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abstract

A range of fluorescent probes were utilised for the 
fluorescent modification, via both amine and thiol groups, 
of a protein that binds cAMP. The protein concerned, called 
cAMP Receptor Protein, undergoes a conformational change on 
cAMP binding, and as a consequence, the microenvironment 
of the probe is altered with regard to polarity. The probes 
were then screened in order to ascertain the degree of 
sensitivity to the polarity of their environment. This 
property was monitored via alterations in the fluorescence 
characteristics of the probe, particularly fluorescence 
enhancement and/or shifts in peak emission. The most 
suitable probes may then be applied to a protein that binds 
cCMP, and the alteration in the fluorescence characteristics 
induced in the probe via cGMP binding, may then be utilised 
in order to determine the intracellular cGMP concentration 
within the intact cell.
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CHAPTER 1.

GENERAL INTRODUCTION.



1.1. FUNDAMENTALS OF PHOTOCHEMISTRY.

When single atomic orbitals on each of two adjacent 

atoms are combined, two molecular orbitals are produced; 

one of lower energy (called the highest occupied molecular 

orbital (HOMO) or the bonding orbital), and one of higher 

energy (called the lowest unoccupied molecular orbital 

(LUMO) or the antibonding orbital).

A

Energy A tomic 
Orbi tal

Antibonding
Molecular
Orbital

\

\

\
\

\

>-$
///

\ /V
/ Bonding 
Molecular 
Orbi tal

Atomic 
Orbi tal

Fig. 1.1. A molecular orbital diagram for 

a two-electron bond between the atoms.

In a typical two-electron bond between the atoms, both 

electrons will normally occupy the bonding orbital.

In addition to its wave-like properties, light may 

be considered to be composed of discrete units called 

quanta or photons. Each photon possesses a quantity of 

energy (E) given by the relationship:

E = hv

-1-



where h = Planck's cons tant = 6.63 x lO- "̂  Joule second, and 

v = frequency of the light. On electronic excitation, for 

example by a photon, an electron from the bonding orbital 

may be promoted to the antibonding orbital. This process 

produces an electronically excited state.

Completely symmetrical orbitals about the inter-nuclear 

axis, are called sigma (CT) or sigma-star (CT*) orbitals, 

according to whether they are bonding or antibonding 

respectively. Orbitals that are anti-symmetrical about the 

inter-nuclear axis are called pi ( TI ) or pi-star ( 1i *) 

orbitals. A third type of orbital is denoted as an n-orbital. 

These orbitals are non-bonding, and a 'lone pair' of electrons 

on a particular atom, may be envisaged as occupying this 

orbi tal.

1.1.1.___ Diectronically Excited States.

Absorption of a photon by an organic molecule, occurs 

in an extremely short period of time (approximately 10 ? sec.),

and it is assumed, therefore, that the positions of the nuclei 

within the molecule do not change during this period. This 

is known as the Franck-Condon Principle, and therefore the 

major change is in the electronic structure; to produce an 

electronically excited state. This state is a distinct 

molecular species, whose electrons are arranged in a way that 

is not the lowest energy configuration. Electrons present 

in the bonding 1i or n-orbitals, may be promoted to the 

antibonding T T  * or (T* orbitals, depending upon the 

wavelength of the exciting radiation. The electronically



excited state has a finite lifetime, and possesses physical 

and chemical properties that differ from those of the 

natural or ground state.

Energy

cr

TT x

S r ~nr

(a)

cr

cr x

t r
x-

A.
--------T T

( b )

cr

Fig. 1,2, The electronic configuration of an 

alkene, showing the occupancy of the 

carbon-carbon bond orbitals: (a) in the 

ground state; and (b) in the ( TT~ , X T *  ) 

excited singlet state, after absorption of a 

photon of wavelength approximately 180 nm.

For excitation wavelengths in excess of 200 nm, three 

general classes of electronically excited states may be

considered. These are ( n , T T *  ), ( I T  , T T * ) and

( n , cr* ) arising from n-— * T T * , T T — > T T  * and

n — > CT ' transitions respectively.

At a particular wavelength, the bulk absorption 

properties of the molecule may be represented by the 

Beer-Lambert law. This states that the absorbance (D), which 

equals the base-10 logarithm of the ratio of incident light 

intensity (I ) to transmitted light intensity (I), is 

directly proportional to the concentration (c) of the



compound, and the pathlength (l) of the radiation through the 

sample. The proportionality constant (£) is called the 

absorption coefficient, or more specifically, the molar 

extinction coefficient with units of litre mol  ̂ cm R  if 

concentration is in mol litre- ,̂ and the pathlength is in cm.

log10 ( V 1) = D = £ c !•

Generally, ~TT~— »■TT" transitions, which may occur 

on excitation of alkenes, exhibit molar extinction coefficient

5̂ R •“ _»i sm
of 5 x 10 to 1 x 10 litre mol cm . n — >• CT “ transitions, 

which generally occur in saturated molecules, show £ values 

of 1 x 102 to 1 x 10 ̂ litre mol-1 cm-1; whilst n — » 11 * 

transitions, which may occur on excitation of ketones, exhibit

p
the lowest values of £ ranging from 1 to 4 x 10 litre

,-l „ -1 mol cm

Electronically excited states can also be produced by- 

electrical discharge, ionising radiation (for example, oC and 

p particles as well as radiation), extreme temperatures, 

electron transfer reactions, the decomposition of peroxide 

compounds, and by chemical activation (for example, via 

chemiluminescence (1,2)).

1-1.2.____ Excited Singlet and Triplet States.

Each orbital within a molecule possesses a definite 

energy and angular momentum, due to the movement of the 

electrons around the nuclei. Additionally, electrons rotate

therefore, they themselves have a spinabout their axes and,



angular momentum, which is assigned the value of  ̂unit 

per electron- In the ground state, The Pauli Exclusion 

Principle limits the number of electrons in a non-degenerative 

molecular orbital to two, such that the net spin is zero 

(one electron =  + -j and the others - y) . The multiplicity 

is given by 2S 4- 1, where S is the total spin angular 

momentum. Since, in this case, S =  0 then the multiplicity 

equates to 1. This is therefore referred to as a 'singlet' 

state, and it is likely that the singlet status will be 

retained upon production of the electronically excited state, 

by direct absorption of a photon.

However, upon excitation, the promotion of one electron 

into an antibonding molecular orbital, means that The Pauli 

Exclusion Principle no longer applies. It is now possible 

for an electron to undergo spin inversion. The total spin 

angular momentum becomes 1, giving a multiplicity of 3- The 

excited molecule is therefore referred to as a 'triplet' state.

A

Energy

(T
•X

I T x-

---------jy

---------- cr
'/

Fig. 1.3« The electronic configuration of the

( ~TT~ , T T  ) triplet state of an alkene.
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The triplet state, which is not readily produced by direct 

absorption of a photon, is of a lower energy with regard to 

the singlet state, because of the repulsive nature of 

interactions between electrons of the same spin.

The difference in energy between singlet and triplet 

excited states, is considerably smaller for ( n , T T ~ ) 

states than for ( il , 11 * ) states. The elucidation of the 

energy of an excited state is useful in order to deduce the 

feasibility of a particular transformation.

An excited state has a characteristic lifetime under

given conditions of solvent, concentration of substrate,

temperature and of other species in the solution. These

-12lifetimes are short, varying from less than 10 sec. for 

some of the shortest-lived singlet states, to more than 

10 sec. at liquid nitrogen temperature (-80°C) for some of 

the longest-lived triplet states. The lifetime is defined as 

the reciprocal of the sum of all the first-order (or 

pseudo-first-order) rate constants for processes that the 

excited state undergoes, and the enormous range of lifetimes 

(more than thirteen orders of magnitude), encompasses the wide 

variety of photochemical and photophysical processes that can 

occur for an excited state.

1J.O.____ Fluorescence.

In the absence of interaction with another chemical 

species, an electronically excited state may undergo one of 

two transformations; it may either change into a different 

compound, or it may change into a different electronic state



of the same compound. The first of these events is a 

photochemical reaction, and the second (which is more 

pertinent to the present discussion) is a photophysical 

process.

Intramolecular photophysical processes may be 

subdivided into two groups; i) radiative (or luminescent) 

processes, in which a photon of ultra-violet or visible 

radiation is emitted, and ii) non-radiative processes, in 

which no such emission occurs. Luminescence is a commonly 

observed property of electronically excited states, and the 

energy of the emitted radiation is less than that of the 

exciting radiation. This is because energy is lost by 

conversion into rotational and vibrational motion, thus it is 

possible for visible light to be emitted as a consequence 

of ultra-violet excitation. The difference (in nm.) between 

the wavelength of fluorescent emission, and the excitation 

wavelength of a particular species is called the Stokes 

Shift (3). The emi ssion of a photon by an excited singlet 

state, returns the latter to the ground state, which is also 

a singlet state. Such a process is 'spin-allowed' since 

there is no overall change of spin; and the luminescence 

produced is called fluorescence. The emission observed is 

most commonly that produced by decay of the singlet state, 

produced on excitation. This observation is due to the 

greater rate of non-radiative decay, from a higher excited 

singlet state to the lowest excited singlet state, than that 

of radiative decay to the ground state. As a consequence, the 

fluorescence spectrum is not affected by the excitation 

wavelength.



1.1.4. Lifetime and Quantum Yield of Fluorescence-

Two useful fluorescence parameters are the lifetime 

and the quantum yield. The lifetime of fluorescence is 

measured directly by following the decay of fluorescence 

intensity with time, after interruption of the exciting 

radiation- Lifetime values are of use since they provide, 

in reciprocal form, the overall sum of rate constants for 

singlet state decay, which may be used to determine the 

individual rate constants for excited-state processes.

Since the fluorescence lifetime is sensitive to environmental 

conditions (for example, solvent polarity), it may be 

employed to probe heterogeneous environments.

The quantum yield of fluorescence is a measure of the 

efficiency with which absorbed radiation, causes the molecule 

to undergo a specified change- It may be defined, thus:

Quantum Yield for _  
Fluorescence (0̂ ,)

Number of Photons Emitted.

Number of Photons Absorbed.

Quantum yield values normally fall in the range from 0 to 1.0 

and it follows that the higher the value of the quantum yield

the greater the intensity of the fluorescence output.

1.1-5-____Phosphorescence.

Luminescence that originates from an excited triplet 

state, is called phosphorescence. Almost all phosphorescence 

is produced by decay of the lowest excited triplet state to 

the ground state. Since a change in spin multiplicity occurs,



phosphorescence is regarded as a 'spin forbidden' process, 

and consequently has a longer lifetime than does fluorescence 

While fluorescence may be studied in a fluid medium at 

room temperature, phosphorescence must be investigated in a 

rigid, glass matrix at very low temperature, usually 77°K. 

These conditions are necessary since triplet states in 

solution at room temperature, are generally deactivated very 

rapidly in bimolecular processes with other molecular species

1.1.6,____ Non-Radiative Decay.

Non-radiative decay processes involve conversion of one 

electronic state into another, without emission of light.

Like radiative processes, they may be divided into two 

categories according to whether or not there is an overall 

change in spin multiplicity, during the process. If there is 

no spin change, the non-radiative process is called internal 

conversion. By this process, higher excited singlet states 

decay to the lowest excited singlet state prior to any other 

photophysical process. Higher triplet states may also decay 

to the lowest triplet state, via internal conversion.

Internal conversion may also occur from the lowest excited 

singlet state to the ground state, in direct competition with 

fluorescence. The rate of internal conversion, is related 

inversely to the energy difference between the initial and 

final states. Thus, the smaller the energy gap, the greater 

is the rate of internal conversion. The difference in energy 

between the ground state a.nd the lowest excited singlet state 

is always greater than that between the lowest excited single



state and the higher excited singlet states- As a consequence, 

fluorescence usually prevails over the much slower non- 

radiative decay to the ground state, via internal conversion.

When non-radiative decay involves a change in spin 

multiplicity, it is called intersystem crossing. There are 

two important intersystem crossing processes, which may be 

considered when dealing with organic molecules. The first 

of these, is the non-radiative decay which is in competition 

with the phosphorescent decay of the lowest triplet state, 

to the ground state. The second, is the process whereby the 

lowest excited singlet state may be converted into the lowest 

excited triplet state. Therefore, this process is in 

competition with both the internal conversion from the lowest 

excited singlet state, and with fluorescence, and it allows 

the production of many triplet states via the absorption of 

a photon to produce the excited singlet state, followed by 

intersystem crossing to the triplet state.

1.1.7.____ The Jablonski Diagram.

These diverse processes may be represented schematically 

by the use of a Jablonski Diagram (4). In the left-hand 

portion of the diagram are the singlet states of the molecule, 

namely the ground state (S ) and the excited singlet 

states ( ,  Sg etc.), on a vertical scale of increasing 

energy. In the right-hand portion, are the triplet states (T-̂ , 

T2 etc.) in order of increasing energy. Each bold horizontal 

line represents a different electronic state of the molecule.
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Fig, 1.4. The Jablonski Diagram.

The electronic states may have varying amounts of 

vibrational energy, and this is indicated by the series of 

lighter horizontal lines ('vibrational levels') for each 

state. Photophysical processes are represented by lines 

connecting the states. Straight lines are used for radiative 

processes: vertically upwards for absorption (abs), vertically 

downwards for fluorescence (fl), and downwards at an angle 

for phosphorescence (phos), to indicate that it involves a 

change of multiplicity. Wavy lines represent radiationless 

transitions: vertically downwards for internal conversion (ic), 

or for vibrational relaxation (vr) within a particular state, 

and at an angle for intersystem crossing (isc).



1.2. FLUORESCENT PROBES.

A chemical species which, when suitably excited, 

displays fluorescent emission is called a fluorescent probe 

or fluorophore. Almost all fluorophores of practical use 

for biochemical investigations, are derivatives of 

aromatic compounds, usually possessing one to five conjugated 

rings. Possible exceptions with regard to aromaticity, 

include some rare-earth chelates and certain polyenes, such 

as parinaric acid and retinol. The usual range of useful 

spectral absorption and emission for extrinsic fluorescent 

probes, is from 300 nm to approximately 650 nm.

The ultimate intensity detected by the fluorescence 

spectrophotometer, is an important consideration for many 

applications of fluorescence studies. Two factors affect 

this intensity; these are the molar extinction coefficient 

at the excitation wavelength and the quantum yield of 

fluorescence. Both properties are innate to the conjugated 

fluorophores at a particular light intensity, and it is 

essentially the product of these two factors that determines 

the ultimate sensitivity obtainable.

Generally, chromophores with extended conjugation and 

resonance, have more allowed transitions and higher extinction 

coefficients for their longest wavelength absorptions. 

Compounds with one or two aromatic rings have low absorptivity 

(under 10 litre mol cm ), while fluorophores with 

several rings and especially those with two equivalent 

resonance forms, such as rhodamines and symmetrical carbo- 

cyanines, can have extinction coefficients up to 2 x 10
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litre mol-1 cm-'1', although values of 1 x Id/' to 5 x lCr 

litre mol-'1' cm-'1' are more common. The vast majority of 

organic compounds has a quantum yield of less than 0.01, 

and are therefore useless as extrinsic fluorescent probes.

1.2.1. Fluorescent Calcium Probes and Their Use.

Absolutely critical to the fuller understanding of the 

role of any intracellular molecule, such as a second messenger, 

is the ability to monitor its free concentration in the 

cytosol of living cells. Rapid advances in our understanding 

of the role of calcium, followed the introduction of cell 

penetrant fluorescent indicators that report the intracellular 

free-calcium concentration.

Such an indicator is 1,2-bis(o-aminophenoxy)ethane-N,N ,

N 1,N’-tetra-acetic acid, (BAPTA) (5).

Fig._1.5 ■_The Molecular Structure

of l,2-bis(o-aminophenoxy)ethane- 

N,N,N,,Nt-tetra-acetic acid, (BAPTA).

2-fIn the absence of Ca , the absorption spectrum shows a 

maximum at 251 nm (£ =  1.6 x lCr litre mol-1 cm-1), with a

13



shoulder at 287 nra (£ —  5-6 x 10^ litre mol  ̂ cm ^ ). C a ^

binding causes a major hypsochromic (blue) shift, toward

a limiting spectrum having a small maximum at 274 nm 

3 —1 —1(£ =  4-2 x lCr litre mol cm ), and the main peak at

203 nm ( 6 =  4-1 x 10^ litre mol-1 cm-'1'). The stoichiometry 

2+of Ca binding was found to be 1 : 1.

The fluorescence emission spectrum of BAPTA, shows a

24-
peak at 363 nm with no fine structure. Binding of Ca 

reduces the emission intensity by a factor of 2.8, without 

significantly altering the shape of the band or the 

wavelength of its peak.

The cation affinity of BAPTA can be tuned up or down 

by appropriate electron-donating or withdrawing substituents. 

Thus, substitution of methyl groups at the 4-carbon positions, 

strengthens calcium binding. Substitution of bromine atoms 

at the same positions, weakens calcium binding, and 

consequently reduces the quantum yield of fluorescence.

