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ABSTRACT I

The frequency of vibration of the C = 0 group in dimethylformamide,

N-methylformamide, N-methylacetamide, acetone and methylacetate has been

measured in a number of solvents. A marked contrast in the effect of the

solvent on the solutes acetone, dimethylformamide and methylacetate on

the one hand, and N-methylformamide and N-methylacetamide on the other

hand, has been found. This suggests that the measurement of carbonyl

stretching frequency as a function of different solvents can be an

effective way to distinguish between solvent exposed and solvent protected

carbonyl groups. In a plot of vc=o (carbonyl stretching vibration

frequency) versus the dielectric constant would indicate free C = 0

groups, while an increase in v 0 with , followed by a decrease in

v = would indicate partially protected or hydrogen bonded carbonylc=0
groups. The use of Bellamy plots also distinguishes these two different

cases.

ABSTRACT II

The preliminary Raman spectra of Fragment-1 prothrombin plus Ca2+

were obtained. Some differences may be present in the two spectra, possibly



-3-

in the a-helix and random coil contents, and in the carbonyl stretching

vibration frequency. These dissimilarities may represent real conforma-

tional differences for Fragment-1 with or without Ca2+.

Thesis Supervisor: Paul R. Schimmel
Professor of Biochemistry and Biophysics
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INTRODUCTION

Raman scattering was discovered nearly 50 years ago, in 1928.

During this period, Raman spectroscopy has advanced to take its place

among other, older methods of investigating the structure and composition

of matter, and its importance is still increasing.

The kind of information provided by laser Raman spectroscopy consists

essentially of:

1. The frequencies of intra and inter-molecular vibrations in the

-l
range 10-4000 cm1.

2. The spectral line or band intensities associated with these

frequencies. The intensity is to a good approximation a linear function

of the molar concentration of the sample molecules.

The methods of drawing structural conclusions from this kind of infor-

mation are mainly those of reasoning by analogy. Spectra of model

compounds of known conformation and appropriate composition are obtained.

Empirical correlations between frequencies (and sometimes intensities)

and conformations can often be worked out and then used for structural

studies of new systems. Clearly, this kind of structural study is

vastly inferior to x-ray diffraction when the latter is applicable. Since

most biopolymers are hard to obtain in crystalline form, and in any event

are not crystalline in vivo, the structural information obtainable from

their Raman spectra is potentially very useful.

In this work we present:
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In chapter I we have a brief description of the Raman effect. A

conceptual derivation of the scattering phenomenon is followed by a

discussion of the advantages of the technique and then the experimental

arrangement is described.

In chapter II we study the dependence of the carbonyl stretch

vibration frequencies upon the environment of the carbonyl groups. The

effect of solvent interactions is studied by dissolving a compound

containing the carbonyl group in solvents with different polarity (e.g.,

CC14, CHC13, CH30H,...). Raman spectroscopy may be used to examine the

conformational changes in a molecule as it binds ions or moves into a

different chemical environment, and here it is used as a probe of

hydrogen bonding. A further step would be to investigage the ability of

compounds to complex selectivity with cations. By studying compounds

which bind a wide variety of cations, information about the relative

importance of steric and electrostatic forces in cation-ionophore inter-

actions can be obtained.

In chapter III Raman spectroscopy is applied to a biological macro-

molecule: a fragment of prothrombin. This fragment is known to be

the relevant part of the protein for the binding of Ca+ + through carbonyl

groups. The Raman spectrum of this fragment in the presence and absence

of Ca+ + is shown, and possible conformational differences are discussed.
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CHAPTER I: THE PHYSICS OF THE PHENOMENON OF

LASER RAMAN SPECTROSCOPY
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LASER RAMAN SPECTROSCOPY

The Phenomenon

When light passes through a solution, a fraction of the light is

scattered. Most of the scattered radiation has the same frequency as

the incident radiation. This scattering, refered to as Rayleigh

scattering, may be viewed as the elastic scattering of a photon by the

molecule.

