highest is 7.97

and 7.87 Hz for ASn2 and Glu5.

In Figure 4.10, the 1D spectra at –10 °C is shown. The amide peaks are to the left

of 4800 Hz. The first amide peak on the left contains the Glu5 and Ala", designated from

the 2D 'HTOCSY and NOESY spectra. The ‘Jºhn are between 6 and 7 ppm except for

Ala4, which is 5.51 Hz. The Ala" is shifted up (8.076 ppm) compared to the Glu5

& 1 \, . .

108



* - - -

º, --- - - -
*- : -º - **-

- - - - -

º --- - - -:º
4- --- ** * -

2

º -
- -º ---

~ ---
\ e --



Temperature Dependent Coupling Constants
for CM-1 in CD3OH ** {, , ,

8.5

8
-

7.5 +
TS
E 7 -O - 45 C

É -à- 0 C
6.5 - -E--10 C5

6
- -

5.5
- - sº *

- tº

5 i I T —■ n
: º

ASn2 Valº Ala4 Glu5 ASnó Ala■ / • ‘º
! --

Residue * .

-

i
( , \, ..."

Figure 4.11: Experimental ‘Jhain values for CM-1 in CD3OH as temperature changes for each residue. The R Y .

residues assignments are from the 'H2D NOESY and ROESY experiments. º º i

peak at 0°C, which is upfield of the random coil values (8.24ppm). The Glu5 peak is º * ,

> º

shifted downfield at –10 °C (8.138 ppm) from its value at 0 °C (8.065ppm). º,

The coupling constants for Figures 4.8-4.10 are shown in Figure 4.11. The only ! I
2, ■ º

residue with similar values at the three temperatures is Asnó. Alaz and Glu3 have 'Han º
* º

values near each other at -10°C and 0 °C, but are much higher at 45 °C. The values at 0
*. *

°C show evidence of structure at Glu5, with a ‘John of 7.87 Hz. At -10°C Alaq has a º

coupling constant of 5.51 Hz, leading to a () angle of —70.6°. This indicates that Ala4 is 4.

not entirely random, partially in a helical or turn conformation. The participation of Ala# '.

Tº º

Y *
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-10°C. The TOCSY spectra allowed inter-residue peaks to be identified,

leaving the additional peaks on the NOESY spectra as intra-residue peaks. Figures 4.12

4.15 show the different peaks in the amide region. The peaks were integrated, and the

relative distances were calculated (Table 4.7). The distances were taken relative to the

largest peak between non-exchangeable geminal protons, E5H31-H■ ;2, which was used

as a reference with a distance of 1.8 Å. Two alpha-amide peaks, A4Ha-A4HN and E5HO

HN, have similar distances of 2.52 Å and 2.64 A, The doN (i,i-F1) for E5Ha-N6HN and

similar to the don (i.i.42) E5Ha-A7HN are 446 Å and 4.35 Å. The close similarity of the

A4Ha and E5Ha chemical shifts make the doN (i,i-H2) E5Ha-A7HN indefinite. It could

also be a doN (i,i-13), representing A4Ha-A7HN. Having the doN (i,i-H2) or doN (i,i-13) be

slightly less than the doN supports a regular periodic structure between Ala4-Ala?.

The NH-fland Y peaks are shown in Figures 4.13 and 4.14. The only inter-residue

3-NH peaks are A4H[3-N6HN and A4H[3-A7HN. A4H[3 also has a cross peak with

A4HN. Of the A4H[3 peaks (Figure 4.14), the cross peak with A4HN and A7PIN are the

largest, giving similar distances of 2.64 Å and 2.65 Å. The only other inter-residue Y-peak

in this region is V3)-A4HN. The two amide peaks in this region are between Ala4-Glu5

and Asnó-Ala". Both cross peaks have large intensities and similar distances (3.58 A and

4.02 Å). The assignments were confirmed by the TOCSY spectra. This indicates that

secondary structure is present between Ala4-Ala". An amide-amide peak between Glu5

and Ala? would be very close to the diagonal since these shifts are 8.138 ppm and 8.076

ppm. There is no evidence of an A4HN-N6HN peak. There is a slight peak in only one

dimension that appears to be noise between E5HN-N6HN. Any peak between Val2 and
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Ala4 is would also be close to the diagonal (8.384 ppm, 8.418 ppm). Thus, although there

is evidence of structure between Ala-4-Ala", the structure could start at Val2.
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Figure 4.13: The H*-NH2D NOESY peaks of CM-1 in the 2D 'HNOESY spectrum at -10°C.
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Figure 4.14: The H*-H 2D NOESY peaks of CM-1 in the 2D 'HNOESY spectrum at -10°C.
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Figure 4.15: The Hº and H-NH 2D NOESY peaks of CM-1 in the 2D'HNOESY spectrum at -10°C.
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Peaks Intensity Distance >

(A)
NH-NH 2 < . . .