Fig. 1,6, The Molecular Structure of BAPTA indicating 

the 4-carbon positions (marked by 'X'). Substitution 

of methyl (electron-donating) groups, strengthens 

calcium binding. Substitution of bromine (electron- 

wi thdrawing)_atoms, weakens calcium binding (3).

-14-



The binding affinity for Ca ' , may be further modified

2
by replacing one of the ether oxygens by an sp hybridised 

heterocyclic nitrogen atom, to produce a substituted quinoline.

2+

r
C00‘

Fig. 1.7. The molecular Structure 

of a Substituted Quinoline.

Since such nitrogen atoms are considerably more basic than

the ether oxygen atoms, it follows that this modification

increases the affinity of the indicator for Ca2+. The

quantum yield of fluorescence of the indicator is increased

approximately five-fold (from approximately 0.012 to 0.057),

on binding Ca . The increased size and conjugation of the

chromophore, shifts the wavelengths of absorption and

fluorescence to 350 nm and 520 nm respectively. This molecule

2+also chelates Mg to an appreciable extent, but the quantum 

efficiency is only minimally increased.

If a methoxy group is introduced meta to the 8-amino 

group, the resulting molecule possesses an emission maximum 

at 510 nm and a quantum yield of approximately 0.029; some 

2-j- times higher than the quinoline devoid of the methoxy 

group.
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COO'

Fig. 1.8. The Molecular Structure 

of a Substituted Quinoline 

exhibiting a methoxy group■ meta 

to the 8-amino group.

2+Again, Ca binding causes a very slight shift of emission 

to approximately 525 am, and a five-fold enhancement of 

quantum yield to 0,14-

BAPTA and its deriva.tives are of use for the elucidation 

of calcium levels in vitro. However, they are not suitable 

for determining the intracellular calcium concentration, due 

to their high intrinsic polarity, which would prevent passage 

across the cell membrane. Micro-injection of these indicators 

directly into the cell is not practicable, due to the 

perturbation of the cell membrane which invariably ensues.

A means of allowing transport of the indicator across 

the cell membrane, is by the use of esterified indicators. 

BAPTA, possessing a methyl group at one of the 4-carbon 

positions is known as Quin-2 (6), and this indicator may be 

esterified to produce the acetoxymethyl tetra-ester of Quin-2.

Cells (for example, thymocytes), usually in suspension, 

are incubated with the ester for periods ranging from a few

-16-



minutes to two hours. The acetoxymethyl tetra-ester of Quin-2

traverses the celi membrane and is cleaved by endogenous

esterases to the Quin-2 indicator; which is now trapped.

(CH2COOCH2OCOCH3)2

N N(CH2COOCH2OCOCH3)2
o c h 2c h 2o

c h 3

Fig. 1.9. The Molecular Structure of the 

Acetoxymethyl tetra-ester of Quin-2 (6).

The simplest esters (methyl or ethyl) of this chelator are not 

hydrolysed in mouse thymocytes. Trimethylsilyl esters are too 

rapidly hydrolysed extracellularly, while t-butyldimethylsilyl 

esters are potentially cytolytic. Anhydrides, imidazolides 

or activated aryl esters were not considered, because the end 

products would probably include chelator molecules irreversibly 

bound to intracellular nucleophiles. Use of this probe, has 

shown that the intracellular concentration of Ca , in the 

resting mouse thymocyte, is 123 - 6 nM. The available evidence 

shows that the dye is distributed throughout the cytosol and 

nucleus, but does not enter mitochondria, lysosomes, endo-

plasmic reticulum or secretory granules. The cells are then 

washed and loaded into a cuvette in a conventional fluorescence 

spectrophotometer, and their fluorescence is monitored during 

the experimental manipulations under investigation.

-17-



Cells, such as lymphocytes (7), erythrocytes (8 ) and 

macrophages (9), in which intracellular calcium levels have 

been reduced below the normal resting level by loading with

large quantities of chelator, in the absence of external

2+ 2+Ca , seen to have an abnormally high Ca permeability

dependent upon their lowered intracellular calcium

concentration < [ M i > ). This conclusion was reached after it

2+was observed that when the external Ca concentration

< [ M o > is restored to normal , [ca2'], rises to a near-

2+normal level remarkably quickly. A Ca -leak induced by low

M i
could be a valuable negative-feedback mechanism for

regulating resting [ca2-],, and also helps explain why

increasing the chelator loading, does not lower the measured

resting [ca2-] , provided the loading is performed with

normal Jca^J Q present (1 0 ,1 1 ,1 2 ,1 3 ).

In the human erythrocyte, it has been shown (8) that the

2+
Ca pump rate is proportional to the square of

least up to normal resting
M i -

M i . at

In thymocytes (1 4) and

neutrophils (15,16), it has been found that the tumour promoter 

l2-0-tetradecanoyl-phorbol-13-acetate (TPA), could lower

(ca2+],, The BAPTA family of Ca2+ indicators have provided
confirmation of Ca2+L rises, associated with lymphocyte

mitogen stimulation (14,17), neutrophil (1 8 ,1 9) and 

platelet (1 2 ,2 0) activation, glycolytic activation of 

pancreatic insulinoma cells (2 1), ^¿-adrenergic stimulation 

of hepatocytes (2 2) and depolarisation of pheochromocytoma 

cells (13), synaptosomes (13) and adrenal medullary cells (11).

It is possible to assess the relative contributions of

-18-



2-v

extracellular calcium versus intracellular stores in

generating a rise in Ca This may be done by comparing

the Ca2+ rise in normal medium with that observed when

2-f
external Ca is absent, or chelated with ethylene-glycol- 

bis -(j3 -amino e thy le the r ) -N, N,N ' , N 1 - tetra-ace tic acid ( EG TA) . 

The EGTA should not be added until just before the stimulus, 

so that internal stores have no time to be depleted. In 

some systems, such as K+ depolarised neurosecretory cells (ll, 

13,23) and lectin stimulated thymocytes (14), the |jla2  ̂ ^

rise is completely dependent upon Ca Q. However, in 

B-lymphocytes (1 0 ), neutrophils (1 8 ,1 9) and platelets (1 2 ), 

stimulated with anti-immunoglobulin, f-Met-Leu-Phe and

thrombin respectively, removal of

2-f

Ca2+ reduces, but does

not eliminate, Ca

Ca2+

ua

1
2+'

 ̂ rises, showing a significant 

contribution from internal stores. An example of 

increases dependent only on internal stores not on 

seems to be in hepatocytes stimulated with glycogenolytic 

hormones (2 2).

2+

o ’

In zero Ca , addition of calcium ionoohores should

release nearly all calcium that was actively accumulated 

inside membrane enclosed organelles (7,10). It has been found 

that after ionophore pre-treatment, other stimuli cannot 

release any further internal Ca^+ stores (10,12,18). This

pi
implies that the releasable Ca^ was actively sequestered in 

membrane-enclosed organelles, and provides evidence that the 

releasable pool includes calcium complexed with components 

of the cytosol, or bound to the cytosolic surface of cell

memb ranes.



,, 2 +Ca  ̂ withinA comparison has been made between the 

blood platelets reported by Quin-2, and the photoprotein 

aequorin (24), Aequorin is a Cac' -sensitive photoprotein 

of 20000 daltons, obtained from the photocytes of the 

jelly-fish Aequorea aequorea. A procedure has been developed 

whereby aequorin may be incorporated within vascular smooth 

muscle cells, without the use of microinjection (25). This 

technique was adapted to effect the loading of aequorin 

into blood platelets.

ho platelet abnormalities were detected after aequorin

incorporation, and the restin{ Ca2+  ̂ was found to be

2-4 uM, in media containing 1 mM Ca'' . Quin-2 reported a 

2+
 ̂ of less than 1 pH. This discrepancy may be

Ca2+

resting Ca‘

explained by the difference in the response to 

detected by the indicators.

Quin-2 elicits an essentially linear response to logj^Ca 

increments, and therefore requires large, diffuse changes in

Ca2+ to provide signals. Aequorin furnishes a log lumin-

escent response to log 

24-

Ca2+ increments, increasing as the 2

cower of Ca

( • )

Uxj ̂

Fig. 1.10. Aequorin luminescence (Log L/L ) and Quin-2
2+ max

fluorescence ($ maximal Ca^ -dependent fluorescence) at

vanou; Lca2+J . Shaded regions encompass the 1-10 uM Ca
24-1U |U

range._In_this region, aeouorin is highly sensitive relative

to Quin-2 (24).
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This property allows the aequorin to produce intense signals,

from even small zones of the cytosol exposed to loca!

fluctuating Ca2+ ^. This indicates that calcium may be

distributed heterogeneously throughout the blood platelet.

Quin-2 suffers from a number of disadvantages. Firstly,

its preferred excitation wavelength of 339 nm, excites some

auto-fluorescence from endogenous compounds, such as reduced

pyridine nucleotides, and this could interfere with the

fluorescence of Quin-2. Secondly, no investigations have

been reported using the chelator trapping method on plants,

fungi or bacteria. Some tissues, such as sea urchin eggs and

frog muscle, which may only be manipulated at low temperatures

appear to load the indicator too slowly (2 6). Thirdly, the

24-high affinity of Quin-2 for Ca means that the dye is

24-"saturated at Ca • , in excess of 2 piM. Finally, the main
1 i

24-response of Quin-2 to Ca is a change in fluorescence

intensity, rather than a shift in fluorescence emission.

. 24-
As a consequence, a new group of Ca indicators was

developed (27), offering improved fluorescence characteristics 

The six compounds developed, (the so-called stil-, indo- 

and fura-series), combine an 8-coordinate tetracarboxylate- 

chelating site with stilbene chromophores, and offer up to 

30-fold brighter fluorescence, slightly lower affinities for 

Ca^+ , slightly longer wavelengths of excitation, considerably 

improved selectivity for Ca2+ over other divalent cations, 

and major changes in wavelength, not just intensity, on 

Ca^+ binding.
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1 o c h 2c h 2o
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COO'
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c h 3
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c h 3
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CN

I'ift._1 >11._The Molecular Structures of a range

range of fluorescent indicators of Ca^"* .
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Dye
Absorption maxima Emission maxima Fluorescence quantum effi-

ciency

Free onion Ca complex Free anion Ca complex Free anion Ca complex

stil-1 362 (27) 329 (34) 537 (585) 529 (N D ') 0.14 N D
stil-2 352 (12) 326 (12) 564 (590) 560 (587) 0.11 0.15
indo-1 349 (34) 331 (34) 485 (482) 410 (398) 0.38 0.56
fura-1 350 (21) 334 (27) 534 (585) 522 (548) 0.14 0.20
fura-2 362 (27) 335 (33) 512 (518) 505 (510) 0.23 0.49
fura-3 370 (14) 343 (25) 564 (588) 551 (599) 0.13 0.21

Table 1.1, The properties of new fluorescent indicators 
2+of Ca . Absorption maxima refer to the dominant peaks 

at longest wavelength, measured at 2 2 ± 2°C in 100 mM 

KC1. The first number is the wavelength in nanometres,

followed ,_in parentheses, by the corresponding extinction

coefficient (x 10~v litre mol~ 4 cm~^). ND — Not 

Determined (27).

Absorbance maxima are in the near ultra-violet, with

extinction coefficients in the range 2 x 1 0 4 to 3 x 10 4 litre 

-1 -1 24-
mol cm . The binding of Ca shifts all of the absorbance 

spectra to shorter wavelengths.

The stilbene derived dyes exhibit excitation and emission 

wavelengths only slightly longer than those of Quin-2. 

Nevertheless, whereas the response of Quin-2 to Ca2+ falls 

off sharply between 339 nm and 350 nra, fura-2 shows 

considerable sensitivity to Ca2+ at 350 nm and 380-385 nm. 

Since conventional fluorescence microscopes with glass optics, 

usually cut off at wavelengths between 340 nm and 350 nm, 

fura-2 is much easier to use. The hypsochromic shift in 

absorption and excitation spectra, upon binding Ca2+, is 

well documented (5). The twisting of the bond between the ring 

and the nitrogen atom, is brought about by the Ca2+ present 

in the vicinity of the lone-pair of electrons, on the amino 

nitrogen atom. As a consequence, the conjugation between the
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lone pair and the remainder of the Chromophore is thereby 

disrupted.

2-fOf the range of Ca indicators, fura-2 appears to be 

the preferred dye, due to its high quantum yield of 

fluorescence, and its desirable absorption and emission 

wavelengths.

1,3.______ SOME KNOWN FUNCTIONS OF cGMP.

Following the success of the investigation into the 

role of calcium within the cell, attention was turned to 

another second messenger, namely guanosine 3 ',5 '-cyclic 

monophosphate (cGMP).

It has been shown (28) that when smooth muscle (for 

example, rat thoracic aorta), is challenged with nor-

epinephrine in the presence of either acetylcholine, 

histamine or the calcium ionophore A23187, endothelium 

derived relaxing factor is produced which stimulates the 

muscle guanylate cyclase. As a consequence, concentrations 

of cGMP were elevated forty-fold, (from 0.8 to 32 pmol per 

mg protein) .

GTP
guanylate cyclase -> cGMP + PP.l

It was therefore concluded that cGMP mediates the relaxation 

of smooth muscle, when antagonised with nor-epinephnne.

cGMP has been found also to have a role in vertebrate 

vision (29). It acts as a photo transducer within the light 

sensitive region of the rod cell; the rod outer segment (ROS),
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which contains a dense stack of disc membranes, in which the 

photo-protein, rhodopsin (Rh), is embedded.

Rhodopsin is first photoisomerised to an active form,

Rh7* (metarhodopsin 1 1 ), which diffuses laterally in the disc 

membrane until contacting a second protein, T (G-protein, 

or transducin), thereby enabling T to exchange GDP for GTP. 

Rh" then dissociates and is free to interact v/ith further 

molecules of T, until it becomes inactivated, as a result of 

multiple phosphorylations and the 'capping' action of an 

uncharacterised protein of molecular weight 48000 dal tons, 

(48kDa) . These interactions occur writhin the lipid of the 

disc membrane, or at its cytoplasmic surface.

After shedding a component (T^, which is thought to 

assist in the interaction with Rh7*) , activated T (indicated 

as T^.GTP), is able to bind to a third protein, the inhibited 

phosphodiesterase (PDE), thereby activating the PDE and 

allowing the hydrolysis of cytoplasmic cCMP. Eventually, the 

GTPase activity of T& splits off its own terminal phosphate, 

inactivating the Tot and thereby the PDE.

Light

Na'

A—
cG I 

cG

Ca"

6.

Na'

Channel
act i v i ty

' cG
Calc ium

loop

Ca'"
Exchanger

3 Na

( at ciasmo
m em öm ne )

Retinal 2 Rhodopsin ^ G-protein  ̂ PDE
cycle c y c le  c ycle  cycle

Fig. 1.12. The Cyclic Nucleotide Cascade of Phototransduction.
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In darkness, the total concentration of cGMP in the

outer segment is about 70 pM, but the majority of this is

bound, and effectively the free concentration is approximately

10 uM. At this concentration, cGMP maintains the plasma

+ 24-membranes open, allowing the Na and Ca ions to flood in, 

and depolarise the cell. The hydrolysis of cGMP in the light 

causes fewer channels to remain open, thus reducing the 

circulating current and thereby hyperpolarising the cell.

A consequence of light induced closure of channels, is that

p±
the cytoplasmic calcium concentration declines as the Ca 

extrusion mechanisms continue to operate.

These investigations have served to regenerate interest 

in the roles of cGMP as a second messenger. However, our 

knowledge of the cellular function of cGMP is considerably 

less than that of adenosine 31,5'-cyclic monophosphate (cAMP) 

for several reasons. Firstly, whereas cAMP elicits its effects 

via activation of cAMP-dependent protein kinase, cGMP, which 

in addition to activating its own protein kinase, may also 

bind to other intracellular proteins. These include two 

independent cyclic nucleotide phosphodiesterases (3 0).

Secondly, although cGMP-dependent protein kinase is the major 

protein involved in cGMP action, very little is known about 

its substrates. Thirdly, whereas cAMP is used as a second 

messenger in a large number of tissues, cGMP is much less 

ubiquitous, being found in a few selected tissues, (for 

example, smooth muscle, brain and heart).
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THE OBJECTIVES OF THE PROJECT AND THE APPROACH ADOPTED.

Total intracellular levels of cGMP, have hitherto been 

determined via assay following tissue homogenisation. This 

is an unreliable means of quantification, and it is therefore 

desirable to produce a fluorescent indicator for cGMP. It 

is not presently known how to construct a small molecule 

which would have the required affinity and selectivity of 

binding to cCMP. It is therefore proposed to subvert the 

biological solution to this problem, by fluorescently 

modifying a protein which will bind cGMP.

The probe should ideally satisfy the following criteria:

i) the label should exhibit a substantial Stokes Shift. This 

is important for any fluorochrome to be used in fluorescence 

microscopy, since we are using dichroic mirrors to separate 

the excitation light from the fluorescence;

ii) the fluorescence quantum yield should be as near unity as 

possible, as we are likely to be visualising femtomoles of 

material with the naked eye. Thus green/yellow emission is 

ideal, since this is the region of the visible spectrum 

which is most sensitive to the eye;

iii) the extinction coefficient of the fluorochrome at the 

excitation wavelength, should be high; this is because the 

optical pathlength for excitation is very short;

iv) the fluorochromated protein should undergo a spectral 

shift on binding to cGMP.