In 1928 Raman (1) discovered experimentally that there was some-

times also present in the scattered light weak radiation of

frequencies different than the incident light. The frequency shifts

from the incident frequency correspond to the vibrational frequencies

of the scattering molecules and hence are a source of information on

molecular structure. Raman scattering may be viewed as inelastic

scattering of a photon by the molecule.

The Interpretation (2)

It is assumed that light is scattered from a free molecule as a

result of the induced oscillations of the dipole of the molecule by

the irradiating electromagnetic field.

Consider a free molecule subjected to an electromagnetic wave, where

C = o cos(2vex t)

that is, the wave is a monochromatic plane wave. Here, s 0 is the

maximum electric field associated with the wave, vexc is the frequency

of oscillation of the wave, and t is the time. This wave induces a
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dipole moment p in the molecule, where

p = as

a is the polarizability of the molecule, i.e., a measure of the electron-

ic deformation of the electron cloud by the field. The polarizability

is a function of the interatomic distances of the molecule and is hence

dependent upon the vibrational modes. Then, if the amplitude of the

motion is small

a(Qi) o + aQ Qi + 

where Qi is a particular vibrational normal mode of the molecule, i.e.,

Qi is the displacement from equilibrium for some kind of possible

harmonic motion. Qi is assumed periodic in time

Qi = Q cos (27vit)

with vi as the frequency of the vibration. Then

P1 = °a -+ -) Qi cos(2Tvit) + .. s cos (2vexc t) =

0 cos (27rvexc ) Q tcos 2fr(v + vi)t +exc c
+cos 2r(v x c - vi)t +

Therefore if the polarizability of the molecule changes periodically in

consequence of the vibration, then in the scattered radiation the sum

and the difference of the incident frequency and the molecular vibration

frequency will appear. These are respectively the anti-Stokes and the

S-okes Raman scattering. In other words, if the net transition is

from a lower to a higher energy level, so that v < Vexc (v is the
frequency of the scattered light), the process is called Stokes

frequency of the scattered light), the process is called Stokes



-15-

scattering; the opposite case, in which v > is termed anti-
sc exc

Stokes scattering (Figure 1).

In addition to the fundamental vibrations in the Raman effect,

for which the frequency of a normal vibration has to be added or

subtracted from the frequency of the incident radiation, there are also

overtones and combination tones. The reasons for these are mechanical

and electrical anharmonicity. This means, there are terms of a

quadratic or higher order in the dependence of thepolarizability on

the displacements.

The total power I radiated by an oscillating dipole in classical

electromagnetics(3) is

I a Wp|2

Consideration of the energy level diagram (Figure 1) shows that the

intensities of the Stokes and anti-Stokes Raman lines are not equal,

as suggested by the preceding classical analysis. According to

quantum theory (4) and in agreement with observation the anti-Stokes

lines have a much smaller intensity (Figure 2), since the number of

molecules in the initial state n = 1 of the anti-Stokes lines is

only exp(-hv /kT) times the number of molecules in the initial state

n = 0 of the Stokes lines (ground state). Here n numbers the vibrational

levels, h is Planck's constant, k is the Boltzmann constant, v is the

vibration frequency, and T is the absolute temperature. One has to

remember that the selection rule for the vibrational Raman effect is

A n = 1, so that if one wants the ground state (n = 0) as one of the
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levels, the other has to be n = 1. The intensity ratio of the anti-

Stokes lines to the corresponding Stokes lines is in agreement with the

Boltzmann factor.

Comparison with Infrared Spectroscopy

The Raman effect of molecules provides the same kind of information

as does infrared absorption, chiefly the characteristic frequencies of

molecular vibrations. Only those vibrations that are connected with a

change of dipole moment can give rise to an infrared transition, and

only those vibrations that are connected with a linear change of

polarizability can give rise to a Raman transition (4). Since selection

rules for the Raman effect differ from those for the infrared absorption

(5), the vibrational transitions observed by one method supplement those

observed by the other, but sometimes one can be used when the other

cannot. A great impediment to the use of infrared analysis of

biological materials is the very strong absorption by water in the mid

and far infrared. Raman spectra are then advantageous for study of

biological materials (6-8) in aqueous solution (9).