A4HN-E5HN 52070 3.58

N6HN-A7HN 26 130 4.02 1 * >

O-NH ~ *

A1HO-N2HN 37.1800 2.58 >
N2HOCHN 221.80 4.13 º

N2HO-V3HN 558300 2.41
V3HO-HN 59.4900 2.39

V3HO-A4HN 181000 2.91
A4HO-A4HN 427500 2.52

E5HO-HN 327000 2.64
E5HO-N6HN 140000 4.46
E5HO-A7HN

or A4HO-A7HN 164000 4.35
N6HO-HN 248400 2.76

- -

N6HO-A7HN 156000 2.99 sº a
A7HO-A7HN 350000 2.61 cº

B-NH dº
V3HB-HN 153800 2.99 ".

A4H[3-HN 325900 2.64 º
A4H3-N6HN 141000 3.04 º,

A4HB-A7HN 32.1900 2.65

E5H31-HN 155300 2.99 { 1,\, .)
N6H32-HN 47.9600 2.48 ->

N6H31-HN 198000 2.87 R Y
N6HB-A7HN 17150 4.31 º

Y-NH s
V3HY-HN 574400 2.40 º

V3HY-A4HN 157700 2.98

E5HY-HN 64710 3.46 º,
Table 4.7: The Ho-HN, H3-HN, Hy-HN, and HN-HN NOESY peaks of CM-1 at –10°C. The relative º, * -

**

distances of NH-0, peaks, with the known peak between methyl protons, N2H31-H32, used a references. º I s

º * * º

The relative distance of proton i, where a is the intensity, = (a/ae)" ■ º º
_º

In Table 4.8, all of the inter-residue peaks, their intensities, and their distances are sº Q.
tº Y.

given. The protons that were represented in all of the categories were from Ala4-Ala?.
4,

There were three other inter-residues H*HN peaks from Alal-Val2 (A1Ho-N2HN,
* ,

N2Ho-V3HN, and V3Ho-A4HN) and they had shorter distances.
º

. Yº *
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Peaks * 310-Helix o–Helix Turn Type I Type II(A) residues
dNN 3.58 2.6 2.8 (2,3) 2.6 4.5

A4HN-E5HN
4.02 2.6 2.8 (3,4) 2.4 2.4

N6HN-A7HN
Missing 4.1 4.2 (2,4) 3.8 4.3

Missing 3.1-5.1 2.5-4.4 (1,4)
---- ----

doN 4.35 3.8 4.4 (2,4) 3.6 3.3
E5HO-A7HN

2.99 3.4 3.5 (3,4) 3.2 3.2
N6HO-A7HN

4.46 3.4 3.5 (2,3) 3.4 2.2
E5HO-N6HN

A4HO- 4.35 3.3 3.4 (1,4)
---- -----

A7HN

dºN 5.0–6.7 5.3-5.7 (1,3) ----- -----
A4HB-N6HN 3.04

2.9–4.4 2.5-4.1 (1,4) ----- -----
A4H[3-A7HN 2.65

Missing 2.9–4.4 2.5-4.1 (2,3) 2.9–4.4 3.6–4.6

4.31 2.9–4.4 2.5-4.1 (3,4) 3.6–4.6 3.6–4.6
N6H3-A7HN

Missing 4.8–5.7 5.1-6.1 (2,4) ----- -----

Table 4.8: The experimental distances of inter-residue peak intensities from the NOESY spectra of CM-1

in CD3OH at -10°C and the theoretical distances for different secondary structures.