From the experience gained using probes directed against

2+
Ga ions, it is desirable to produce an indicator with a 

substantial spectral shift on either or both of excitation

27-



and emission, and this criterion is the primary goal. Also, 

since the fluorophores will be visualised using standard 

fluorescence microscopy, we would like excitation and 

emission wavelengths in the visible part of the spectrum.

Thus, the approach adopted was to examine different 

ways of covalently labelling the protein with fluorescent 

derivatives, to produce a fluorescent peptide, which will 

exhibit substantial spectral changes when cGMP binds, thereby 

providing a fluorescent indicator of free cGiMP concentration. 

After fluorescence derivatisation is complete, it is 

essential that protein-bound indicator is removed from the 

free indicator, since the emission characteristics of the 

latter may interfere with those of the former.

Owing to the case of availability of cAMP Receptor 

Protein (CRP) isolated from Escherichia coli, this protein 

was utilised in the protein modification procedures. The 

most suitable fluorophores obtained may then be applied to 

a protein which interacts favourably with cGMP.
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CHAPTER 2.

FLUORESCENT PROBES AND THEIR USES.



2.1. INTRODUCTION.

In addition to the use of fluorophores for the deduction 

of the intracellular concentration of calcium, a plethora 

of probes have been utilised for the investigation of a 

wide range of scientific observations, and for the solution 

to specific problems.

It is frequently necessary to introduce fluorophores 

with experimentally advantageous fluorescence properties, 

when applying fluorescence techniques to biomolecules (for 

example, protein, nucleic acid, polysaccharide, cell membrane 

or related material). Those fluorescent probes for use in 

the modification of bioraolecules, can be of two types: 

i) the covalent fluorescent probes which form strong chemical 

bonds with specific atoms on the biomolecule, and usually 

are irreversibly bound; and ii) the non-covalent probes 

which form a reversible association with the biomolecule, by 

a combination of ionic, dipole-dipole and hydrophobic 

interactions. The two types of probe are complementary and 

each has advantages, limitations and specific applications 

to fluorescence studies.

2.2.______ THE MAJOR FACTORS TO BE CONSIDERED IN THE

FLUORESCENT LABELLING OF BIOMOLECULES.

In the covalent modification of a biomolecule (for 

example, protein), it is important to select a fluorescent 

chromophore with spectral characteristics appropriate to 

the phenomenon under investigation, and the fluorescence 

technique employed. Two other major factors must be considered
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firstly, an investigation into the potentially reactive 

groups on the protein; and secondly, the U3e of a chemically 

reactive moiety, which is usually an integral part of the 

fluorescent p.robe.

2.2,1. The Reactive Sites on Proteins.

The reactive residues on proteins are predominantly 

nucleophiles, and consequently, their reactions with probes 

are mainly examples of nucleophilic substitution, or addition 

reactions. When low levels of probe are utilised, different 

nucleophilic moieties present on the protein, will compete 

for modification. 'Nucleophilicity' is a major factor when 

considering reaction rates. Since high nucleophilicity is 

partially determined by base strength, aliphatic amines, 

such as the epsilon-amino group of lysine in peptides,

(pKa approximately 10), is rapidly modified by several 

reagents. However, other factors affect nucleophilicity, 

and the weaker base mercaptide (or thiolate) of cysteine,

(pKa approximately 8 ), usually undergoes nucleophilic 

substitution faster than lysine.

SH

I
CH2

HjN —  C — HI
I
COOH

Cysteine

NH 2

c h 2

CH j

CHj

CHj

H,N—  C —  H 

COOH

Lysine

Fig. 2.1. The Molecular Structures of Cysteine and Lysine.
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The pH of the reaction medium plays an important role, 

in dictating the reactivity of certain moieties on the 

protein. At pH 7, less than l°/> of the lysine residues present 

in the protein, are in the form of unprotonated nucleophiles 

(R-NH^). Since the protonated lysines (R-NH^+ ) are totally 

unreactive, the overall rate of modification is very slow 

at low pH. Due to the fact that the alpha-amino terminus of 

peptides is a much weaker base (pKa approximately 7), a 

significant proportion remains unprotonated, and the 

alpha-amino group can be selectively modified at physiological 

pH. As a result of the high intrinsic nucleophilicity of the 

mercaptide anion (RS ), cysteine is rapidly modified by many 

reagents. It remains fairly reactive in the acidic (R-SH) 

state.

Reactions in which phenolic residues, such as tyrosine, 

are the nucleophiles, are also highly pH dependent and are 

most rapid above the phenol ionisation constant. One common 

amino acid whose rate of side-chain modification is not highly 

pH sensitive, is methionine.

c h 3

S
H5N

/ = \  1 CH2

H O \  //C H ” <f ~ H
!
c h 2

COOH 1
H?N —  C — H1

Tyrosine 1
COOH

Methionine

2.2. The Molecular Structures of Tyrosine and .
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Methionine alkylation has been achieved in proteins devoid 

of cysteine, using a relatively low pH to suppress reaction 

with other nucleophiles, to give specific modification 

of methionine.

The heterocyclic ring of histidine undergoes some 

reactions, usually as a relatively poor nucleophile below 

its pKa value of approximately 7. The guanidinium group of 

arginine remains protonated, and hence generally unreactive, 

up to pH 12 or 15; however it may undergo modification at more 

acidic pH, by the utilisation of specific reagents.

Due to the fact that most biochemical modification 

reactions are performed in aqueous solution, specific reaction 

of the weakly nucleophilic hydroxyl groups, present in serine 

or threonine, is impractical, owing to competitive reactions 

with water.

N— CH HjN

CH C— CH2 -— C— H

^ N H X

H,N-

COOH

Histidine

OH

CH2
I

C— H
I
I

COOH

CH3

CH.OH

H jN — C— H
I

COOH

Threonine

NH, NH
/

H7N-

c

NH
I

CH2

CH2

c h 7

C— HI

COOH

Arginine

Serine

Fig. 2.5> The Molecular Structures of 

Histidine, Arginine, Serine and Threonine .
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Modification of carboxyl groups present in aspartic 

acid and glutamic acid, usually requires reactions in which

it functions as other than a nucleophile.

CO O H  C O O H

CH2

H jN — C — H

COOH HjN— C — H

Aspartic Acid COOH

Glutamic Acid

Fift. 2.4. The Molecular Structures of Aspartic Acid 

and Glutamic Acid.

CH2

CH j

2.2.2. The Reactive Moieties on Fluorescent Probes.

In the majority of cases, the chemically reactive group 

is an integral part of the fluorophore. These reactive 

moieties are predominantly electron-deficient groups, that 

interact with the electron-rich nucleophiles on the biomolecule. 

Since we need to achieve an appreciable reaction rate, usually 

below 40°C, it is usual to utilise a relatively unstable 

reactive group on the probe. The use of unstable reactive 

groups introduces problems such as storage. With most useful 

probes, a balance between high reactivity and storage stability 

must be achieved; however, all covalent probes should be 

regarded as unstable.

The factors that will determine which nucleophiles on 

the biomolecule are modified (for example, thiols versus 

amines), are related to the reactive moieties on the probes. 

Fluorescent probes, and the reactions they undergo with
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biomolecules, can be classified as one of the following 

types: i) alkylating; ii) acylating; iii) aldehyde and 

ketone reactive; iv),photo-activatable; or v) miscellaneous.

The alkylating reagents include the functional groups: 

haloacetyl, (for example, iodoacetamides), raaleimides, 

epoxides, aziridines and alkyl and aryl halides. All 

preferentially react with the thiol group of cysteine residues 

within proteins, if they are present, but may also react with 

lysine, histidine, methionine, tyrosine and possibly 

carboxylic acids.

Acylating probes are reactive derivatives of carboxylic, 

sulphonic, phosphoric or boric acids, and include acid halides, 

anhydrides, imidoesters, 'active' esters and isothiocyanates. 

Stable products are formed with lysine or tyrosine at elevated 

pH, while several are selective or specific for serine 

proteases, for example, chymotrypsin. Their reaction products 

with cysteine, histidine or carboxylic acids in proteins, 

are frequently hydrolytically and thermodynamically unstable, 

and they do not react with methionine.

Aldehyde and ketone reagents are almost all derivatives 

of hydrazine, or potentially, hydroxylamine. Photo-activatable 

fluorophores are chemically non-reactive, until photolysed 

to a reactive intermediate, which may then form a covalent 

linkage with the appropriate amino acid residue. Miscellaneous 

reagents include disulphides, mercurials and those used in 

non-nucleophilic, or enzyme-assisted, modification of 

biomolecules.
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2.2.3. Characteristics of an Ideal Fluorescent Probe.

Generally, the ideal fluorescent probe should satisfy 

six criteria:

i) Large Extinction Coefficient ( £) at the Excitation 

Wavelength: The extinction coefficient should be at least

as high as that for fluorescein (approximately 7 x 1 0  ̂ litre 

mol-'*' cm-1), and preferably as high as the multichromophore 

phycobiliproteins, which attain values of 2 x 1 0  ̂ litre mol-'*' 

cm- 1 (1 );

ii) High Quantum Yield of Fluorescence: The quantum yield of 

the probe-biomolecule conjugate, should be greater that 0 . 3  

when in its solvent environment, where fluorescence 

measurement is made. Fluorescein labelled proteins have 

quantum yields of 0.2 to 0.7 at pH 8 , but decreases rapidly 

with decreasing pH. Rhodamine is much less sensitive to pH, 

and is still fluorescent at high acid concentrations;

iii) Photostability: Fluorescein can survive between 10^

5
and 10 excitations, before decomposing. This property is 

important for detecting a small number of probes in solution. 

Removal of oxygen is the most effective step that can be 

taken, but this is not always possible, for example, in 

studies involving living cells;

iv) Optimal Excitation Wavelength: This is a primary 

consideration when studying cells. Cells excited at wavelengths 

below 500 nm, produce considerable auto-fluorescence from 

flavins, flavoproteins, NADH etc. (2);

v) Minimal Perturbation by Probe: The fluorophore should not 

perturb the function of the cell, organelle, or target
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molecule by reacting with key groups in active sites, or 

by causing steric perturbation because of its size. If the 

probe disrupts its binding partner to a large degree, 

non-specific binding of a labelled protein could occur.

Also, the probe should not be photo-toxic;

vi) Large Stokes Shift: The probe should exhibit as large a 

Stokes Shift as possible. (This is the difference between 

the excitation wavelength and the wavelength of peak 

fluorescence emission). A large Stokes Shift is desirable 

so that excitation light does not interfere with the 

detection of fluorescence emission.

Very few fluorescent probes satisfy all of these 

requirements, so we need to select the probe which is best 

suited to the task undertaken.

2.3.______ COVALENT LABELLING OF BIOMOLECULES.

Each fluorescent probe has different characteristics 

with regard to stability, solubility and reactivity. As a 

result, there is no major protocol for fluorescent labelling 

of biomolecules. However, some generalisations can be made.

2.3.1. Solubilisation of the Fluorophore.

Before chemical reactions can occur, it is necessary 

to dissolve the probe in a solvent or buffer. Although 

biomolecules can be labelled in biphasic mixtures such as 

crystals, suspensions, amorphous solids or even i_n vivo, 

better reproducibility in labelling usually occurs when they 

are dissolved in true solutions, where standard kinetics
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controls the rate of modification. Unfortunately, many 

spectrally useful probes are almost totally water insoluble.

In order to overcome this problem, we may add the probe 

from a concentrated stock solution in an organic solvent 

to the aqueous biomolecule. Probably the best single organic 

solvent to use is N,N-dimethylformamide (DMF). This highly 

polar, aprotic solvent dissolves almost all fluorescent 

probes. It is non-nucleophilic and is compatible with many 

biomolecules. Dimethyl sulphoxide (DMSO) has been used 

similarly, but some probes such as dimethylaminonaphthalene 

sulphonyl ('dansyl') chloride, react exothermically with DMSO 

to yield decomposition products (3). DMSO usually contains 

traces of dimethyl sulphide and this may react with 

iodoacetamides. Other solvents used include the lower alcohols, 

acetone, tetrahydrofuran (THF), 1,4-dioxane and acetonitrile, 

all of which are completely water miscible. Alcohols, being 

weak nucleophiles, should not be used with most acylating 

reagents. Acetone may potentially form Schiff bases when 

reacted with epsilon-amino groups in proteins, especially 

at higher pH, and obviously cannot be used when modifying 

aldehyde or ketone moieties on biomolecules. THF and 1,4- 

dioxane commonly contain high levels of organic peroxides, 

which may oxidise thiols and other groups. Acetonitrile is 

excellent provided it dissolves the probe. Owing to the 

highly reactive nature of most probe molecules, fresh 

stock solutions should be prepared frequently for maximum 

reproducibility of labelling. It is advantageous to dilute 

the dissolved probe into the concentrated bioraolecule solution, 

by rapid mixing, in order to avoid high local concentrations
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of organic solvent, which may denature the biomolecule.

The crystals of some probes are very slow to dissolve 

in water or aqueous buffer. Dissolution is much faster if 

the probe is dissolved in a volatile solvent such as ether, 

and mixed with the buffer, followed by partial evaporation. 

Sonication may also be used to disperse a water-insoluble 

probe by increasing the surface area of the probe in contact 

with the aqueous bioraolecule.

A greater surface area may be achieved by the use of 

diatomaceous earth (Celite). The water-insoluble probe is 

adsorbed onto Celite by evaporating the probe from an organic 

solution onto Celite, that had been previously dried at 200°C, 

so that the probe-to-Celite ratio is approximately 1 to 10.

The use of Celite generally increases the rate of modification, 

however, the location of labelling may be different from that 

performed in homogeneous solution. For example, ¿¿-chymo- 

trypsin labelled with 'dansyl' chloride on Celite predominantly 

modifies surface lysine, while in solution, the buried active- 

site serine residue is modified, resulting in loss of 

biological activity.

Another alternative for increasing aqueous probe 

solubility is encapsulation of the probe within 3̂ -cyclodextrin 

(cyclohepta-amylose) (4,5). This partially water-soluble 

clathrate forms a moderately polar cavity around the probe, 

and has been used to solubilise fluorescamine and 'dansyl1 

chloride, and may be used with most two-ring fluorophores.

2.5.2.____ The Mechanism of Covalent Modification.

The biomolecule and probe concentrations should be kept
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as high as possible, for the greatest rate of labelling.

The high biomolecule concentration also helps to solubilise 

the probe. At low bioraolecule concentrations, rates of 

decomposition or hydrolysis of the probe may exceed the rate 

of labelling, resulting in a low degree of labelling, 

particularly when the probe concentration is also low.

In general, it is prudent to use the highest practical 

concentration of biomolecule with about 0.01 to 0.1 mM probe, 

at the appropriate pH for either two hours at room temperature 

or overnight at 4°C.

When labelling with any reactive probe, it is advisable 

to remove reducing agents such as mercaptoethanol and 

dithiothreitol, unless these have been shown to be non-reactive 

with the probe. It is inadvisable to use tris-hydroxymethyl- 

aminomethane (Tris) and related buffers, since these introduce 

a high concentration of reactive nucleophiles. Phosphate, 

borate and carbonate buffers are generally used.

Some modification procedures need to be performed in 

the dark, since a few reactive moieties on the fluorophores 

(for example, azides and iodoacetamides) are light sensitive. 

Generally, most common fluorophores and their reactive 

moieties are oxygen stable.

2 . 0 .3- Purification of the Biomolecule-Probe Conjugate.

After labelling, it is necessary to remove the non- 

conjugated probe from the modified biomolecule. Various methods 

are available in order to achieve this. With water-soluble 

biomolecules, the most rapid method is chromatography on a
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molecular-weight exclusion column, such as Sephadex G-25, 

with the low-mo.l.ecular-weight probe being tightly bound, 

and the biornolecule passing through with the void volume. 

Dialysis, or membrane filtration, can also be used with 

water-soluble probes. Another general method useful for 

water-soluble biomolecules, is to adsorb the non-conjugated 

probe onto activated charcoal, followed by filtration or 

centrifugation. This procedure may be used in order to 

remove the last traces of probe from fluorescein isothio-

cyanate conjugates, and also to remove free rhodamine from 

its conjugates, since both are characteristically strongly 

adsorbed non-covalently.

2.4.______ PROCEDURES AND FLUOROPHORES UTILISED FOR SELECTIVE

MODIFICATION REACTIONS.

2.4.1.____ Thiol Modification.

Free thiol (sulphydryl) groups occur primarily as 

cysteine in proteins. In order to selectively label cysteine, 

a pH of 7 to 8 is optimum. Above this pH, the reaction rate 

with tyrosine and lysine becomes more-significant. Below 

this pH, the thiol is primarily in the protonated form 

and histidine modification may proceed at a comparable rate.