In infrared spectroscopy one illuminates the sample with a variety

of individual wavelengths of infrared light, and measures the trans-

mitted intensity at different incident frequencies. In Raman spectro-

scopy one illuminates the sample with a fixed wavelength and measures

the scattered intensity as a function of the frequency shift from the

incident frequency - Raman spectrum (7, 10). One can repeat Raman

experiments using a laser line of different frequency, and the resulting
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spectrum is identical, so long as one plots ones data as a function of

the shift in frequency (Figure 3). Raman spectrum does not change when

one changes the exciting frequency, but fluorescence does. In fluor-

escence phenomena the laser excites an electronic level in a region

where there are many closely spaced excited levels to which the molecules

may decay (Figure 4). Then there is a final decay from some electronic

level to the vibrational ground state. Thus the fluorescence signal

competes with the Raman signal, and since fluorescence phenomena are

generally intense (and since the noise is roughly proportional to the

total light emitted) one may have difficulty seeing the Raman

scattered light superposed on the fluorescence signal. One solution to

this problem is to vary the frequency of the laser light until one is

below the fluorescence band.

Technique

The laser is an ideal source for the excitation of Raman spectra

and enables the study of samples as small as 1 mg or less. The Raman

spectrum is recorded by directing a laser beam on the sample to be

studied (often contained in a capillary) and collecting the scattered

light into a monochromator-detector system that can measure the

intensity of the light at different frequencies (Figure 5). The Raman

effect is the result of inelastic scattering of the photons in the

laser beam by molecules, in which process the energy of each photon may

be decreased or increased by transfer of vibrational energy to or

from the molecule. If the molecule receives energy (the more likely

event) the scattered photons have lost it and thus have lower frequency.
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When visible radiation is used for excitation, the scattered radiation

still lies in or near the visible spectrum because the vibrational energy

transferred is a small fraction of the energy of visible photons.

Hence the optical components and instrumentation for Raman spectra are

those of visible spectroscopy.

The spectrum is usually recorded with the intensity of the Raman

scattering in relative units on the ordinate scale and wavenumber dis-

-1
placement in cm from the laser exciting frequency, which is taken

as the zero of the abcissa scale.
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CHAPTER II: SOLVENT EFFECTS ON THE CARBONYL

STRETCH VIBRATION FREQUENCY
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INTRODUCTION

It has been shown that the stretching frequency of a carbonyl

group,vc=O is sensitive to many factors including inductive effects,

hydrogen bonding, and ionic interactions (1-5). Hence it is often

difficult to draw any conclusions about the local interactions of a

carbonyl group from the absolute value of vc=O . We are interested in

investigating whether the changes of vc=O as a function of different

dielectric and polar solvents can be used to probe the local environ-

ment of a carbonyl group. For example, it has been found that the

vc 0o of intramolecular hydrogen bonded amide carbonyl groups of

valinomycin increases in frequency with a increase in the dielectric

of the solvent, whereas non-hydrogen bonding ester carbonyl groups

decrease in frequency. It is not known, however, to what extent these

changes are due to direct solvent effects on the carbonyl groups versus

induced conformational changes of the molecule (6).

One of the first attempts to relate vc = 0 to changes in properties

of the solvent medium was made by Kirkwood, Bauer and Magat (7,8). Their

theory relates the frequency shift Av , where Av c=0 c=0)and vc=O is the

carbonyl stretch frequency of the vapor phase, to the dielectric

constant of the solvent by

Av C- (1)
vc=O 2= + 1

where the factor C is complex and depends on details of the model used

for the vibrating solute dipole. In a test of this theory, Thompson
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has shown (9) that if Av/vc=0 is plotted against (-1)/(2e+1), a straight

line can be drawn from the origin which passes through points

corresponding to nonpolar solvents he measured, but not for most other

solvents. He suggested that the deviation does not seem to arise from

hydrogen bonding, since this should lower vc=0 and increase Av(l),

whereas the converse is found.

Detailed studies by Josien et al. (10-16) and by Bayliss et al.