The NH-NH peaks included residues Ala4-Ala'7. The coupling constant data also

highlighted Glu5 and Alað. For these reasons, the structural analysis focused on Ala4

Ala'7. Distances resulting in peaks would require Ala4-Asnó or Glu5-Ala'7 to be residues

2,3 and 4. So these residue peaks were the positions assumed with Val2 or Ala4 as

residue 1. The relative intensities of the inter-residue peaks were compared to those

expected for 310-helices, O-helices, Type I turns, and Type II turns. The doN(i,i-12) E5Ho

A7HN Distance depends on the reference peak and distance used, but the ratios are

constant. So the ratios for significant inter-residue peaks were taken and compared to

those expected from secondary structures.
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Theoretically, in helices, the NH-NH peaks have constant distances; so the

theoretical ratio of N6NH-A7HN to A4NH-E5NH is 1. For Type II turns, the dNN (3,4) is

2.4 Å, which is 0.53 times smaller than dnN (2,3), which is 4.5 Å. For the Type I turns,

the ratio of the dNN (3,4) peak to the dNN (2,3) is 0.92. The experimental ratio of distance

of N6HN A7HN (3,4) to the distance of A4HN-E5HN (2,3) is 0.83, which is very close

to the relative value of 1.00 Å for both type of helices, and the same as the ratio for Type

I turns. Another significant ratio is the ratio of the N6Ha-A7HN to N6HN-A7HN peak

(1.09), which eliminates a Type II turn (0.53). The peak ratios that are similar to a

secondary structure are highlighted in Table 4.9.

In addition to the peaks found, the missing peaks are also significant. There

should be a peak for all of the distances predicted to be lower than 4-4.5 Å. The peaks

missing are listed in Table 4.10. For a Type I turn, there are 2 or 3 peaks missing

Peak 1 Peak 2 Ratio 310-helix O-helix Type I Type II parallel
turn turn {}-sheet

N6HO- N6HN
A7HN A7HN 1.12 1.31 1.25 1.33 0.92 -----
N6HN- A4HN
A7HN E5HN 0.83 1.00 1.00 0.92 0.53 0.51
N6HO- A4HN
A7HN E5HN 1.21 1.31 1.25 1.23 0.71 0.49
E5HO- N6HN
A7HN A7HN 1.08 1.46 1.57 1.50 1.38 -----
A4HO- N6HN
N6HN A7HN 1.11 1.46 1.57 1.50 1.38 -----
E5HO- N6HO
A7HN A7HN 1.46 1.12 1.26 1.12 1.50 -----

Table 4.9: The distance ratios of CM-1 compared to different secondary structures. The * signifies a

similarity to a structural ratio. The upper limit of the ranges in the ratio total includes values that are close

to the experimental values.

º
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depending on value within the dº, range. For a Type II turns there is one peak missing.

For 310-helices there are 2-3 peaks missing, and for O-helices there are 2-3. The upper

limit of the range represents a peak that could be missing depending the value within a

given range of distances. For the turns, the missing peaks are the largest within that

group. For example, the dNN (2,4) of 3.8 Ä/43 Å is larger than the other dsN distances

observed (2,3) and (3,4). While with the helices, the missing peaks could be larger than

those observed. For example, the dis (14) of 3.1-5.5 Å and 2.5–4.4 Å versus the observed

34 A and 3.5 Å of dis (3,4). For the helices, 2 of the 3 peaks involve residue 1 (Val2 or

Ala-4), and for turns all of the missing peaks involves residue 2 (Ala4). This could be

explained by a helix that would include a less structured valine residue. When Val is not

included, only one peak is missing for the helices with a distance of 4.2 Å. The unique

missing peaks are dº,(2,3) for turns and don(1,4) for helices. The dNN(2,4) values are the

Ala-4-Asnó and Glu5-Ala" peaks. In place of the Ala4-Asnó amide-amide

For turns: Type 1 turn Type II turn

dNN (2,4) 3.8 4.3

dpa (2,3) 4.1-5.7

For helices 310-helix O-helix

das (1,4) 3.1-5.1 2.5-4.4

dNN (2,4) 4.1 4.2

dº C"H (1,4) 3.1-5.1 2.5-4.4

Table 4.10: The peaks missing from the 'HNOESY spectrum of CM-1 at –10 °C, if it were a Type I or II

turn, a 310-helix, or an O-helix.

* *
* *
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peak, there is noise, so it could be obscured The Glu5 and Ala" chemical shifts are so

close, 8.138 and 8.076 ppm, that a cross-peak would be too close to the diagonal to be

apparent. The doN(1,4) distance values are for Ala4-Ala". There is a cross peak between

E7Ha and A7PIN. The A4 and E5 alphas values are so close to each other (4.206 and 4.22

ppm), that this peak could be obscured by the E7Ha and A7HN cross-peak.