Three major classes of reactive alkylating groups have 

been used for selective thiol modification: haloacetyls, 

aziridines and maleimides. A selection of thiol reactive probes 

and their absorption and emission characteristics, are 

as shown.
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II
HOOj S

5-(2-( ( iodoace tyl ) amino ) 
ethyl) aminonaphthalene-

l-sulphonic acid 

’ (1.5-1AEDANS)

Excitation X  •—  337 nm 
Emission X ■—  520 nm

1,8-1AEDANS

Excitation X =  34 0 nm 
Emission X  —  515 nm

III

/ L / C O O H

IV ho^  

0 1
1 ^COOH 

I

T

Il I
i c h 2c h n ^

NHCCH.I
II
O 6--IAF

5-iodoacetamido-
fluorescein
I5-IAF)

Exci tation 
Emission

X =  490 
X —  520

Excitation X —  490 nm 
Emission X —  520 nm

nra
nra

o

Anthraniloyl azi ridine

Excitation X =  330 nm 
Emission X —  420 nm

5-dimethylamino 
naphthalene -1- 

sulphonyl aziridine 
(1Dansyl1 aziridine)

Excitation X 345 nm 
Emission X =  485 nm

Fig. 2.5. The structures and spectral characteris tics of a

range of thiol-reactive fluorophores.
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VII vin

4-azi ridine-7-ni trobenz-
2-oxa-l, 3-diazole 

(n BD^A zi ridine)

Excitation X =  465 nm 
Emission A =  520 nm

Na*
"OjS

2- (a ’-iodoacetamidoanilino) 
naphthalene-6—sulphonic acid 

(IAANS) "

Excitation X •= 330 nm 
Emission A =  440 nm

IX H2C N C H 2C H 2O C C H 2l

o

N 0 2

NBD-Iodoacetate

Excitation X =  495 nm 
Emission A —  550 nm

2-(A 1-maleimidylanilino) 
naohthalene-6-sulphonic 

acid (MIANS)

Excitation A —  322 nm 
Emission A —  417 nm

N-(1-anilinonaphthyl-4) 
maleimide

Excitation X —  350 nm 
Emission X = 4 3 0  nm

XII

NO 2

4-chip ro-7-nitrobenz- 
_2-oxa-l. 3-diazole 

(HBD-Chloride)

Excitation A 425 nm 
Emission X  —  550 nm

Fis. 2 .6 . The structures and spectral characteristics of a

ranse of thiol-reactive fluorophores.
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7-diethylamino-3-('4 1 - 
maleimidylphenyl) -4- 
methylcoumarin (CPM)

Excitation X  —  387 nm
Emission X  —  465 nm

N-(7-dimethylamino-4-methyl 
coumarinyl) maleimide 

(DACM) '

Excitation X —  385 nm 
Emission X  —  Non-

fluorescent 
Emission A  476 nm 

(thiol adduct)

2.5-dimethoxystilbene- 
4 1-maleimide

Excitation X =  364 nm 
Emission X —  430 nm

XVI

fluoréscein-5- 
maleimide

Excitation A =  490 nm 
Emission X —  520 nm

XVII Br Br

Eosin-5-maleimide

Excitation X =  520 nm 
Emission X —  550 nm

N - (l-Pyrene) maleimide

Excitation X  —  343 nm
Emission A  —  376 nm, 396 nm 

and 415 nm.

Fijg;. 2.7»_The structures and spectral characteristies of a

ranp;e of thiol-reactive fluorophores.
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OH

X-maleimidyl- 
salicylic acid

Excitation X =  313 nm 
Emission X —  408 nm

COOH

5-maleimidyI- 
salicylic acid

Excitation X =  343 nm 
Emission X =  435 nm

5-(4 ,é-dichlorotriazinyX) 
aminofluorescein (5-DTAE)

Exci tation 
Emission

X
X

492 nm 
513 nm

Exci tation 
Emission

X
x

492 nm
513 nm

Br

XXIII

Cl

Eosin-5-dichlorotriazine

Fift- 2.8. The structures and spectral characteristics of a

ran,^e of thiol-reactive fluorophores.
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Haloacetyl probes, of which the fluorescent iodo- 

acetamides are the most common, have been widely used.

1.5- IAEDANS (I) and 5-iodoacetamido-fluorescein (III), 

are appreciably water-soluble above pH 7 but, like all 

iodoacetamides, are rapidly photo-lysed by ultra-violet 

radiation. The 1,5-IAEDANS has a relatively long lifetime 

(approximately 20 nsec.), making it valuable for rotational 

correlation and segmental flexibility studies of proteins 

of molecular weight up to 5 x 10^ dal tons (6,7). The 

spectral overlap of the fluorescence of 1,5-IAEDANS and 

absorbance of 5-iodoacetamido-fluorescein, permits efficient 

fluorescence energy transfer between sites labelled with 

this pair, whereby an approximate distance of 5 nm produces 

quenching of 50$ (8t9,10,ll). The fluorescein derivative 

absorbs more strongly (£ = 77000 litre mol-'*' cm *") than does

1.5- IAEDANS (£ = 6100 litre mol-'*' cm"*'), and has emission 

of high quantum yield that is somewhat pH sensitive. Actin 

labelled with 5-iodoacetamido-fluorescein retains full 

biological activity when injected into living cells, and 

becomes regionally concentrated during different stages of 

cell division (12,13,14).

Aziridines can be divided chemically into 'activated' and 

'inactivated' classes. The activated aziridines are amides of 

carboxylic acids, such as anthranilic acid (V), and of 

sulphonic acids, such as 'dansyl' (VI). The inactivated 

aziridines are N-alkyl- or N-arylethylenimine derivatives such 

as NBD-Aziridine (VII). Activated aziridines undergo ring-

opening nucleophilic reactions with thiols or amines in 

basic solution, while the inactivated aziridines are very
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stable in base and undergo ring-opening reactions only with 

acid catalysis. The most widely used fluorescent aziridine 

has been 'dansyl' aziridine, particularly with the muscle 

proteins; actin, myosin and troponin C. On actin, one 

cysteine is modified with high selectivity (15), while on 

the cysteine-free troponin C, the site of reaction is a 

methionine residue (16,17).

The iodoacetyl derivatives of anilinonaphthalene 

sulphonic acid (ANS) and of nitrobenzoxadiazole (NBD),

IAANS (VIII) and IANBD (IX) respectively, and the maleimide 

derivatives of ANS (MIANS (X)) and anilinonaphthalene 

(ANM (XI)), are predominantly thiol reactive and are very 

environment sensitive. NBD-Chloride (XII) and all other 

NBD derivatives share this same degree of environmentally 

sensitive fluorescence. This property allows the fluorescence 

characteristics of these probes to respond to conformational 

changes induced by substrate, allosteric mediator or inorganic 

ion binding. The fluorescence intensity of proteins labelled 

with covalent hydrophobic probes is sensitive to the folding 

of the protein, and is eventually reduced on exposure to 

water during denaturation.

Most of the maleimide derivatives of fluorophores have 

the property of being non-fluorescent until after conjugation 

of a reactive nucleophile, across the maleimide double bond.

In addition to ANM and the maleimide derivatives of ANS, other 

useful maleimides include maleimides of stilbene and coumarin 

(XIII, XIV, XV) with both high absorbance and quantum yield, 

fluorescein and eosin maleimides (XVI and XVII) with the 

longest-wavelength fluorescence and high intensity, pyrene
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raaleiraide (XVIII) with a fluorescence lifetime up to 100 nsec., 

and derivatives of salicylic acid (XIX and XX) which are 

highly water-soluble and reported to be membrane 

impermeant (18). The coumarin maleimides; CPM (XIII) and 

DACM (XIV), appear to be the reagents of choice for 

histochemical demonstration of thiols.

The chemical instability of the maleimide ring-attaching 

group, introduces some limitations in its use. Ring-opening 

hydrolysis of the anhydride-like maleimide ring occurs at 

an appreciable rate above pH 8 (19). Since selective modification 

of thiols is usually conducted below this pH and the 

maleimide reagent is usually used in excess, this is often 

not critical. A more significant problem exists when the 

protein-thiol adduct of the maleimide ring opens after 

conjugation to the biomolecule, since the fluorescence 

properties of the closed-ring thiol adduct and the open-ring 

adduct, are sometimes significantly different. An application 

of this ring instability is the potential cross-linking of 

the maleimide adduct with a spatially adjacent lysine residue, 

to form a diamide derivative. This has been reported to 

occur for the pyrene maleimide derivative of serum albumin (2 0). 

Pyrene maleimide also exhibits the phenomenon of excimer 

fluorescence when two probes are on spatially adjacent thiols, 

as occurs in tropomyosin (2 1).

Two types of fluorophore possess cysteine reactive 

moieties that are most appropriately termed 'arylating reagents' 

rather than 'alkylating reagents.' These are NBD-Chloride (XII) 

and several dichlorotriazine probes (XXI, XXII, XXIII). Both
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of these groups of fluorophores rapidly form moderately 

stable adducts with thiols, and may also react with amines. 

Absorption of the NBD-thiol adduct is about 425 nm while 

that of the amine adduct is near 475 nm, so that the type 

of residue modified can be readily determined. The 

fluorescence of the NBD-thiol adduct is very weak, especially 

in an aqueous environment. When reacted with 2-mercaptoethyl- 

amine (cysteamine), the initial site of reaction is the 

thiol. This is followed by an intramolecular transfer of 

the nitrobenzoxadiazole to the amine. An identical sulphur 

to nitrogen transfer appears to occur in actin where initial 

reaction of a thiol is transferred to a spatially adjacent 

lysine.

The dichlorotriazinylamine derivatives of fluorescein 

(XXI and XXII) have been proposed as alternatives to 

fluorescein isothiocyanate for immunofluorescence tracing, 

since they are equally fluorescent and the conjugation 

proceeds with greater ease and reproducibility at a lower 

pH (22,23).

2.4.2.____ Amine Modification.

Selective modification of the epsilon-amino group 

of lysine in proteins occurs quite readily provided the pH 

can be raised above pH 9r where the concentration of 

unprotonated amine begins to become significant. The protonated 

aliphatic amine is non-reactive and modification by any 

reagent, will be very slow below this pH. In contrast, the 

pKa of the alpha-amino group of peptides is approximately 7 ,
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so that selective modification of the amino-terminus can be 

accomplished, provided it is free. The most widely used 

covalent fluorescent probes for lysine modification are 

fluorescein isothiocyanate, 'dansyl' chloride, fluorescamine 

and o-phthaldehyde.

Fluorescein iso thiocyanate (FITC) is almost an ideal 

covalent fluorescent probe. It suffers from a small Stokes 

Shift of approximately 25 nm, which necessitates the use of 

sharp cut-off filters or monochromators, and it has a 

tendency toward photo-bleaching. Its advantages are high 

extinction coefficient, high quantum yield and water solubility. 

The spectra are far removed from the auto-fluorescence of 

biomolecules. In the synthesis of FITC, two isomers are formed, 

originally called isomer I and isomer II, which correspond 

to fluorescein-5-isothiocyanate and fluorescein-6-isothio-

cyanate respectively. These isomers differ in the point of 

attachment of the isothiocyanate group to the single 

benzene ring.

Fluorescein-5- 
I so thiocyana te 

(isomer I)

Fluorescein-6- 
Isothiocyanate 

TTsomer II)

Fig. 2.9. The molecular structures of FITC Isomers I & II.



The 5-isomer (Isomer I) has been most widely used 

although the spectral properties of the two isomers are quite 

similar, and some commercial preparations are a mixture of the 

two isomers. In contrast to the original isocyanates (24), the 

iso thiocyanates undergo solvolysis only slowly in aqueous or 

alcoholic solutions. At extremes of pH, the thiourea adduct 

formed by reaction of an isothiocyanate with an amine is 

somewhat unstable to hydrolysis, producing a urea and hydrogen 

sulphide. Fluorescein conjugates are susceptible to concentration 

quenching, whenever two fluorescein chromophores are spatially 

adjacent. This can even occur at longer distances, by singlet- 

singlet energy transfer.

Rhodamine iso thiocyanates have the advantage over FITC of 

greater photo-lytic stability; however, they have a lower 

quantum yield, are usually a mixture of the 5- and 6-isomers, 

and are difficult to dissolve in the conjugation medium.

Rhodamine-5- 
I  so thiocyanate Rhodamine-6- 

I so thiocyanate

Fig. 2.10. The molecular structures of Rhodamine-5-iso thio-

cyana te and Rhodamine-6-isothiocyanate.
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'Dansyl' chloride forms highly stable sulphonamide

derivatives with amines.

NMe,

Fig. 2.11. The molecular structure of 'dansyl1 chloride,

The extinction coefficient of the conjugate is very low 

(approximately 4 500 litre mol  ̂ cm '*') as compared with 

fluorescein (approximately 75000 litre mol  ̂ cm ■*■). The 

quantum yield is also quite environment sensitive but is low, 

(less than 0.1), for sites exposed to water. The Stokes Shift 

of emission is extremely high, with emission up to 200 nm 

red-shifted from absorption. The reactivity of the reagent 

is quite high, therefore conjugation proceeds rapidly, but 

hydrolysis can occur at an appreciable rate. As a result, 

storage can cause problems. Under certain conditions, it also 

reacts with amino acids to yield aldehydes (2 5).

Fluorescamine and o-phthaldehyde are both reagents that 

have predominantly been used, in order to quantitate primary 

aliphatic amines.

Fluorescamine

Fig, 2.12. The structures of Fluorescamine and o-phthaldehyde.
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Fluorescamine is an unusual probe in that neither it, 

nor its hydrolysis product, is fluorescent but its amine 

conjugates are. Conjugation is usually achieved by vortexing 

a solution of the biomolecule, with fluorescamine dissolved 

in acetone.

O-phthaldehyde usually undergoes reaction with amines 

in the presence of mercaptan, to yield a fluorescent 

isoindole derivative (26,27). It has been reported (26) that 

o-phthaldehyde detection of amines is five to ten times as 

sensitive as that of fluorescamine.

Several other lysine-reactive reagents have been 

developed for specific applications, and as alternatives 

to those previously mentioned, and a selection is as shown.

XXIV

S 0 2CI

2-dimethylaminonaphthalene-6- 
sulphonyl ('dansyl') chloride

Excitation X =  559 nm 
Emission X =• 455 nm

XXVI

o-ni trophenyl- 
1-pyrene butyrate

Excitation X —  540 nm 
Emission X —  580 nm

1-pyrene
sulphonyl
chloride

Excitation X =  551 nm 
Emission X —  580 nm,

598 nm and 
420 nm

XXVII

Succinimidyl-N-
methylanthranilate

Excitation X —  550 nm 
Emission X —  425 nm

Fig. 2.15. The structures and spectral characteristics of a

range of amine-reactive fluorophores.



Succinimidyl-9-
anthracene

carboxylate

Excitation X —  378 nm 
Emission X  —  415 nm

Succinimidyl-
1-pyrene butyrate

Exci tation X -  340 nm 
Emission X =  380 nm and 

400 nm

Succinimidyl-1- 
pyrene acrylate

Excitation X —  373 nm 
Emission X •—  463 nm

4-acetamido-4'-isothio- 
cyanatostilbene-2,2 1 - 

disulphonic acid TSITS)

Excitation X —  350 nm 
Emission X —  420 nm

7-diethylamino-3- (4'-isothio- 2-(7-nitrobenz-2-oxa-l. 3-
cyanatophenyl)-4-methylcoumarin diazol-4-yl)methylamino

(CPI) acetaldehyde

Excitation X —  357 nm Excitation X =  470 nm
Emission X  —  460 nm Emission X —  530 nm

— iff-— 2_r_14_:— The structures and spectral characteristics of a

of amine-reactive fluorophores.
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The 2,5- and 2 ,6-isomers of 'dansyl1 chloride (XXIV), 

show a much greater Stokes Shift than does the 1,5-isomer, 

with the 2,5-isomer showing an exceptionally long 

fluorescent lifetime (approximately 30 nsec.). Pyrene 

sulphonyl chloride (XXV) has a quantum yield similar to 

'dansyl' chloride, but significantly stronger absorbance, 

making its detectability greater. It also has a longer 

fluorescence lifetime.

Several methods exist for formation of simple amide 

derivatives between fluorescent carboxylic acids, and 

biomolecule amines. In order to achieve this, the carboxy- 

probe needs to be 'activated', to provide the necessary 

reaction mechanism. Carboxylic acid chlorides are usually 

not used due to their high reactivity, while simple esters 

are generally not sufficiently reactive. Esters of 

p-nitrophenol and N-hydroxysucciniraide may be used.

Nitrophenyl esters of aliphatic acids such as pyrene 

butyric acid (XXVI), readily acylate aliphatic (but not 

aromatic) amines. The reactivity of p-nitrophenyl esters of 

aromatic acids, depends, in part, on other substituents on 

the aromatic ring. Electron-withdrawing groups increase 

reactivity while donating substituents decrease reactivity. 

Succinimidyl esters of carboxylic acids (XXVII, XXVIII, XXIX 

and XXX), show high specificity for amine modification, 

while the much more reactive acyl imidazoles also acylate 

tyrosine and hydroxyl groups.