(17,18) have also shown there is a relationship between frequency shifts

and bulk solvent properties, in those cases where such specific inter-

actions such as hydrogen bonding are minimal. Bellamy (19,20) has

studied the carbonyl frequencies of a wide range of compounds in many

solvents and concluded that all the frequency shifts follow a common

pattern and seem to be produced mainly by local association effects, and

not by dielectric constant factors. The order of solvent effectiveness

in lowering vc=O is therefore always the same, and a quantitative

relationship exists between the effects of one solvent and another.

Thus, the relative frequency shifts (Av/Vc=0 ) of any one carbonyl

group in a series of solvents can be plotted directly against the

values for some other carbonyl group in the same solvents, to give a

straight line. The failure of the slopes of these lines to correlate

directly with the proton-accepting powers of the carbonyl group, shows

that the use of relative carbonyl shifts cannot safely be used as a

measure of the hydrogen bonding powers of different solvents.

The effect of the solvent on vc=0 for various carbonyl compounds

has been examined in terms of bulk dielectric constant also by
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Kagarise (21). He suggested that dispersion forces, bulk dielectric

effects and specific interaction effects all make a contribution to

Av . He suggested that the stronger the proton donating tendency of the

solvent, the greater the proportion of Av arising from the formation of

stable compounds possessing large interaction energies and well defined

structures.

Although these studies indicate that vc=0 cannot be directly inter-

preted easily in terms of microscopic interactions, it is possible that

vc=O for a group of solvents can be used to distinguish between two

different classes of carbonyl groups, i.e., those strongly hydrogen

bonded and those non-hydrogen bonded. For this purpose, we have

studied c=O for three compounds, dimethylformamide

(CH3 0O), acetone(CH3 ), and methylacetate (CH3-0

N-C C=O C=O

CH3 H CH3 CH3

which do not form strong intermolecular bonds with themselves, and

two compounds, N-methylformamide (CH3 0) and N-methylacetamide

N-C

H H

(CH3 O) which can form hydrogen bonds with themselves.

N-C

/ I
H CH3
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MATERIALS AND METHODS

The solvents used were: carbon tetrachloride, chloroform, di-

chloromethane, 1-hexanol, 2-butanol, 1-butanol, -propanol, ethanol,

methanol, and water. The solvents and solutes were obtained from Baker

and Allied Chemical and had purity for spectroscopic studies.

The solutions were prepared immediately prior to usage and sealed

in glass capillaries. They were centrifuged to eliminate bubbles. The

molar ratio of solute to solvent was 1/8 for all samples.

Raman spectra were measured using a Spex Ramalog 4 system and a

Spectra-Physics Model 164-03 Ar laser (488 nm excitation). The incident

power was 300-400 mw, resolution 3-4 cm and scanning speed 1.2-30cm-1 /

min.

Only the Raman scattered light with polarization parallel to the

polarization of the incident light was measured (the laser light used

to illuminate the sample is typically plane polarized perpendicular

to the plane determined by the incident light beam and the entrance

slit of the spectrometer).

For more details of the Raman spectroscopy system see ref. 6.
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RESULTS AND DISCUSSION

-1
Carbonyl stretch vibrations occur in the 1600-1800 cm region.

Table I lists vc=0 for each solute as a function of solvents. If we

plot vc=0 of each solute in a particular solvent as a function of vc=O

for acetone in the same solvent (Bellamy plot) (see Fig. la and lb), we

find dimethylformamide and methylacetate fall on straight lines whereas

N-methylformamide and N-methylacetamide clearly are not on straight lines.

If we also plot the stretching frequency versus the dielectric

constant of the solvent (Fig. 2 to 6), dimethylformamide, acetone, and

methylacetate showed a similar behavior: a decrease in the stretching

frequency with an increase in the dielectric constant. The points are

almost in a straight line with the consistent exception of carbon tetra-

chloride and chloroform. However, for N-methylformamide and N-methyl-

acetamide there is a jump in c=0 for carbon tetrachloride, chloroform,

and dichloromethane to higher dielectric solvents such as hexanol, and

then a decrease in vc=0 with increasing . Here, at least for N-methyl-

formamide, the points fit a straight line. For N-methylacetamide, the point

using water as solvent may be wrong due to interference of the carbonyl

stretching vibration peak with the water peak. If this point is 10 cm 1

higher, the points for N-methylacetamide will also fit roughly a straight

line.