Of the structures, Type I turn, a 310-helix, or an O-helix could be consistent with

the amide-amide peak data and the inter-residues peaks. A Type II turn can be eliminated

by the strong dnN(2,3) and drN(3,4) peaks. Where Type II turns have a shorter drN(3,4),

than driN(2,3), CM-1 has a longer drN(3,4) (4.02 Å) . The dNN values are larger than

expected from any of the structures and nearly equivalent (3.58 Å and 4.02 Å), indicating

an imperfect helix. The assignment of the E5Ha-A7HN peak indicates a 310-helix or a

Type I turn because of the strong don(i, i+2). But if this peak is an A4Ha-HN peak, it is

actually a don(i, i43). Having this peak having a distance of 4.35 Å with no (i.i.42) peaks

would support a helix. Both types of helices have stronger (i,i-13) peaks as opposed to

(i,i-12) peaks, while in Type I turns they are similar. The ratios and significant H” shifts

for Ala4 indicate that it is helical. These values put Ala4 close to the helical and turn

regions (5.51 Hz) leading to a (); , 1-value of – 70.6 ° for Ala4. Ideally, helices have a

Ö, 1 of –57°. More realistically, helices have a (), , , of —64 °. N-cap residues have a ()

value of —64° +/-7 (Aurora, R. and Rose, G. D., 1998). A value of —70.6 ° is within this

range for Ala4. The lack of agreement of some intensity ratios with either secondary

structure indicates that CM-1 would not be forming a perfect helix. More of the distances

are shorter than theoretical. The presence of the strong Ala4H[3-N6HN and Ala4H[3-

†º
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Hi-Hi Experimental 310-helix Q-Helix Type I Random 310-helix Cº-Helix Type I

Ratio Ratio Ratio turn Coil Fraction Fraction turn

Ratio (antiparallel Fraction

[3-sheet)

Ratio

H*HN 0.74 1.31 1.25 1.33 0.52 0.28 0.30 0.27

N6HO

A7HN

HNHN

N6HN

A7HN

Table 4.11: intensity comparisons of Amide peaks shown in the 2D'HNOESYSpectra of CM-1 at

-10°C in CD,OH. The fraction was calculated from the ratio of a to ap where a, is the O-N peak and a■ is

the N-N peak.

A7HN indicate strong (i,i-H2) and (i, i43) interactions. The agreement of the distance

ratios, the significantly negative H* shift of Ala4, the small *Jhon for Alaq in -10°C,

and the distribution of missing peaks all indicate that CM-1 is a helix propagating from

Ala4-Ala". The fraction of structure conformation was calculated from the above spectra

of CM-1 in CD3OH at -10°C from the relative intensities of the HNHN and HºHN

peaks. It shows that the structure including N6HN-A7HN turn is highly populated,

theoretically either 30% by an O-helix, 28% by a 310-helix, or 27% by a Type I turn.

Other conformations are apparent in the 1D spectra at –10 °C, but they yielded no cross

peaks. Their coupling constants were also random, showing that the conformation wasn't

populated to a large extent, and are part of more flexible portions of the molecule (such

‘. . . . .”

º
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as Asn2). The lack of these side peaks in the 10%D2O/90%H2O spectra indicate that they

are the result of structure as opposed to impurities.

4.8 Discussion

Protein folding is determined by covalent bonds (1° structure) and non covalent

bonds (2° and 3"). The non covalent interactions include hydrogen bonding,

hydrophobic interactions between non polar molecules, and electrostatic attractions of

charged groups on the protein's surface. These and their effects on the stabilization of a

helical peptide have been evaluated. Native-like helix formation in aqueous solution has

been demonstrated to occur in many isolated protein fragments that span helical regions

of corresponding protein structures (Bierzynsky, A., et al., 1982; Rico, M., et al., 1983;

Jimenez, M.A., et al., 1987, 1988; Dyson, H. J., et al., 1992; Blanco, F. J., et al., 1994).

This supports the idea that helices can perform as nucleation centers in early stages of the

protein folding process.