Fluorescent carboxylic acids can also be rendered protein 

reactive by conversion to anhydrides. Usually, the symmetrical
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anhydride is not employed, since only half of an anhydride is 

incorporated when it reacts with nucleophiles. As a 

consequence, 'mixed anhydrides' are usually employed. Examples 

are mixed anhydrides with sulphur trioxide, ethyl chloro- 

formate or trifluoroacetic anhydride. Carbodiimides, and 

particularly the water-soluble carbodiimides (such as 1-ethyl-

3-(3-dimethylaminopropyl)-carbodiimide, EDC), have also been 

used to activate carboxylic acids, through formation of a 

mixed anhydride with the carbodiimides being converted to a 

urea (28).

A very water-soluble isothiocyanate derivative of 

stilbene, SITS (XXXI), has been used most frequently for its 

specific anion-transport inhibition (2 9), although it is also 

of use as the short wavelength 'third probe' for multiply 

labelled fluorescence-activated cell sorting, due to its 

fluorescence being spectrally well separated from the other 

probes used. Coumarin phenyl iso thiocyanate (XXXII), is both 

an intensely absorbing and strongly emitting iso thiocyanate.

The reversible reaction of aldehydes and ketones with 

amines to form Schiff bases, can be used for highly 

specific labelling of amines if the Schiff base is reduced with 

sodium borohydride or, in preference, sodium cyanoborohydride. 

This reductive alkylation reaction retains the basic 

character of the amine, and produces a highly stable derivative. 

A fluorescent reagent to take advantage of this reaction for 

covalent modification of amines, is an NBD-acetaldehyde 

derivative (XXXIII).
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Histidine Modification.

It has been found that the imidazole ring of histidine, 

has been alkylated by iodoacetamides. Use of reactive 

substrate analogues, may enable labelling of catalytically 

important histidine residues in proteins that do not contain 

cysteine residues. The histidine of lysozyme, has been 

selectively labelled at pH 6.2 by a dichlorotriazinyl spin 

label, which indicates that this reactive moiety on 

fluorescent probes 'XXI', 'XXII' and 'XXIII', may also be 

useful for histidine modification (3 0).

2.4 >4 ♦____Methionine Modification.

Dialkyl sulphides, such as methionine, are generally 

non-reactive; however, when they are protected from aqueous 

solvation in a protein, they are susceptible to alkylation 

to form a sulphonium salt. Aziridines and iodoacetamides 

may undergo the reaction, but the ternary salts formed, 

however, may not be completely stable since trialkyl sulphonium 

salts are themselves alkylating reagents for other 

nucleophiles (31). Moreover, iodoacetamide has been suggested 

as a reagent for the specific cleavage of peptides, at 

methionine residues (32). Methionine modification in the 

presence of cysteine is unlikely to be successful, unless 

cysteine residues are protected as disulphide linkages, such 

as by prior treatment with dithiobis-2-nitrobenzoic acid (DTNB). 

In the presence of other potential nucleophiles, such as 

lysine, histidine and tyrosine, advantage can be taken of the 

pH insensitivity of methionine modification to suppress the
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reaction of other nucleophiles, by performing the reaction 

at the lowest practical pH.

2.4.5.____ Tyrosine Modification.

Tyrosine in proteins can be modified by many fluorescent 

reagents, but usually with low selectivity in the presence 

of other common amino acids, such as cysteine and lysine.

'Dansyl' chloride gives stable sulphate derivatives and 

iodoacetamides, react readily at elevated pH. Specific 

modification may be achieved (3 3 ) by the nitration of tyrosine 

with tetranitromethane to form nitrotyrosine, followed by 

dithionite reduction to amino tyrosine. Being weakly basic, 

the aromatic amine could be modified at low pH with 1dansyl' 

chloride. Diazonium salts readily couple with tyrosine at 

neutral pH, to form azo-dyes. While azo-dyes are not 

generally fluorescent, the azo-dye derived by coupling 

diazotised o-aminophenol to tyrosine, forms a strongly 

fluorescent chelate with such cations as magnesium and 

aluminium (3 4).

2,4.6.____ Carboxylic Acid Modification.

Due to the low nucleophilicity of the carboxylate anion, 

direct modification of carboxylic acids in biomolecules is 

usually difficult. An approach could be the reversal of the 

carbodiimide-mediated coupling of an amine with a carboxylic 

acid, to form an amide by utilising a fluorescent amine 

derivative to attack a carbodiimide-activated protein carboxyl 

group. Since a large number of carboxyl groups are usually
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present, selectivity of modification depends on the ability 

of the carbodiimide to reach the carboxyl group, to form the 

mixed anhydride derivative. For surface carboxyl residues, 

a polar, water-soluble carbodiimide (for example, EDC), is 

probably most suitable, but for the buried carboxyl groups, 

a non-polar carbodiimide such as 1 ,3-dicyclohexylcarbo- 

diimide (DCC) is most appropriate. Choice of the amine is 

also very important. In order to avoid protein cross-linking, 

a fluorescent amine with a low pKa (weak base) is necessary, 

since a significant concentration of free base can be 

maintained at pH 5-7, where essentially all of the lysine 

residues are in the unreactive protonated form. Glycine amides 

and esters, hydrazides and hydroxylamines all meet these 

requirements, by having a pKa of approximately 7 (35).

Some fluorescent reagents react with carboxylic acids and 

these may be extended for usage in protein modification. A 

candidate is 9-diazomethyl anthracene (36). Like diazomethane, 

this reagent esterifies carboxylic acids at room temperature. 

Halomethylcarbonyl compounds (for example, phenacyl bromide), 

are common carboxylic acid derivatisation reagents, and the 

'dansyl' chloromethyl ketones have this structure. Aziridines, 

such as NHD-aziridine also react with carboxylic acids at 

low pH.

2.4.7.____ Modification of Other Residues in Proteins.

Although guanidines, such as arginine, form fluorescent 

adducts with ninhydrin and o-phenanthrene quinone (3 7 ), the 

extremely basic conditions required, preclude their use at 

physiological pH. It has been reported (38,39) that



chromophoric glyoxal derivatives react reversibly with 

arginine, in the stoichiometry of two glyoxals per arginine. 

This may be extended for use with fluorescent glyoxal 

derivatives.

The non-reactivity of serine and threonine side-chain 

hydroxyl groups, to either alkylating or acylating reagents 

is not unexpected due to their low nucleophilicity. However, 

reactive serine residues at the active site of certain 

enzymes, may undergo fluorescent modification. 'Dansyl' 

fluoride, unlike its analogue 'dansyl1 chloride, does not 

react with amines, and is very stable to hydrolysis.

K JM o

SO jF

Fig. 2.15. The molecular 

structure of ’dansyl' fluoride

This reagent reacts with active-site serine in a number of 

enzymes such as chymotrypsin (40), thrombin (41) and 

cholinesterase (42). The fluorescent pyrene-phosphono- 

fluoridate also specifically modifies serine of acetyl-

cholinesterase (4 3,4 4).

Another method for specific modification of biomolecules, 

is enzyme-mediated fluorescence labelling. The hitherto moot 

widely used system, has been guinea-pig liver transglut-

aminase-catalysed incorporation of 'dansyl' cadaverine into 

proteins (45,46,47). Protein glutamine residues are specifically 

converted to fluorescent glutamic acid amides. This has been 

reported for rhodopsin, actin, nitrate reductase, casein,
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spectrin in erythrocyte ghosts and sarcoplasmic reticulum 

membrane proteins.

2 . 3 » ___________ P R O B E S  T H A T  A R E  S E N S I T I V E  T O  T H E  p H

O F  T H E I R  E N V I R O N M E N T .

When certain dyes bind either hydrogen ions or metal 

ions, the electronic structure of the former is altered. If 

the hydrogen ion or metal ion is near the dissociation 

constant of the ground state, or the excited state of the 

dye then, respectively, the absorption properties or the 

fluorescence characteristics, or both, can be affected (48).

6-carboxyfluorescein is an example of a probe with an 

absorption spectrum, sensitive to pH within the physiological 

range.

Fig. 2.16. The molecular 

structure of 6-carboxyfluorescein.

This probe has a ground state pKa near to 6.5. The peak 

absorption is present in the 440-450 nm region, at lower pH.

As the pH is raised, the peak absorption shifts to near 

490 nm (49). Thus, pH measurements are performed by exciting 

the molecule at both 496 nm and at 452 nm. The ratio of the 

emissions produced by these two excitations is then calculated.

1 ,4-dihydroxyphthalonitrile is another example of a 

probe which alters its emission characteristics, in response
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to changes in the pH of its environment within the 

physiological range (50). The diacetoxy ester of this 

compound is a permeant molecule, which enters cells rapidly 

and is subsequently cleaved by endogenous esterases. The 

product, 1 ,4-dihydroxyphthalonitrile is relatively impermeable, 

and fluoresces, both in its acid form, which when excited 

at 366 nm shows fluorescence emission at 453 nm, and its 

base form, which when excited at 386 nm, exhibits fluorescence 

emission at 483 nm.

OH 0

1 .4-diacetoxy- 
nhthaloni trile

•CN

•CN

■CN

•CN

1 ,4-dihydroxyphthaloni trile 

'Acid Form' 'Base Form'

Fig. 2.17> The enzymatic hydrolysis 

of 1 ,4-diacetoxyphthalonitrile

8-hydroxy-l,3,6-pyrenetrisulphonate is a third example 

of a pH sensitive probe (51). The fluorescence intensity of 

this compound is strongly dependent upon the degree of 

ionisation of the 8-hydroxy group (pKa, 7.2). Thus, as the 

pH of the medium is increased from 5 to 10, the fluorescence 

emission at 520 nm of the molecule increases 90-fold when 

excited at 460 nm.
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2.6. FLUORESCENT PROBES WHICH UNDERCO ENERGY TRANSFER.

Resonance energy transfer can occur between a fluorescent 

chromophore in the excited state which acts as a donor, and 

a nearby chroraophore which may act as an acceptor. Provided 

the donor fluorescence spectrum significantly overlaps with 

the absorption spectrum of the acceptor, energy transfer 

may occur between two chromophores, separated by distances 

of tens of angstroms. The donor does not emit a photon which 

is absorbed by the acceptor, rather, if the acceptor is 

fluorescent, it may emit a photon as a consequence of 

excitation of the donor. Energy transfer is therefore a 

non-radiative process.

It has been found (52) that fluorescence energy transfer

can be used as a spectroscopic ruler. Oligomers of poly-L-

proline (n = 1-1 2 ), were used to separate a naphthalene

energy donor from a 'dansyl' energy acceptor by distances
o

ranging from 12-46 A. The observed energy transfer efficiencies, 

which ranged from 100$ to 16$, varied with the inverse

5-9 t 0.3 power of the distance between the donor and acceptor. 

Thus, if the energy transfer efficiency between donor and 

acceptor is known, the distance between these two entities 

may be calculated.

More recently, energy transfer investigations (53) have 

centred on the determination of the cell surface using 

fluorescein (donor) and rhodamine (acceptor) (54). Energy 

transfer phenomena have also been utilised to investigate the 

self-assembly or binding events within living cells (5 5).

Actin was fluorescently labelled at cysteine-373 with either
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an energy donor (5-iodoacetamido-fluorescein), or an energy 

acceptor (tetraraethylrhodamine iodoacetaraide)- Donor-labelled 

actin and acceptor-labelled actin were co-assembled.

Following determination of the energy transfer efficiency, 

it was calculated that the distance between the cysteine

residue of one filament, and that of the other filament,
o

was approximately 35 A. This indicated that cysteine-373 is 

located near the outer surface of the filament.

In addition to energy transfer, it is possible for 

certain ions and molecules to directly quench fluorescence, 

by deactivation of the excited state. Direct quenching of 

probe fluorescence may occur in the presence of heavy atoms, 

oxygen and molecules that form charge transfer complexes.

2„7.______ FLUORESCENT PROBES THAT ARE SENSITIVE

TO THE POLARITY OF THEIR ENVIRONMENT.

Almost all fluorescent molecules are sensitive, by 

varying degrees, to the polarity of their solvent environment. 

This is because the energy of the excited state is uptaken 

by the solvent, when polar solvent molecules re-orientate 

about the more dipolar structure of the excited molecule, 

shortly after excitation. Reduction of the distance between 

the excited and ground state, causes the emitted photons to 

possess lower energy. As a consequence, the fluorescence 

spectrum undergoes a bathochromic (red) shift.

Certain dyes are utilised for their sensitivity to their 

environment. Many dyes sensitive to membrane potential, are 

more fluorescent in lipophilic environments, such as membranes,
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as a result, show fluorescence changes when driven by 

changes in membrane potential, to compartments of different 

polari ty.

Solvent polarity sensitivity of certain probes, can 

be a disadvantage. Calcium probes, pH probes and energy 

transfer probes, may change their fluorescence characteristics 

in response to the polarity of their surroundings, as opposed 

to their primary function.

2.8. FLUORESCENT REDOX POTENTIAL PROBES.

Certain intracellular cofactors are themselves able 

to exhibit fluorescence, and may be used to determine the 

redox state of the cell. When excited at 488 nm, flavin

. x .
adenine dinucleotide (FAD ) exhibits green fluorescence 

at 530 nm. As this cofactor is reduced, its fluorescence

4.
intensity falls. This allows the use of FAD to report the 

extent of reduction, within the cell (5 6).

Dichlorofluorescein has been used to monitor the 

release of hydrogen peroxide by phagocytic cells (57). The 

probe may be transported across the cell membrane by the 

use of the reduced di-acetate ester. Cleavage by endogenous 

esterases yields the non-fluorescent reduced dichloro- 

fluorescein, which on oxidation by hydrogen peroxide, 

produces the highly fluorescent, oxidised dichlorofluorescein. 

When excited at 500 nm, dichlorofluorescein shows green 

emission at 530 nm.
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Dichlorofluorescein 
diacetate 
Jreduced)

Dichloro-
fluorescein
Treduced)

Dichloro-
fluorescein

Fig, 2.18. Membrane-permeant diacetyl-dichloro- 

fluorescein is converted by cellular esterases 

to dichlorofluorescein. Peroxides released upon 

neutrophil stimulation oxidise the non-fluorescent 

dichlorofluorescein to the fluorescent dichloro- 

fluorescein (57).

2^9^______ FLUORESCENT PROBES FOR MEASURING ENZYME ACTIVITIES^

Fluorogenic substrates are used to investigate enzyme 

activities. The chromophores are converted by specific 

enzymes, into products that have either increased fluorescence 

or shifted spectra. It is desirable to be able to monitor 

lysosomal enzymes, such as proteases, esterases, phosphatases,
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glycosidases and phosphodiesterases, since when control over 

these is lost, certain disease states are produced, for 

example, rheumatoid arthritis and tumour invasion, amongst 

others (5 8).

The majority of fluorogenic substrates are derived 

from chromophores possessing either an hydroxyl, or amino 

group, which may participate in the electronic conjugation. 

When a suitable amino acid sequence is attached to an 

amino-chroraophore via an amide bond, the chromophoric 

molecule is usually rendered much less fluorescent. Cleavage 

of the amide bond of the substrate by an appropriate 

peptidase, releases the more fluorescent primary amine 

chromophore. Amino-couraarins, amino-quinolines and naphthyl- 

amine, have been used as chromophore bases for fluorogenic 

peptidase substrates.

R1 R1
r 2 . ,”  acid 
0 phosphatose hq

R2

0

2

Fig. 2.19. Substituted coumarins may be utilised 

in order to measure enzyme activities. The R-groups 

are peptides specific for the enzyme of interest (5 9).

The R-groups may be varied so as to increase conjugation 

and thereby shift the fluorescence of these derivatives 

toward the visible region of the spectrum (59). A disadvantage 

of using these chromophores, is that ultra-violet irradiation 

is usually necessary for excitation. This invokes problems
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associated with auto-fluorescence of the proteins. An 

advance has been made with the use of a rhodamine chromophore, 

which may be excited at 490 nm (6 0,6 1).

Ri n h - r 2 h 2n

Peptidase

Fig. 2,20. The use of a substituted rhodamine 

for the determination of enzyme activities which 

allows the use of visible light for excitation (6 0).

A range of coupling reagents have been developed which 

convert products into insoluble coloured substances, which 

may be analysed by absorbance techniques. However, only one 

coupling reaction is available whose insoluble fluorescent 

product, stays within the cell. This is the coupling reaction 

between nitrosalicylaldehyde and the product from the proteo-

lytic degradation of the methoxy-naphthylamine conjugate (6 2).

Fig. 2.21, The free amino .group, which is made 

available when the peptide bond of peptidyl- 

methoxynaphthylamine is hydrolysed by a peptidase, 

couples with 5-nitrosalicylaldehyde. which is present 

during the reaction, to form the insoluble red- 

orange- fluorescing product (6 2).
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2.10. PH0T0-ACTIVATABLE FLUOROPHORES.

A photo-activatable fluorophore (PAF) is a non- 

fluorescent molecule, that can be converted to a stable 

fluorescent molecule when irradiated by light. The desirable 

characteristics of a PAF, are as follows:

i) Non-fluorescent;

ii) Capable of covalent attachment to target molecules;

iii) Activated by light which is not strongly absorbed by 

the ultimate fluorophore;

iv) Chemically and thermally stable.