From inspection of this data it is evident that two kinds of patterns

are found for hydrogen bonding versus non-hydrogen bonding (with itself)

solutes. The decrease in the stretching frequency with
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TABLE I - vc=0 for each solute in different solvents (the dielectric

constant of the solvents is also given)

Dimethyl-

formamide

Carbon te-

trachloride

Chloroform

Dichloro-

methane

1-hexanol

2-butanol

1-butanol

1-propanol

Ethanol

Methanol

Water

2.24

4.81

9.08

13.30

15.80

17.80

20.08

24.30

33.62

80.37

1679.5

1672.0

1674.5

1671.5

1673.5

1670.5

1670.0

1671.5

1667.5

1654.0

Acetone N-methyl-

acetamide

1714.5 1652.0

1710.0

1712.0

1709.5

1710.5

1709.5

1709.0

1709.0

1707.0

1699.5

1655.0

1654.5

1661.0

1663.0

1662.0

1660.5

1661.5

1660.5

1634.5

(vc=O is given in cm )

N-methyl-

formamide

1666.0

1662.0

1666.5

1677.0

1679.5

1678.0

1677.5

1676.5

1672.5

1658.0

Methyl-

acetate

1748.0

1735.0

1741.0

1733.5

1734.0

1733.0

1733.5

1733.0

1732.0

1713.0

F_
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an increase in the dielectric constant is similar to that observed

by Rothschild et al. (6) for the non-hydrogen bonded ester carbonyl

groups of valinomycin. They found also an initial jump in vc=O and

then a decrease with increasing for amide carbonyl groups which are

believed to be able to form hydrogen bonds.

The dielectric plot can be explained considering that the solute will

form hydrogen bonds with the solvents and will decrease vc=O. The

strong specific interaction apparent in polar solvents is due to more

or less stable complexation with the solute molecules. Such complexes

are formed by way of a hydrogen bond, e.g., in the case of methanol:

C = O .... H - - CH3

The c=O frequency decrease with an increase in the strength of the

hydrogen bond is a reflection of a lowered C=O bond force constant (22).

This explanation may be accepted with confidence, as it is entirely

consistent with the independent experimental observation that the C=O

distance increases with decreasing 0....0 distance (in the case of

methanol) (23). It is well established that for a given type of bond

a decrease in force constant goes together with a bond lengthening (24).

However, no theoretical explanation was found for the linearity of the

frequency of vibration with the dielectric constant.

For those compounds in which a solutesolute hydrogen bond is

possible (N-methylformamide and N-methylacetamide (16)), there is an

increase in vc=O with increasing (for low values of £). The self-

association in N-methylacetamide is as follows:
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CH o

N-C

OH CH3

CH 

i /o
N-C

H CH3

Either weakening or breaking this hydrogen bond by solvent could cause

an increase in vc=0. But if the solute-solvent hydrogen bond formed

is stronger than the solute-solute one, a decrease in the stretching

frequency will occur. This happens for high dielectric constant

solvents.

In Fig. 2 to 4 the two points that are consistently out of a

straight line are carbon tetrachloride and chloroform. It is known that

chloroform solutions give exceptionally large frequency shift compared

with its dipole moment and correlation time (25). This might explain

its position below the line compared to dichloromethane. In contrast,

carbon tetrachloride is somewhat above the line which may reflect the

relative weakness of the

C = O . . . C1 - C -

interaction.

These results seem to indicate that the lack of a straight line

for the Bellamy plots and the lack of monotonically decreasing dielectric

versus vc=O plot, can be used as an indication that the C = 0 group
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in question is not able to freely interact with the solvent. In the

case of amide C=O groups of valinomycin, this is caused by intramolecular

hydrogen bonds, whereas N-methylformamide and N-methylacetamide it is

caused by intermolecular solute-solute hydrogen bonding. Here specific

information might be derived from deviations in the normal position of

carbon tetrachloride and chloroform as defined by our standard solutes.