The structure of the O-helix is characterized by hydrogen bonding patterns

between amide hydrogen bond donors and carbonyl oxygen acceptors of residues situated

four residues apart in the sequence. This pattern of hydrogen bonding, however, implies

that the four initial amide hydrogen bond donors and the four final carbonyl oxygen

hydrogen bond acceptors do not have hydrogen bonding partners. The potential effect of

this is fraying of the helix ends (Thomas, S., et al., 2001). It also affects the properties of

the residues.
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Even though residues at the ends of helices do not form intramolecular hydrogen

bonds, they are able to form hydrogen bonds with solvent. Kuczera (2000) performed

molecular dynamics simulations on three 13-residue peptides of the form AcNH-A-A-E-

X-A-E-A-H-A-A-E-K-A-CONH2 with X = A, F, and W. All three peptides exhibited

unexpected dynamical behavior, undergoing a transition from a 310-helical to O-helical

structure in the course of 5-ns trajectories in aqueous solution. During the transition the

peptide backbone hydrogen bonding patterns were disrupted at the interface between the

310-helical and nascent O-helical regions, with peptide groups forming water-bridged

hydrogen bonds (Kuczera, K. et al., 2000).

The structural basis for the inactivity of the Gly containing CMs also supports the

CM-1 being helical. A study by Goddard, who looked at the kinetics of O-helix formation

in polyalanine and polyglycine eicosamers (20-mers), using torsional-coordinate

molecular dynamics (MD). Of one hundred fifty-five MD experiments on extended

(Ala)20 carried out for 0.5 ns each, 129 (83%) formed a persistent o-helix. In contrast,

the extended state of (Gly)20 only formed a right-handed O-helix in two of the 20 MD

experiments (10%), and these helices were not as long or as persistent as those of

polyalanine (Goddard, W.A, et al., 1998).

Understanding secondary structural transitions are essential for many diseased

states. The expression of Alzheimer's disease is thought to occur by a change in

secondary structure of a cleavage product of the amyloid precursor protein, fl-(1–42).

This peptide can convert between a random coil, O-helix monomers and 3-sheet

oligomers (Iversen, L.L., et al., 1995). It is the latter that precipitate to form amyloid

plaques, which are associated with Alzheimer's disease (Palian, M. M., et al., 1999). CM
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1, a hexapeptide, partakes in temperature and solvent dependent 310/O-helical

equilibrium. The Chou Fasman algorithm predicted a helix and and Type I turn. The

Wilmot-Thornton adaptation, which included specific positions, predicted that CM-1 was

most likely to form a non-specific turn starting at Ala4-Ala? (0.158). The next likely

secondary structures were an O-helix and a Type I turn with these same residues. CM-1

confirmed the ability of these algorithms to predict the behavior of peptides and that the

basis of prediction is local interactions. The beginning of a helix is more difficult to

predict, as well as the end. There is no evidence for Ala" to be in a helix conformation, in

spite of the prediction.

The structural contributions of local dipoles to structural stability has been

confirmed by comparisons to other CMs of varying activities. The patterns of CMs also

show the importance of hydrophobicity and charged residues. The 1-2-5 pattern (+1 h –1)

was seen in active and marginally active peptides, but absent from inactive peptides. For

1-4-5 patterns, the active CMs had each type of residue (+,-, and h), while the inactive

CMs had two h’s or two +1charges. The marginally active CMs were split. For the 2-3-6

patterns, the inactive CMs had at least two hydrophobic residues. The marginally active

CMs have patterns that are a subset of the active CMs. For the 2-5-6 patterns, the active

CMs tend to carry a charge, while the inactive CMs tend to be hydrophobic. The charged

residues stabilized activity, and were significant when the average changes of the active

and inactive CMs were examined. Glycine’s lack of charge and lack of helical

stabilization ability led to the CMs lack of activity.

The solvent dependent difference in structures has been seen in several systems.

Simulations have been done on helices. It has been shown that peptides rich in Aib favor
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a 310-helix in less polar media and an O-helix in water (Hammarström, L. G., et al.,

2001). The fl-lactoglobulin, which consists primarily of 3-sheets, formed O-helical

structures in the presence of TFE, as measured by far-UV CD (Shiraki, K., et al., 1995).

Solvents stabilize structure. Amino acid preferences are also solvent dependent. Structure

predictions depend on local interaction. In polar solvents, the peptide is more extended,

while in nonpolar solvents it is more compact. Peptides are flexible, and helices are near

each other on the Ramachandran plot. The differences in O. versus 310 helices are

changing from a 1-5 hydrogen bond to a 1-4 hydrogen bond. But since the end residues

are probably hydrogen bonded to solvent, smaller peptides can transform more easily.