The photo-activation process should be:

i) Selective, (that is, no other processes are to be induced);

ii) Efficient, (the absorbing moiety should possess a high 

extinction coefficient);

iii) Induced by relatively low energy light;

iv) Clean, (that is, no damaging by-products should be 

generated),

The ultimate fluorophore should be:

i) Highly fluorescent;

ii) Excited by non-activating wavelength;

iii) Chemically, thermally and photo-chemically stable.

Three general types of PAF may be considered: A type I

PAF consists of a photo-removable quenching moiety, attached 

to a fluorescent molecule; a type II PAF is composed of two 

parts which react with each other or rearrange when 

irradiated, to form the ultimate fluorophore; a type III 

PAF might be considered a hybrid of the first two, whereby
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the two parts are prevented from reacting together, by a 

photo-removable protecting group.

Photo-activatable fluorophores allow the long-term 

monitoring of the labelled species.

2^11.______ NON-COVALENTLY ASSOCIATING FLUORESCENT PROBES.

2.11.1.____ pH Probes that Partition Between Compartments

with Different pH.

An ideal fluorescent probe for this purpose would have 

the following properties:

i) The probe would be capable of rapid equilibration across 

membranes, in response to pH gradients;

ii) The probe would be a mono-amine or mono-functional 

weak acid;

iii) Fluorescent quenching, by whatever mechanism, would 

be complete when the molecule entered a membrane enclosed 

volume;

iv) Intrinsic fluorescence of the probe would be independent 

of the composition of the external medium.

The quenching of 9-aminoacridine fluorescence has been 

quantitatively related to the magnitude of pH gradients 

across liposome membranes (6 3). Acridine orange has been 

shown to preferentially localise within the azurophilic 

granules, of the peripheral blood neutrophils (6 4). These 

granules contain the enzymes elastase and myeloperoxidase. 

Since loss of elastase from the granules results in a loss 

of red fluorescence, it is concluded that acridine orange 

associates with elastase.
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2.11.2. Probes for the Visualisation of Membrane

and Lipid Compartments.

Cell membranes are composed of a lipid bilayer into 

which proteins are inserted or applied. The lipids do not 

form a homogeneous medium, but tend to segregate into 

separate phases; fluid and gel (65,66).

It has been shown (67) that the 3,3'-diacylindo- 

carbocyanine iodides accumulate in different locations, 

according to the length of the hydrocarbon chain.

Fig. 2.22. The Molecular Structure of 

3,3'-diacylindocarbocyanine iodide (67).

When the hydrocarbon chain is shorter than that of 

the lipid bilayer, the dye aggregates within the fluid.

When the dye-hydrocarbon chain and the lipid-hydrocarbon 

chain are of comparable length, no preference is observed.

If the dye chain is longer than the lipid chain, the former 

concentrates within the gel, while those much longer prefer 

the fluid.

Nile red (9-diethylamino-5H-benzo(of)phenoxazine-5-one) ,
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has been shown to aggregate specifically within lipid 

droplets (68).

Fig. 2.23. The molecular Structure of Nile Red.

Abnormal accumulation of cytoplasmic lipid droplets 

occurs in a variety of pathological conditions. When excited 

at between 450 nm and 500 nm, the dye exhibits a yellow-gold 

fluorescence (at 528 nm). If it is excited at between 515 nm 

and 560 nm, it shows red fluorescence (at 590 nm). Low 

levels of lipid may be visualised by the use of yellow-gold 

fluorescence, due to the greater sensitivity of the human 

eye, to light of this wavelength. The red fluorescence 

exhibited by the dye, is extremely intense.

2.11.3»____ DNA and RNA Probes.

A series of DNA and RNA probes have been investigated 

with regard to their binding mechanism (69).

4 ' ,6-diamidino-2-phenylindole (DAPI), is thought to 

intercalate between the adenine and thymine bases of DNA. 

Ethidium bromide, propidium iodide, acridine orange and 

quinacrine, all intercalate, but show no preferential
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association site. Mithramycin, which needs magnesium ions 

for association, binds externally in the vicinity of 

guanine and cytosine bases.

/ h IN"u
NH2

4 1.6-diamidino-2- 
phenvlindole (DAPI)

Fig. 2.24, The Molecular Structure 

of Three DNA and RNA Probes.

Propidium iodide suffers from the disadvantage of not 

readily crossing the cell membrane. Acridine orange binds 

differently to single-stranded RNA and to DNA. The red 

fluorescence of acridine orange molecules associated with 

single-stranded RNA, can be readily measured separately 

from the green fluorescence of acridine orange, intercalating 

in DNA. Thus, RNA and DNA may be quantified simultaneously (70).

2.11.4.____Membrane Potential Probes.

Cyanine dyes have been used extensively as membrane 

potential probes. Cyanine dyes are positively charged 

molecules, and will therefore tend to migrate to areas of
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negative potential. One particular cyanine dye, namely, 

3, 3'-dipropylthio-dicarbocyanine iodide (71),

Fig. 2.23. The Molecular Structure of 

3,31-dipropylthio-dicarbocyanine iodide.

was introduced into a suspension of intact red blood cells. 

The cells were then hyperpolarised (that is, the interior 

of the cell possesses an overall negative charge), by 

valinomycin. Consequently, the cells uptake the dye, and an 

80°/o change in fluorescence (at 670 nm) was observed. The 

dye was also found to minimally affect ion fluxes and 

transport across the membrane. With maximal hyperpolarisation, 

a ten-fold decrease of dye concentration was observed. Cell- 

associated dye is significantly less fluorescent than that 

present in the medium. Before hyperpolarisation, cell- 

associated dye, was one-fifth as fluorescent as the dye in the 

medium. After maximal hyperpolarisation, the amount of dye 

associated with the cells, was nearly doubled and the 

fluorescence of the cell-associated dye was found to be only 

one-twelfth of its relative intensity in the medium.

Similar experiments have been done using rhodamine 123
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on mitochondrial suspensions, and the dye has also been found 

to accumulate within tumour cell lines (72).

2,12._______SUMMARY.

Thus, a wide range of fluorescent probes is available 

to cater to the specific area of investigation. Proteins 

may be readily modified specifically via cysteine, lysine, 

histidine, methionine, tyrosine, aspartic acid and glutamic 

acid residues, by manipulating the conjugation conditions 

with regard to the reactive function of the probe, and the 

protein concentration, pH etc.

In order to function as a fluorophore, a fluorescent 

molecule must be chemically modified so as to interact with 

reactive moieties present on biomolecules, and must satisfy 

certain criteria, in order to be accorded the status of a 

fluorophore. The probe should: i) possess a high extinction 

coefficient; ii) have a high quantum yield; iii) be photo-stable 

iv) exhibit an optimal excitation wavelength; v) produce little 

perturbation of the biomolecule; vi) have a large Stokes Shift.

Not all fluorophores associate covalently with the target 

molecule. Certain fluorophores exist which tend to associate 

in areas that are attractive, by virtue of the intrinsic 

nature of the fluorophore. Thus, positively charged fluorophores 

will associate in areas of negative potential. Similarly, 

hydrophobic probes will tend to aggregate in areas of low 

polarity, and planar fluorophores may associate with nucleic 

acids. These probes can provide much information regarding the 

nature of the areas they inhabit.
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CHAPTER 3

cAMP RECEPTOR PROTEIN.



DISCOVERY OF cAMP RECEPTOR PROTEIN.

In 1900, it was found (l) that the bacterial enzyme 

'galactozymase' disappeared from cells grown in the presence 

of glucose. This phenomenon was later referred to as 

'catabolite repression.'

A turning point in the understanding of catabolite

repression was provided by the finding (2), that adenosine

3',5'-cyclic monophosphate (cAMP) was implicated in

catabolite repression. It was found that cAMP attained levels 

-4of 10 M within bacterial cells. In the presence of glucose,

_7
the intracellular concentration fell rapidly to 10 ' M,

In 1968, two groups of researchers working independently 

(9,4), found that the repressing effect of glucose on the 

synthesis of enzymes concerned with the degradation of 

alternative carbon sources by certain bacteria, particularly 

Escherichia coli (E. coli), could be reversed by cAMP. This 

implied that cAMP is somehow affecting the DNA within the 

cell. Further investigation (5,6) provided evidence that a 

protein was implicated in the mechanism of cAMP action.

This protein has been referred to as Catabolite Gene-Activator 

Protein (CAP), but is more widely known as cAMP Receptor 

Protein (CRP).

3.2._____ LOCATION, ISOLATION & PURIFICATION OF CRP.

It has been shown (7) that CRP is a cytoplasmic protein. 

This has been achieved using a particular strain of E. coli 

(strain P678-54) which buds to produce DNA-free (that is,
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anucleate) rainicells. After assay, CRP levels present within 

the minicells were found to be approximately equal to those 

found in parent cells. It follows therefore, that CRP is 

indeed cytoplasmic in origin.

There are from 300 to 1000 copies of CRP per bacterial 

cell. The high concentration of CRP is a reflection of the 

large number of genes it affects. Various purification 

procedures have been utilised (8,9,10) yielding varying 

degrees of purity and quantity. The most efficient method (11) 

of purification yielding high levels of pure protein, is 

outlined as follows:

Frozen E. coli cells (50 gm) were suspended in phosphate 

buffer, pH 7.5. The suspension was homogenised and immediately 

centrifuged with retention of the supernatant.

The supernatant was applied to a phosphoceliulose column 

which had been previously equilibrated with the phosphate 

buffer. A linear gradient utilising increasing concentrations 

of KC1 was applied, and eighty 5 ml fractions were collected.

The CRP containing fractions were identified and pooled.

The pooled fractions were diluted and applied to an 

hydroxyapatite column. A linear gradient utilising increasing 

concentrations of orthophosphoric acid, was applied. Fifty 

2 ml fractions were collected and the CRP containing fractions 

were again identified and pooled.

Subsequent to dialysis against Tris-HCl buffer, pH 8.15, 

the pooled fractions were then applied to a DNA cellulose- 

DEAE cellulose column, and the latter was eluted with this buffer. 

The CRP was seen to be present in the flow-through volume.

Prior to these manipulations, the total quantity of
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protein within the crude extract equalled 10365 mg. Subsequent 

to these purification procedures, the total amount of protein 

recovered equalled 25.6 nig. Correspondingly, the specific 

activity of the refined material was 320 times that of the 

crude material, as deduced using a tritiated cAMP binding 

assay.

5,5.______ PHYSICAL & CHEMICAL PROPERTIES OF CRP.

CRP migrates on a G-100 Sephadex column as a molecule 

with a molecular weight of approximately 45000 daltons. After 

heating in 0.1$ w/v sodium dodecyl sulphate (SDS), its 

electrophoretic migration rate on SDS-polyacrylamide gels 

indicates a homogeneous species, with a molecular weight 

of 22000 daltons. Since the heating in SDS step should 

dissociate a protein into its subunits, it was suggested that 

CRP is normally a dimer with subunits of approximately 22000 

daltons molecular weight each (8).

CRP is a basic protein with an isoelectric point (pi) 

of 9.2. This high isoelectric, point is due to the high 

glutamine and asparagine content of the protein (12).

3.4. THE PRIMARY STRUCTURE OF CRP.

Utilising various genetic techniques, it was found (13,14) 

that the region of E. coli (strain PC 12 SG20062) DNA which 

codes for the CRP molecule, was located in the 930 base-pair 

region between two particular restriction endonucleases 

(Hind III and EcoRI). The DNA sequence of this region revealed



that the structural 

downstream from the 

Having located 

to deduce the amino

gene of CRP starts 25 nucleotides 

Hind III cleavage site.

the CRP structural gene, it was possible 

acid sequence of the protein.
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Fig. 5.1. The Primary Structure of CRP (15).
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The CRP structural gene spans a region of 627 nucleotides 

which corresponds to a polypeptide chain containing 209 amino 

acids. The molecular weight was found to be 23619 daltons.

It may be seen from the primary structure that the CRP 

molecule is rich in both lysine and cysteine amino acid 

residues. This characteristic renders the molecule readily 

amenable to fluorescent modification.

The translation of CRP is terminated with an arginine 

codon at base pair 627, which is followed by an ochre codon 

TAA. About 30 base pairs downstream from the termination codon, 

there is a guanine-cytosine (G-C) rich inverted repeat sequence 

followed by a run of thymine (T) nucleotides. The transcription 

is thought to terminate somewhere in the thymine cluster.

3^5^______THE SECONDARY STRUCTURE OF CRP.

The three-dimensional structure of CRP has been obtained 

by X-ray diffraction studies of crystals (15,16). The crystals, 

which are orthorhombic, were obtained in the presence of 

0.5 mM cAMP.

It was found that the CRP monomer has two distinct

structural domains. The amino-terminal domain, which has the
o

overall dimensions of 25 x 30 x 35 A, comprises approximately 

two-thirds of the monomer, binds cAMP, and forms the subunit- 

subunit contacts in the CRP dimer. As intimated earlier, the 

CRP molecule binds to DNA and the smaller carboxyl-terminal 

domain has been implicated in this action (17). The CRP 

dimer is asymmetric, and the asymmetry is a result of different 

relative orientations of the large and small domains in the



two subunits- One subunit is in an ’open' conformation, 

while the other is ’closed.'

Fig, 3-2. Schematic diagram of the CRP monomer 

showing the regions that are in oc -helix and 

S -sheet conformation (15)-

The 06-helices are lettered A-F and the p  -strands 

are numbered 1-12. Overall, approximately 35-40^ of the 

molecule is well defined 06 -helix, and an equal fraction, 

35-40fo, is in antiparallel -sheet conformation. The region 

between the D and E helices and following the F helix, appear 

to be two pairs of short antiparallel ^ -strands. The pair 

between the D and E helices is labelled ^ g and -̂q and the 

two carboxyl-terminal strands are designated ^ ̂  and p*
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A. x -H t l ir e x
A 9-18  1) H 0 - l . i l  
B 99-110 K 108-170 
( ' 112-133 F 180-191

B. Strands 
f o r m in g  ft-ro ll  

S tra n d  R esidues
in

S tran d

C. p-Sheet
sm all, d o m a in  

R esidues

1 1 9-23 9 157-160
2 (20) 27-32 (33) 10 161-105
3 34-42 (43) 11 195-199
4 (40) 48-02 12 201-205
5 58-04  (06)
0 08-70
7 (79) 77-88 (89)
S 9 0-98  (99)

Table J.l. The amino acid sequences spanning each 

area of secondary structure (18).

3- 5-1.___ The -Roll Structure.
i

The anino-terminal (large) domain spans residues 1 to 129. 

Since a major feature of the domain is the antiparallel 

(r> - roll, the large domain is, therefore, most appropriately 

classified as an antiparallel /? -structure. The fi -roll in 

CRP contains a pocket which forms a major part of the cAMP 

binding site. The antiparallel - r o l l of CRP, which includes 

residues 19-99, is a relatively compact structure, as there 

are only two short loops (residues 52-60 and 72-80) which 

diverge from the p, -fold. The loop spanning residues 72-80 

appears to be involved in subunit-subunit interactions.

The antiparallel ribbon would first form when a kink 

around amino acid residue 55, which allows residues 19 to 54 

to align with residues 56 to 99. The ribbon would then curl 

up to form the eight-stranded supercoiled structure with 

hydrogen-bonds formed across four adjacent strands.

-81-



_An idealised view of the -roll (18).

In general, ^-strands tend to be mainly composed of 

polar amino acid residues near the ends, while the centre is 

rich in non-polar residues. In the case of GRP. the (3-strands 

do not have an alternating polar/non-polar sequence; as 

there are several polar side-chains directed towards the 

interior of the structure, and several non-polar side-chains 

on the exterior surface.

3.5.2.____The Hinge Region Structure.

The large and small domains are connected by a single 

covalent stretch of polypeptide that constitutes residues 

130 to 138. The conformation of this polypeptide is different 

in each subunit, and provides a hinge region between each 

domain. Although a distinct cleft is present between the two 

domains of the CRP subunit, non-covalent interactions occur 

between them. These interactions are thought to stabilise the
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relative orientations of the domains in each subunit.

The 'closed' subunit contains a non-helical region, 

composed of amino acids 133 to 138, between oL-helices C and D 

while the non-helical region in the 'open' subunit consists 

of residues 130 to 138.

Several hydrogen-bonding interactions occur within the 

hinge region, as well as the hydrogen-bonds formed at the 

carboxyl-terminus of the C helix, and between the hinge and 

the amino-terminus of the D helix. The hinge region of the 

'closed' subunit also provides further interactions with the 

small domain; amino acids Lys-130 to Ala-135 are close to 

Arg-142 and Gln-145 of the D helix, and Ile-175 to Val-176 

of the S helix. There are hydrogen-bonds between the carbonyl 

group derived from Leu-134 and the amino group of Arg-142, 

and between the amino group of Asn-133 and the oxygen atom 

present in the amide side-chain of Gln-145 (18).

3.5-3-____ Interdomain Interactions.