In this regard, the fact that vc=O of the ester carbonyl groups in

valinomycin for carbon tetrachloride does not appear raised could

indicate some type of local interaction or protection of the ester

carbonyl groups.

Our next step would be to try this method with other materials.

Enniatin-B, for example, is an antibiotic related to valinomycin that

cannot form intramolecular hydrogenbonds since it contains N-CH 3 instead

of the N-H present in valinomycin . Interestingly its Raman spectrum

shows peaks that could correspond to hydrogen bonded carbonyl groups

(26). It may be possible to distinguish between valinomycin hydrogen

bonded carbonyl groups and enniatin-B carbonyl groups on the basis of

a Bellamy plot or vc=O versus plot, as discussed in this paper.

Further application of this method might be generally applicable where

one wishes to determine if an intramolecular C=O group is solvent

exposed or solvent protected.
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CHAPTER III: APPLICATION OF RAMAN SPECTROSCOPY

TO FRAGMENT-1 OF PROTHROMBIN
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INTRODUCTION

Bovine prothrombin is a glycoprotein (1-3) of molecular weight

68,000 to 74,000 (4-7) and consists of a single polypeptide chain (6,8,

9). Activation of prothrombin yields a serine protease thrombin (10,11)

with a molecular weight of 37,000 (12,13). The amino acid sequence of

bovine thrombin has been reported (9). It has been known for a long

time that thrombin accounts for only one-half of the mass of the prothrom-

bin molecule (14). What is the function of the nonthrombin- forming half

of prothrombin? Two other products are formed (designed Fragment-1 (F-l)

of molecular weight 22,000 to 24,000 and Fragment-2 (F-2) of molecular

weight 12,800) derived from the amino terminal half of prothrombin (14).

The structural information is summarized by the schematic diagram in

Figure 1:

I - I-1-. I

k-- F-1------*--F-2- S-S
H N t - COH2 -bu2

i--_ F-1.2 DA" - B i

WIII- Thrombin -

FIGURE 1: A schematic model for the prothrombin molecule. The symbol

O represents the peptide bonds in prothrombin which are

cleaved during activation: Factor Xa ( a blood clothing

factor) cleaves bonds ® and D (14,15); and thrombin cleaves

bond O (15).
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Fragment-1, the NH2-terminal region of the propiece (Fragment

1.2) has been shown to be responsible for the binding of prothrombin

to phospholipids in the presence of Ca2+(16). Other studies have shown

that the Fragment-1 region contains the sites for Ca2+ binding, and

that all Ca2 + binding to prothrombin occurs via the Fragment-i region,

consistent with the Ca2+ requirement for phospholipid binding (17, 18).

Fragment-2, the COOH-terminal region of the propiece, is required

for acceleration of prothrombin activation by Factor Va (19).

The amino acid composition of prothrombin, Intermediate-1 (I-1),

and Fragment-1 are given in Table 1 (20).

The Fragment-1 region

The Fragment-1 region is responsible for the Ca2+ mediated binding

of prothrombin to phospholipid vesicle surfaces (16,18) and contains

the modified glutamyl residues (21) which are necessary for normal

Ca binding by prothrombin (21-24). Carboxylation of 10 glutamyl

to y -carboxyglutamyl residues (23, 25) in the Fragment-1 region has

been shown to occur as a consequence of the action of the vitamin K (26)

and to be carried out postribosomally (26). Sequence analysis have

indicated that these residues are found primarily in pairs (25, 27-29)

and it has been proposed that the cluster of 4 carboxyl groups provided

by this structure is responsible for Ca2+ binding by these proteins.