And helical peptides that can form structure in the presence of solvents make good

candidates to initiate helices as a N-capping motif.

The flexibility of CM-1 also is significant. Proteins are flexible: the NMR

suggests that in solution TGF-■ y1 may exist in several conformations (Kolodziejczyk, S.

M. and Hall, B. K., 1996). Peptides are even more so. Experimentally, CM-1 shows a

high [0] in the helical region (208-222nm) at high temperatures in TFE. Amide-amide

peaks between Ala4-Glu5 and Glu5’-Asnó show that the most consistent structure with

the inter-residue peaks is an O-helix at low temperatures (-10 °C) in CD3OH. Coupling

constant data have indicated that the Ala4 has and angle of —70°, which is within the

range of values for N-capping residues.

CM-1 has been shown to be stabilized by entropy. In a study by Fele et al. (1998),

they included the hydrophobic effect and side-chain conformational entropy in the

parameters for the helix-coil transition. This inclusion resulted in the Qotal value

improves by only a small amount (68.67% to 68.73%). Therefore the 2° structure of OR

7
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a 310-helix in less polar media and an O-helix in water (Hammarström, L. G., et al.,

2001). The fl-lactoglobulin, which consists primarily off-sheets, formed O-helical

structures in the presence of TFE, as measured by far-UV CD (Shiraki, K., et al., 1995).

Solvents stabilize structure. Amino acid preferences are also solvent dependent. Structure

predictions depend on local interaction. In polar solvents, the peptide is more extended,

while in nonpolar solvents it is more compact. Peptides are flexible, and helices are near

each other on the Ramachandran plot. The differences in O. versus 310 helices are

changing from a 1-5 hydrogen bond to a 1–4 hydrogen bond. But since the end residues

are probably hydrogen bonded to solvent, smaller peptides can transform more easily.

And helical peptides that can form structure in the presence of solvents make good

candidates to initiate helices as a N-capping motif.

The flexibility of CM-1 also is significant. Proteins are flexible: the NMR

suggests that in solution TGF-É1 may exist in several conformations (Kolodziejczyk, S.

M. and Hall, B. K., 1996). Peptides are even more so. Experimentally, CM-1 shows a

high [0] in the helical region (208-222nm) at high temperatures in TFE. Amide-amide

peaks between Ala4-Glu5 and Glu5'-Asnó show that the most consistent structure with

the inter-residue peaks is an O-helix at low temperatures (-10 °C) in CD3OH. Coupling

constant data have indicated that the Ala4 has and angle of —70°, which is within the

range of values for N-capping residues.

CM-1 has been shown to be stabilized by entropy. In a study by Fele et al. (1998),

they included the hydrophobic effect and side-chain conformational entropy in the

parameters for the helix-coil transition. This inclusion resulted in the Qotal value

improves by only a small amount (68.67% to 68.73%). Therefore the 2° structure of OR
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helices is less so determined by the hydrophobic effect than by the side-chain

conformational entropy. Thus supporting the dominant role of short-range main-chain

electrostatics in determining 2" structure of proteins and peptides (Avbelj, F. and Fele, L.,

1998). In the case of CM-1, hydrophobicty makes more of a contribution to CM-1

activity and stability.

The solvent effects are consistent with the TGF-3 superfamily with exposed loops

and exposed nonpolar regions. Thus TGF-3 can perpetrate exposed nonpolar residues co

existing with charged residues. The importance of the "PEA” section of TGF-32

indicates that the three regions that are implicated in activity are portions of exposed

loops. The conformations of these (Figure 2.1) regions indicate that the regions for

binding and activity are separate. Thus the TGF-3 receptors bind the TGF-3, and are then

activated by TGF-3. The existence of separate regions has been supported by the NGF

(nerve growth factor) family, indicating the significance of this binding model.

The extensive requirements for a 2-receptor complex could have evolved from a

need to regulate the process due to the negative results of TGF-3. It could also have

developed as a way to insure that once TGF-3 binds to the receptors, it is quickly

released. More research on the activity versus binding inhibition of the CMs would

elucidate each of their roles (or lack of) in this complex process. Meanwhile, a peptide

analog that is smaller and cheaper, ANVAENA, can be used to study and improve

various biological processes.
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