The major contact region between the two domains within 

the CRP monomer, is between the strand ^ of the large 

domain and the E helix of the small domain.

The ’closed' subunit has hydrogen-bond interactions 

between residues 58 to 63 and 171 to 175, while in the 'open' 

subunit, the peptide backbone between residues 58 to 60 in the 

large domain appears to be within contact distance of the 

peptide backbone, at residue 174 in the small domain.

In the 'closed' subunit, there appears to be a network 

of polar side-chains that includes Lys-57, Glu-58, Lys-89,
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Lys-130, Gin-170, Glu-171, Gln-174 and Arg-180. Three hydrogen- 

bonds are thought to be formed: between the side-chains of 

Glu-58 and Gln-174, the backbone interaction between the 

N-H group of Ile-60 and the carbonyl group of Gln-174, and 

between the side-chains of Tyr-63 and Glu-171. This last

interaction occurs only in the 'closed' subunit. In the 'open'
o

subunit, Tyr-63 and Glu-171 are too far apart (4.04 A).

As previously mentioned, the GRP dimer is asymmetric. In 

one subunit, the two domains form an 'open' cleft. The 

small domain of this 'open' subunit is packed tightly against 

a neighbouring molecule in the crystal. The other subunit 

is in a 'closed' conformation with the two domains more 

closely packed, and has no extensive contact between its small 

domain and a neighbouring molecule.

186.7°± 3.7°

Fig. 3-4. Schematic diagram of the molecular symmetry of the

C RP dimer. The rectangles represent the large amino-terminal

domain, the triangles show the small carboxyl-terminal domain (16),

-84-



In addition to the contact between strand i; and the 

E helix, the subunit in the 'closed' conformation has a 

second region of contact between the large and small domains. 

The second possible contact occurs between Asn-65 of strand 

^ ̂  and Gln-153 between the D helix and strand fiQ .

Although the relative proportion of polar and non-polar 

residues is approximately equal for the large and small 

domains, certain amino acids are distributed asymmetrically 

within the structure. Most of the aromatic residues are in the 

large domain: only two of the six histidine residues and one 

of the six tyrosine residues are found in the small domain, 

while one phenylalanine residue is found in the hinge region. 

Only two of the ten aromatic side chains in the antiparallel 

/3 -roll are on the interior of the roll, while the others lie 

on the exterior surface.

The specific function of some of the arginine residues 

is clear. Arg-103 may form a salt bridge to Glu-78 in the loop 

between strands p, r and ^ y. Arg-123 forms an internal salt 

bridge to Asp-68 and Glu-72 in the interior of the -roll. 

Arg-115 and Arg-122 are relatively accessible to solvent in 

the molecule.

3.3-4.____ The Carboxyl-Terminal Domain Structure.

The carboxyl-terminal (small) domain, which has dimensions 
o

of 20 x 20 x 30 A, includes residues 136 to 209, and is 

composed predominantly of three ^-helices (labelled D, E and F) 

and a short -sheet; hence it may be classed as an antiparallel

oC -domain. The small domain is a relatively open structure,
o

with an apparent pocket between the 24 A long D helix and the
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E and F helices. The F helix is 22 A long.

Several surface residues in the carboxyl-terminal domain 

form interactions with symmetry-related molecules in the 

crystal. In the 'closed' subunit, these residues are Asp-138, 

Arg-169, Thr-182, Lys-183, Gln-193 and Lys-201. In the 

carboxyl-terminal domain of the 'open' subunit, only the 

carbonyl group derived from Pro-160, Arg-185 and Asn-194, 

form such polar crystal packing interactions.

3.5.5.____ Intersubunit Interactions.

All of the subunit-subunit interactions in the CRP 

dimer are between the two large domains. A major source of 

subunit-subunit contact in the CRP dirner is provided by the 

two 17-residue long C helices which span residues 112 to 129, 

and extend the full length of the large domains. The helices 

terminate in the hinge region between the two domains, and are 

packed with an interhelical angle of approximately 20° and 

have a slight superhelical twist, allowing contact between them 

along their entire length.

0

Fig. 3.5._The CRP Dimer (19).
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Further subunit-subunit contacts are provided by a part
o

of the -roll of one subunit interacting with the 40 A long 

C helix of the opposite subunit. Specifically, strands |£3 ̂ ,

^ ̂ , the loop between and ^  and strand p y appear to

form intersubunit contacts.

Most of the interactions between the subunits are 

hydrophobic, only two hydrogen-bonds are formed symmetrically 

between both subunits of the dimer. These are between the 

two Ser-117 side chains, and between Ser-128 and the cAMP 

molecule when the latter is bound.

3.6._______BINDING OF THE cAMP MOLECULE TO CRP:

MECHANISM OF ACTION.

In solution, cAMP exists in two conformational states.

It may either exist in the 'anti' or 'syn' conformations. The 

'anti' state accounts for approximately 70%, while the 

remainder is present in the 'syn' conformation (20).

'syn ' cAMP 'anti' cAMP

Structures of_syri% & 1 anti ’__cAMP.Fig. 3.6



Despite early confusion concerning which conformational 

state of cAMP binds to CRP (21), it appears from crystallo-

graphic evidence (18), that cAMP in the 'anti' conformation 

binds to CRP.

Using the equilibrium dialysis technique to study the 

binding of cAMP to pure CRP, under various conditions of 

temperature, ionic strength (KC1) and pH, it has been 

categorically shown (17), that two binding sites for cAMP

exist in dimeric CRP. At pH 8.0 and 20°C, using a concentration

-f) -fl
range of cAMP from 2 x 10 M to 5 x 10 ' M, two molecules 

of cAMP bind per CRP molecule. At low ionic strength, the 

co-operativity of cAMP binding is negative and becomes 

progressively positive as the ionic strength is increased. This 

negative co-operativity may be explained by the asymmetric 

dimer observed in the crystal structure.

The cAMP molecule is bound between the deep ^3-roll 

pocket and the C helix of the large domain in such a way, that 

it interacts with amino acid side-chains from both subunits 

of the dimer. The cAMP is bound with its phosphoribose moiety 

adjacent to strands 6 and 7 of the ^-roll, and its adenine 

ring oriented toward the pair of C helices in the dimer 

interface.

Each part of the cAMP molecule is stabilised by hydrogen-

bonding and non-polar contacts with the protein. Amino acid 

residues Ile-30, Val-49, Leu-bl to Leu-64 and Arg-82 to Val-86 

from the fi-strands, and residues lle-70 to Leu-73 of the 

loop between strands f ̂  and contribute to the cAMP-

binding pocket.

Three of the eighteen nearest side chains are charged:



Glu-72, Arg-82 and Arg-123- The guanidinium group of 

Arg-123 is between the carboxyl groups of Asp-68 and Glu-72, 

and hence appears to form an interior salt bridge between 

the p-roll and the C helix. The phosphate group interacts 

with the guanidinium group of Arg-82, and the hydroxyl group 

of Ser-83 from strand 7 of the ^-roll.

Fig. 3.7. A schematic representation of the cAMP binding 

sites in the Clip crystal structure. Thé hydrogen bonds are 

indicated as dotted lines, and charged groups that form 

ionic interactions are shown. The lower shaded PC-helix 

is from the adjacent subunit in the CRP dimer (18).

The 2 'OH group of the ribose moiety is bound to the 

carboxyl side chain of Glu-72 and via the N-H group derived 

from the peptide bond between Ile-70 and Gly-71. The adenine 

ring interacts with residues from the two C helices; Thr-127



of the subunit in which the cAMP is bound, makes contact 

with the 6-amino group of the adenine ring; and Ser-128 

from the opposite subunit interacts with the 6-amino group 

and 7-N atom of the adenine ring. Since opposite sides of 

the C helices face different subunits, side chains from each 

helix alternate between the two adenine rings from opposite 

subunits: Arg-123> Val-126 and Thr-127 are close to the cAMP 

molecule in one subunit, while Leu-124 and Ser-128 from the 

same helix interact with the cAMP molecule of the second 

subunit. The involvement of residues from both subunits in 

binding each cAMP molecule reinforces the theory of 

co-operative interactions (17).

Ihe amino acid residues 71 to 73 form a bend into which 

the 2'OH group fits. The residues forming the cAMP binding 

pocket are stabilised by the hydroxyl group of Tyr-99, 

which forms hydrogen-bonds with the side-chain of Arg-82 

and the carboxyl oxygen of Gly-71.

As intimated earlier, cAMP in the 'anti' conformation 

appears to bind to CRP. This contention is reinforced by 

visualising the interactions between 'syn' cAMP and the 

protein. If the adenine ring is rotated into the 1syn1 

conformation, there are bad contacts with Ser-128 within the 

'open' subunit, and Ser-83 in the ’closed' subunit is too 

close. Thr-127 is too far from the N-6 atom of the adenine 

ring, to form a hydrogen-bond (18).

3-7._______HOMOLOGY BETWEEN GRP ALU THE REGULATORY SUBUNIT

OF cAMP-DEPENDENT PROTEIN KINASE.

It is clear that the action of cAMP is mediated by CRP



in prokaryotes. However, in eukaryotes, CRP is replaced by 

a protein kinase whose properties are mediated by cAMP.

cAMP-dependent protein kinase obtained from beef heart 

(isoenzyme II) has been isolated and characterised (22).

The intact protein (holoenzyme) is inactive, consisting of 

two catalytic subunits and two regulatory subunits. In the 

presence of cAMP, the protein dissociates into two active 

catalytic subunits and a dimer of two regulatory subunits 

that are complexed with four cAMP molecules.

R2C2 +  4 cAMP ------ > R 9(cAMP)4 +  2C

Inactive

Catalytic

Subunits

Active

Catalytic

Subunits

The active catalytic subunits may then perform their 

biological function of transferring phosphate from ATP 

to various protein substrates.

One regulatory unit from isoenzyme II (PTj) is composed 

of 400 amino acids, and has a molecular weight of 56000 

dal tons. It appears to be composed of three domains: a small 

amino-terminal domain, a large carboxyl-terminal domain, and 

a region between these structures which probably interacts 

with the catalytic subunit within the holoenzyme. The 

carboxyl-terminal fragment, which appears to contain internal 

sequence homology between residues 135-256 and 257-40C, may 

bind one cAMP molecule within each of these regions.

It has been shown (23) that there are homologous 

sequences between CRP and R^j which suggests that the cAMP-
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CO I 
-rH 1

binding domain is a conserved structure between the two 

cAMP-dependent proteins.

The best alignments of the two homologous domains of 

R n  (Rj jA and R^B) with the CRP sequence, are as shown.

oA »1 82
10 20

CRP Thr  Leu  Glu  Tr p Phe Leu  Ser  His  Cys  His  I l e His  Lys Tyr  Pr o  Ser  Lys  Ser  Thr  Leu  J le  Hi s  Gl n  Gl y  Gl u  
143 150 160

R IIa Gl n  Leu  Ser  Gl n  Va l  Leu  Asp Ala  Met  Phe Gl u  Ar g Thr  Va l  Lys  Va l  Asp Glu  His  Va l  J le  As p Gl n  Gly  Asp

265 270 280
RUb Gl u  Ar g Met  Lys  I l e Va l  Asp i ;a l  I le  Gly  Gl u  Lys  Va l  Tyr  Lys  Asp Gly  Gu j  Ar g I le  I le  Thr  Gl n  Gly  Gl u

03 »4
40 . 5 0

CRP Lys Al a  Glu  Thr  Leu  Tyr  Ty r  ]_le  Va l  Ly s  Gl y  Ser  Va l  Ala  Va l  Leu I_le  Lys  Asp Glu  Glu  Gl y  Ly s  Gl u  Me t

170 ..................... .. 180 190
R IIa Asp Gly  Asp Asn Phe Tyr  Va l  ]_le  Gl u  Ar g Gl y  Thr  Tyr  Asp Ll e Leu Va l  Thr  Lys  Asp Asn Gl m Thr  Ar g Ser

290 300 ■ "  307 315 320
R IIb Lys  Al a  Asp Ser  Phe Tyr  I le  ]_le  Gl u  Ser  Gly  Gl u  Va l  Ser  kE  Leu R e Asp Gly  Gl u  Asn Gl n Glu  Va l

85 86
60 . . . .  . . . .  80 • « »

CRP I l e Leu Ser  Tyr  Leu  Asn Gl n  Gly  Asp Phe I le  Gly  Gl u  Leu Gly  Lej j  Phe Glu  Glu  Gly  Gl n  Gl u  Ar g Ser  Ala

200 210
R IIa Va l  Gly  Gl n  Tyr  Asp Asti His Gly  Ser  Phe Gly  Gl u  L e u  Ala  L e u  Met  Tyr  Asn Thr  Pr o  Ar g  Ala  Al a

330 340
R IIb Gl u  I l e Ala  Ar g Cys  His  Ly s  Gly  Gl n  Tyr  Phe Gly  Gl u  Leu  Ala  Leu Va l  Thr  Asn Ly s  Pr o  Ar g Al a  Al a

87 88 aB
T 90 100

CRP Tr p Va l  Ar g  Al a  Lys  Thr  Al a  Cys  Gl u  Va l  Al a  Gl u  I le  Ser  Tyr  Ly s  Lys  Phe Ar g  Gl n  Leu  I l e  Gl n  Va l  Asn 
220 *** 230 240

R IIa Thr  I le  Va l  Ala  Thr  Ser  Glu  Gly  Ser  Leu Tr p Gly  Leu Asp Ar g Va l  Thr  Phe Ar g Ar g  I l e  I le  Va l  Lys  Asn

350 360 370
R IIb Ser  Al a  Tyr  Ala  Va l  Gly  Asp Va l  Lys  Cy s  Leu  Va l  Met  Asp Va l  Gl n  Ala  Phe Glu  Ar g Leu  Leu  Gly  Pr o  Cys

aC
110 120 .............................................  130 134

CRP Pr o Asp I_l e Leu Met  Ar g Leu  Ser  Ala  Gln  Met  Ala  Ar g Ar g Leu  Gl n  Va l  Thr  Ser  Gl u  Lys Va l  Gly  Asn Leu

250 260 265
R IIa Asn Al a  Ly s  Lys  Ar g Lys  Me t  Phe Glu  Ser  Phe I l e Glu  Ser  Va l  Pr o Leu  Leu  Lys  Ser  Leu  Gl u  Va l  Ser  Gl u

380 390 395
R IIb Met  Asp h_E Met  Lys Ar g Asn I le  Ser  His  Tyb Glu  Gl u  Gl n  Leu  Val  Lys Met  Phe Gly  Ser  Ser  Met  Asp Leu

Fig. 3.8. Alignment of two adjacent regions of the

seouence with the CRP sequence. Solid_underlining inaicates

amino acids that are identi cal_to_one_ or more residues in

the other sequences;_dashed inderlining indicates closely

iailar arnino acids^_^i^_acids_that_are__close to cAMP 

n CRP are indicated by an asterisk (2g).
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The homology is most apparent over a region of CRP 

residues 30-89, that includes /^-strands 3-7, parts of 

^-strand 2, and -strands 6 and 7. In the first homologous 

region, there are 18 identical and 9 homologous amino acids 

in this stretch of 60 residues, giving a total homology of 

45%- In the second homologous region of R^^, there are 23 

identical and 5 homologous amino acids or 46.7% total 

homology. There is also extensive homology between RTjA 

and R^B.

There is also some evidence of homology over a larger 

region from CRP 04-helix A through the eight -strands to 

c4-helix 3. The larger region; CRP residues 10-106 has 39.2% 

homology with residues 143-237 of R^, and 35.1% homology 

with the Rjj region comprising residues 265-367 in the 

carboxyl-terminal domain. It has been calculated that the 

statistical chance of homology over 60 residues is 14.2%, 

so these percentages of corresponding residues are very 

significant.

In view of the relationship between the two proteins, 

it appears that a common ancestral precursor protein capable 

of binding cAMP, has evolved into the appropriate receptor or 

transducer of cAMP levels in both bacteria and mammals. In 

prokaryotes, CRP interacts with DNA, while in mammals, cAMP- 

dependent protein kinase (when activated by cAMP) is involved 

in numerous intracellular processes, one of which is the 

participation in the first enzymatic reaction in a cascade 

which results in the breakdown of glycogen.



3-8. EVIDENCE FOR A CONFORMATIONAL CHANGE ELICITED

IN CRP BY CAMP.

Since the cAMP molecule, on binding, makes numerous 

hydrogen-bonds as well as polar and non-polar interactions 

with the CRP, it may be deduced that the cAMP molecule 

elicits a conformational change in the protein.

In the absence of cAMP, CRP is resistant to attack by 

chymotrypsin and other proteases. Binding of cAMP alters the 

conformation of CRP, allowing for proteolytic attack on the 

carboxyl-proximal region. The resulting cores remain dimeric 

and bind cAMP, but no longer bind to DNA (10).

The stability of free CRP to chyraotrypsin indicates that 

there is a stable interaction between regions of the amino- 

proximal and carboxyl-proximal polypeptides. When CRP is 

denatured by sodium dodecyl sulphate, one peptide bond 

(between Trp-85 and Val-86) inaccessible in free CRP, is 

hydrolysed by chymotrypsin resulting in the formation of the 

amino-proximal 9500 dalton fragment and the 13000 dal ton 

carboxyl-proximal fragment (24).