Abnormal prothrombin (induced by the vitamin K antagonist, dicoumarol)

lacks these modified glutamic acid residues (the only protein primary

structure difference from normal prothrombin) and that is the reason why
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mrombl Totiler.madicrte I Fauaent 1 -4 + F- 4l

Residut ke.i. Resi- Resi-
Micro- dues icm- dues Mliero- dues (Residues
moles per moIa per molas per per mles)

mole mole mole

Asp ..... 0.22... 62.0 0.130 46.1 0.180 16.2 62.3
Thr ........... 102 23.6 0.0180 17.0 0.114 10.3 27.3
Ser........... . 145 40.5 0.077 27.3 0.158 14.2 41.5
Clt ......... 0.263 73.6 0.138 49.0 0.2259 23.4 72.4
Pro.......... 0.115 32.2 0.06G8 22.0 0.112 10.1 32.1
ly ........... 0.173 48.4 0.108 38.3 0.133 12.0 0.3

Ala ........... 0.120 33.6 0.066 23.7 0.113 10.2 33.9
XCys ....... 0.070 19.6 0.033' 12.0 0.101 9.1 21.1
Val .... 0.114 31.9 0.0637 22.6 0.101 9.1 31.7
Met ......... 0.0187 5.2 0.0132 4.7 0.0109 0.92 6.7
lie ............ 00619 17.3 0.0386 13.7 0.0414 3.7 17.4
Lou ........... 0.102 45.4 0.101 35.9 0.112 10.1 46.0
Tyr .......... 0.063c 17.9 0.0394 14.0 0.0428 3.9 17.9
Phe .......... 0.0 19.1 0.0439 15.6 0.0431 3.9 19.5
Lys ........... 0.110 30.8 0.0713 25.3 0.0558 5.0 30.3
His ........... 0.029 8.2 0.0170 6.0 0.0215 1.9 7.9
Arg .......... 0.154 43.2 0.0610 28.8 0.155 14.0 42.8
Trp........... 18.6 14.6 4.8 19.4

(3)'
Gal + Man .. 8.0 5.2 11.5 16.7
GlcNd....... . 0.038 9.4 0.0101 3.6 0.0706 6.4 10.0
A.cNeu ..... 7.2 3.2 4.9 9.1

(8)(3) (5)'

TABLE Is Amino acid composition of bovine prothrombin and
products of thrombin-catalyzed proteolysis of
prothrombin (from reference 20)
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abnormal prothrombin does not bind Ca2+ and is non-functioning in

blood coagulation (18, 21, 30).

COOH COOH COOHI \ /
1 2 - vitamin K - ) H

CH2 CH2

H2N-CH-COOH H2N-CH-COOH

Some investigators have observed positive cooperativity in the

binding of Ca2+ to prothrombin (23, 31), whereas others claim that

exists two distinct classes of binding sites (17,32). Some authors

(24,33) found that more than glutamate residue carboxylation is required

for the normal Ca2 + and phospholipid binding by the vitamin K related

proteins. The results of their experiments have led to the discovery

that positive cooperativity in the Ca2+ binding to Fragment-1 depends

upon having intact disulfide bridges (there are four disulfide bridges

in Fragment-l) and, by inference, specific protein tertiary structure.

These results do not eliminate the possibility that groups in the Fragment-

1 other than the carboxyl groupd of y -carboxyglutamic acid are involved

in tight calcium binding and the detailed calcium-binding structure is

still unknown.

Stenflo (34) did a structural comparison of normal and discoumarol-

induced bovine prothrombin. He found that the two prothrombins have

the same main antigenic determinants and that the sedimentation co-
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efficients, the Stokes molecular radius, the tyrosine titration curves,

and the fluorescence emission spectra were identical indicating that

there is no gross difference involving the entire molecule. However,

the quantitative immunological precipitin curves suggest that there

is a conformational difference between normal prothrombin with and

without calcium ions.

Investigation of the conformation of the normal and abnormal

(dicoumarol-induced) prothrombins in the presence and absence of Ca2+

was reported using optical rotatory dispersion (ORD) and circular

dichroism (CD) (35). Both techniques showed no conformational differences

between the two proteins, in the absence of Ca2 + . A small a -helix

content was found. But, normal prothrombin exhibits a marked change in

the aromatic region of the spectrum on binding of Ca2+ ions, whereas

no such conformational change was found in the case of the dicoumarol-

induced protein. This suggests that the conformational change is

local and occurs in the neighborhood of an aromatic amino acid (28).

An interesting comparison between a vitamin K dependent peptide

from human prothrombin to the known corresponding bovine segment has

shown that a number of residues which could be considered as the most

important are the same (36). The 8 glutamic acid residues which have

been proved to be modified in the bovine peptide are present in the human

material as well as the two cysteine residues which are involved in a

disulfide bridge in the bovine molecule. The main differences are the

absence of proline in the human polypeptide and conversely the presence

of valine and tyrosine which are absent in the bovine material (the amino
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acid composition from reference 20 indicates the presence of 32 VAL and

18 TYR residues per mole of bovine prothrombin - see Table 1).

The ORD and CD results (37) indicate the existence of marked

alterations in the secondary structure of Profragment-l obtained from

human prothrombin as a result of changes in hydrogen ion and calcium

ion concentration. These results are consistent with the hypothesis

that ionization of the y -carboxyglutamyl side chain carboxyl groups,

localized in a quite small region of Profragment-l leads to considerable

electrostatic repulsion resulting in a conformational change and a

2+
nonfunctional configuration near neutral pH. Addition of Ca diminishes

the electrostatic repulsive forces by charge neutralization and induces

shifts to a conformation resembling the low pH form of Profragment-l.

Binding of protein to phospholipid through calcium ions, a function

ascribed to - carboxyglutamic acid, can be fulfilled by other structures

as avidenced by S-100 protein from brain which binds to phospholipid

through calcium ion (38) but contains no y-carboxyglutamic acid (39).

Preliminary investigations of Ca2 + binding to Fragment- by

difference ultraviolet absorption spectroscopy indicates a significant

environment change for tryptophanyl and possibly tyrosyl chromophores

during Ca2+ binding (Peng and Jackson, unpublished observation).

We decided to study the binding of Ca2+ to Fragment-l, using

Raman spectroscopy. We hoped to see the effect of binding in the carbonyl

-1
stretching frequence (1600-1800 cm region of the spectrum) and

possible conformational changes. Also the pH and ionic strength

dependence could be investigated.
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MATERIAL AND METHODS

Fragment-1 samples were provided by Dr. Craig Jackson from

Washington University. Purification of prothrombin and isolation of

Fragment-1 is described in reference 20. Bovine Fragment-1 was used at

a concentration of 60 mg/ml in Tris-buffer, with (10 mM) or without

Ca . The Raman system used was improved with a computer and accumulation

and manipulation of the data made it possible to increase the signal:

noise ratio.
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RESULTS AND DISCUSSION

The spectra of buffer, Fragment-1 without Ca 2 + , and Fragment-1

2+
plus Ca is shown. These samples were made in water and the carbonyl

-1stretching frequency (1600-1800 cm ) is not accessible due to the

water peak. Samples in D20 are necessary to study this region.

There are substancial frequency differences between the Raman

spectrum of Fragment-1 and Fragment-1 plus Ca2+ which may represent

real conformational differences. The disulfide bonds vibration is seen,

-Lin both spectra, around 509 cm , and the presence of these bonds is

confirmed for both samples. The a -helix and random coil contents shown

by the peaks around 1275 and 1250 cm 1 respectively seem to be different

for the two spectra. The region around 1400 cm 1 shows also dis-

similarities. In this region is the CO stretching vibration frequency

and the binding of Ca2+ to the y-carboxyglutamyl residues is supposed

to cause variation in this frequency. It was not possible to decide

if there is or if there is not an environmental change for tryptophanyl

and tyrosyl residues upon Ca2+ binding. The vibrations of the aromatic

amino acids appear in various regions of the spectrum. One of these

frequencies is not the same in the two spectra. The C-H rocking vibration

appears at 1172 cm- 1 for Fragment-1, and at 1178 cm- 1 for Fragment-1

plus Ca 2+ , and this may indicate a different environment for tyrosyl or

tryptophanyl residues.

We have to remember that the buffer spectrum is superimposed to the

protein spectrum, and it would have to be subtracted from the overall
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spectrum for a quantitative analysis of the data.

The next step would be to try a set of samples in D20, so that the

-1
water peak at 1655 cm would be removed and this region analysed.
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