CRP will only crystallise in the presence of cAMP (15), 

it follows, therefore, that free CRP and the CRP-cAMP complex 

must have different structures. As a result, the secondary 

structure of free CRP has not been fully determined.

However, the computer molecular model of free CRP, 

utilising the primary structure, has been deduced (25). It 

was found that only 23k homology was present in the amino- 

terminal domain between the free CRP and the CRP-cAMP complex. 

The computer programme used predicted an extremely long 

region comprising residues 68-108, with a strong propensity
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to helix formation. Only a few terminal residues of this 

region have been observed to form helix in crystal; while 

in the rest of this region, the polypeptide chain folded 

into three consecutive sheets that are essential to create 

the pocket for cAMP binding. It was proposed that two 

different conformations of the same protein were being 

observed, and that cAMP binding elicits the change. This idea 

seemed likely, given that cAMP induces a conformational 

change in the protein on binding. Further support for this 

proposal, was gained from the fact that most contacts of 

cAMP with CRP fall in the 68-108 region.

Thus, free CRP seems to contain a long ¿R-helix 

comprising residues 68-108. Since helix 111-134 (part of 

od-helix C), makes important contacts with the cAMP molecule, 

it is thought that cAMP first binds to it. This binding may 

destabilise helix 68-108 instead of which a ^ -roll is formed 

to create the hydrophobic pocket, into which the cAMP 

molecule fits.

Studies utilising mutant CRP molecules that have single 

amino acid alterations, have further elucidated the mechanism 

of CRP-cAMP interaction (26,27). These single mutations 

render the CRP molecule cAMP-independent, that is, cAMP is 

not necessary for the protein to bind to specific sites on DNA.

In the wild-type protein, glycine-14'1 in helix D of the 

carboxyl-terminal domain, is on the side that would be facing 

helix C of the amino-terminal domain, across the hinge. If 

this amino acid is replaced by a serine residue, an amino acid 

side chain would be present that is longer and more polar.

This substitution, which renders the CRP molecule cAMP-



independent is thought, therefore, to alter either the 

distance or the orientation relationship between the two 

helices.

If, in this mutant, threonine-127 is replaced by an 

alanine residue, the cAMP-dependence of this mutant is 

partially restored. Since the hydroxyl group of threonine-127 

in the wild-type molecule forms a hydrogen bond with the

6-amino group of cAMP; replacement by alanine would not allow 

this interaction to occur. Since the mutant can still be 

activated by cAMP, it is presumed that this interaction is 

not an essential part of the cAMP-induced conformational 

change, necessary for binding to DNA. This indicates that 

threonine-127 has a different role; because of the proximity 

of this amino acid to those of the other subunit (particularly 

serine-128), it is likely that threonine-127 is involved in 

subunit-subunit alignment. Substitution of alanine at 

position 127 prevents proper subunit-subunit alignment. cAMP 

can compensate for this by making additional amino acid contacts.

Alanine at position 144 in the wild-type CRP, is also 

present in helix D of the carboxyl-terminal domain; but faces 

away from helix C toward helix F of the carboxyl-terminal 

portion of the protein. Helix F is thought to interact with 

the DNA molecule. Substitution of this amino acid by a 

threonine residue, produces a modified protein which has a 

larger side group than does the wild-type. It is proposed that 

the larger side group of threonine in the mutant, pushes 

helix F away from the main body of the protein.

If, in this mutant, residues arginine-169 and glutamic 

acid-171 in helix E are replaced by other amino acids, the



cAMP-dependence is restored. It is thought that this loss 

of cAMP-independence is due to the amino- and carboxyl- 

terminal domains not aligning properly, with respect to 

each other. Since cAMP can restore the biological 

function of the mutant, it is thought that the cAMP 

molecule makes contact with amino acids in /S-strands 2 

and 7, which, as previously mentioned, are located in the 

amino-terminal domain but toward the carboxyl-terminal 

domain. It is proposed that such contacts help the ^-sheets 

shift closer to the carboxyl-terminal domain, helping 

an interaction between the two domains.

In a particular mutant whereby threonine-127 is 

replaced by isoleucine, and glutamine-170 is replaced by 

lysine, these substitutions result in low cAMP-independent 

activity. If this mutant is subjected to a further amino 

acid substitution, where arginine- 1 9 5 is replaced by 

leucine, the protein is endowed with high cAMP-independent 

activity. Since residue 195 is not present within the 

cAMP-binding site, this finding reinforces the proposal 

that cAMP plays a part in alignment of the two domains 

within each subunit.

Studies have been performed (28) using guanosine 3',5'- 

cyclic monophosphate (cGMP) and several other structural 

analogues of cAMP, to determine whether they elicit a 

similar response to cAMP with regard to CRP.

cGMP was found to bind to CRP with comparative affinity 

respective to cAMP, but failed to bring about a conformational 

change, and the CRP-cGMP complex produced would not bind 

specifically to DMA.
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Fig. 3.9. Summary of the effects on CRP of ten cAMP analogues.

Results of the assays of binding,_conformational effects

(allostery) and transcription (activity) are shown. 4- 4- +  

denotes an effect roughly equal to that of cAMP; •+- denotes 

a weak but definite effect; _—  denotes no effect (26).

Those cAMP analogues substituted at the N- 6 position, 

bound to the CRP and produced a conformational change.

However, the complex produced would not bind specifically to 

DNA. This indicates that the conformational change elicited by 

these analogues, does not parallel that observed with cAMP.

Those analogues substituted at the C- 6 position also 

bound to the CRP but, in this case, failed to elicit a 

conformational change, and the complex produced would not
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specifically interact with DNA. It was also found that 

2'-deoxy-cAMP (that is, the 2'0H group is absent), failed 

to bind to CRP.

These findings indicate that the 6-amino group of 

the adenine ring must be present, in order to produce the 

conformational change within the protein, and subsequent 

binding of the complex to DMA. Further, it appears that 

the 2'0H group of the ribose moiety, must be present to 

allow binding to the protein.

Moreover, cAMP must induce CRP to assume more than one 

conformational state (29)» Thus, CRP must exist in at least 

three conformational states, two of which are cAMP-dependent. 

At high cAMP concentrations, the CRP molecule has properties 

resembling the free protein. It has been found that binding 

of the first cAMP molecule, is approximately one to two orders 

of magnitude stronger than the second one. Thus, there is 

interaction between the sites and there is negative 

co-operativity in binding. Since there is interaction between 

the cAMP binding sites, the simplest model to fit these data, 

would be the existence of three ligation and three conform-

ational states of the protein. In the simplest case, the 

single-ligated protein would assume an intermediate conform-

ation, that is between that of the free and double-ligated 

protein. However, it has been demonstrated that the 

single-ligated state of CRP assumes a conformation, which is 

not merely an intermediate state. Therefore, the CRP system 

may be represented by a more general model, in which binding 

of cAMP to one subunit changes the conformation of this and



the neighbouring subunit. The fact that the two subunits of 

the CRP dimer are asymmetric (as discussed earlier), lends 

credance to this proposal.

3.9.______ BINDING OF THE CRP-cAMP COMPLEX TO DNA:

MECHANISM OF ACTION.

In the absence of cAMP, CRP may bind non-specifically 

to DNA. The primary function of CRP, when complexed with 

cAMP, is to bind to specific DNA sites at or near promoters, 

where it either stimulates or inhibits the initiation of 

RNA synthesis (19).

promoter/operator x y a

5. ------------------------ 1-------1------- 1------- 1---3 . DNA

Pig. 3»10* The Lac Operon. CRP-cAMP complex binds near

promoters, where it stimulates initiation of the

transcription of structural genes x. y and a. x is the

gene for ^ -galactosidase, y is the gene for

B -galactoside permease and a is the gene fo r ß -galact-

oside acetyltransferase.

The crystal structures of CRP and two other proteins 

also concerned with the regulation of transcription: A phage 

cro protein (30) and a proteolytic fragment of X cl 

repressor (31), have led to a number of general conclusions 

concerning the structural basis of DNA sequence recognition 

of proteins. The structures of CRP and the other proteins, 

contain an identical two Od-helix structure (32). Sequence 

homologies found between these proteins, suggest that this 

two-helix motif is directly involved in DNA sequence 

recogni tion.
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The positive electrostatic charge density of the CRP 

dimer lies on the two carboxyl-terminal small domains, and 

extends along the outside of the two protruding F 06-helices. 

The net negative electrostatic charge potential lies on 

the cAMP-binding amino-terminal domains (33). The location 

of positive electrostatic charge potential strongly suggests 

the orientation of B-DNA, bound to the small domains of CRP.

If it is assumed that, in the CRP-DNA complex, the 

approximate two-fold axis of the CRP dimer is co-incident 

with the approximate two-fold axis of DNA; then there are 

only two parameters left to relate the DNA and the protein: 

their relative rotational orientation and the distance 

between them.

Fig. 3.11. A schematic diagram of the two DNA-binaing domains

o f CRP, interacting with the CRP-binding site in the Lac

Operon (34).
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Only one relative orientation of DNA and protein strongly 

overlaps the negative electrostatic potential surfaces of 

the protein (33). This orientation also maximises the 

interactions between helices F and the major grooves of 

B-DNA.

On binding of the CRP-cAMP complex to the specific 

DBA sequence of the Lac Operon (that is, that stretch of 

bacterial DNA concerned with the production of the enzymes 

necessary for lactose degradation), hydrogen-bonds are formed 

between side-chains of the protein and the exposed edges of 

base-pairs in the major groove, and to the sugar-phosphate 

backbone.

Utilising chemical protection (35) and genetic (36) 

studies, it has been shown that the CRP-cAiMP complex interacts 

with a portion of the DNA molecule showing the following 

sequence.

5 10 15 20
A A - T G T G A - - - - - - T C A C A - T T

t t - a c a c t - - - ' - - - a g t g t - a a

Fig. 3.12. Base sequence of DNA recognised by the CRP-cAMP 

complex, which allows the latter to bind to specific sites

on DNA. 'A' denotes adenine,__'G ’ denotes guanine,__1T'

denotes thymine and__'C' denotes cytosine. Hyphens indicate

the positions of any base.

The number of interactions between CRP and DNA can be 

increased by bending or kinking the DNA so that it contacts 

more of the protein surface, and is also closer to the 

positive electrostatic potential surface. Two arginine-180
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fourteen hydrogen-bonds, made between eight protein 

side-chains and the exposed edges of eight base-pairs in 

the major grooves. These are arginine-180, glutamate-181, 

arginine-185 and lysine-188 from helix F of each subunit.

The position of glutamate-181, which makes hydrogen-bond 

interactions with two adjacent base-pairs, may be stabilised 

by salt bridges to arginine-180 or lysine-188. Moreover, 

nine hydrogen-bonds or salt links can be made to the 

phosphate groups of the DNA backbone.

The Glu-181 side chain carboxylate group of one subunit 

of the CRP dimer, is in hydrogen-bonded contact with the 

cytosine N-4 atom of the G-C base-pair at position 7 of the 

DNA site; and the Glu-181 side-chain carboxylate group of 

the opposite subunit of the CRP dimer, is in hydrogen-bonded 

contact with the cytosine N-4 atom of the C-G base-pair at 

position 16 of the DNA site. It has been shown that if 

Glu-181 is replaced by either valine or leucine, no functional 

contacts are made between residue-181 side-chain and positions 

7 and 16 of the DNA site.

It is thought (37) that when CRP binds to DNA, supercoil 

formation occurs in the latter which serves to bring 

sequentially separated DNA regions into close physical 

proximity. The solenoidal coil formed on CRP association, 

constitutes a structurally unique site on the DNA, where it 

is partially unwound. This is an established factor in the 

potentiation of binding and transcription by RNA polymerase.

There is evidence (38) that the CRP-cAMP complex may

also bind to RNA polymerase. Immunological studies (39) have

shown that the CRP-cAMP complex binds to the CT (regulatory)
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It has been observed that atsubunit of RNA polymerase, 

low ionic concentrations (50 mM KC1), where RNA polymerase 

normally exists in the dimeric form, addition of an excess 

of GRP causes dissociation into monomers. This implies that 

CRT binds more tightly, perhaps exclusively, to the monomeric 

form. The simplest explanation of this observation is that 

GRP interacts with a region of RNA polymerase, that becomes 

shielded when monomers associate into dimers.

These findings provide strong corroborative evidence, 

that protein-protein contact is at least a component of the 

mechanism of gene activation by GRP.

It has been shown (29) that at cAMP concentrations at 

which the predominant species is the CRP-(cAMP)2 complex, 

there is a significant decrease in the binding of CRP to a 

specific D M  site, as compared to the CRP-cAMP complex.

Hence, it can be concluded that of the three species: free CRP, 

CRP-cAMP and CRP-(cAMP)2, only CRP-cAMP is active in binding 

to specific DNA sequences. In contrast, free CRP and 

CRP-(cAMP)2 do not bind to a specific DNA sequence, or at 

least with significantly reduced affinity.

This finding may be rationalised as follows: as E. coli 

senses the presence of an alternative source of metabolites, 

for example, lactose, the cellular level of cAMP increases, 

resulting in an increased amount of CRP-cAMP complex which 

then binds to the Lac promoter, to activate the transcription 

of mRNA coding for the metabolic enzymes responsible for 

utilising the alternative energy source. Hence, it is 

acceptable to assume that both CRP-cAMP and CRP-(cAMP)2 

complexes can bind to the operon for metabolic enzymes.
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However, CRP is an auto-regulator of the expression of its 

own gene (40) . The CRP-cAMP complex serves to repress the 

expression of the CRP gene. It is logical that at higher 

concentrations of cAMP, the formation of CRP-(cAMP)^ is 

favoured- This leads to dissociation of the CRP-cAMP complex 

for the CRP gene, resulting in an increase in the synthesis 

of more CRP to cope with the increased need of metabolic 

enzymes.

In addition to its own gene, CRP has been found to 

negatively regulate the synthesis of cAMP (41). The gene in 

E. coli responsible for the production of the enzyme 

(adenylate cyclase) necessary for the creation of cAMP, is 

called the cya gene. It has been found that the CRP 

specifically interacts with the unique CRP binding sequence, 

which overlaps with the RNA polymerase binding region or 

promoter- In addition, it has been shown that the RNA 

polymerase-promoter interaction is altered in the presence 

of CRP-cAMP.

The CRP-cAMP complex has also been shown to negatively 

regulate the production, in E. coli, of protein III: a major 

outer membrane protein (42) and also the enzymes concerned 

with glutamine metabolism (43). These effects are thought 

to be achieved by a mechanism analogous to that of the CRP 

and cya genes.

It has recently been found (44) that lateral wall 

synthesis in the E. coli cell cycle, is triggered by the 

CRP-cAMP complex. In this case, the CRP-cAMP complex is 

thought to control amino-sugar metabolism.
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3 - 10 . SUMMARY.

In summary, GRP from E. coli, is a dimeric protein of 

molecular weight 47238 daltons, with a pi value of 9-2. It 

has been purified to homogeneity, and its primary and 

secondary structures have been elucidated. Each monomer is 

composed of two domains: a large, amino-terminal domain 

concerned with the binding of one cAMP molecule, and a small, 

carboxyl-terminal domain, involved with DNA binding. 

Consequently, each CRP dimer binds two molecules of cAMP, 

There is evidence that the protein undergoes a 

conformational change on binding cAMP. This conformational 

change permits the CRP-cAMP complex to bind to specific sites 

on the DNA helix, so that the former may carry out its 

function of regulating, either negatively or positively, the 

transcription of mRNA for enzyme synthetic control.

In view of the foregoing, CR? was considered an ideal 

candidate for further investigation.

- 107 -



3.11, REFERENCES.

1. Dienert, F.

(1900) Ann. Inst. Pasteur, Paris 14 139

2. Makman, R.S. & Sutherland, E.W.

(1965) J. Biol. Chem. 240 1309

3. Perlman, R.L. & Pastan, I.

(1968) J. Biol. Chem. 243 5420

4. Ullmann, A. & Monod, J.

(1968) FEBS Letters 2 57 1

5. Zubay, G., Schwartz, D. & Beckwith, J.

(1970) Proc. Natl. Acad. Sci. USA 66 104

6. Emmer, M., de Crombrugghe, B., Pastan, I. & Perlman, R.L.

(1970) Proc. Natl. Acad. Sci. USA 66 480

7. Cook, D.I. & Revzin, A.

(1980) J. Bacteriol. 141 1279

8. Riggs, A.D., Reiness, G. & Zubay, G.

(1971) Proc. Natl. Acad. Sci. USA 68 1222

9. Pastan, I., Gallo, M. & Anderson, W.B.

(1974) Meth. Enzymol. ^8 367

10. Eilen, E., Pampeno, C. & Krakow, J.S.

(1978) Biochemistry 17 2469

11. Boone, T. & Wilcox, G.

(1978) Biochim. Biophys. Acta 541 528

12. Zubay, G.

(1980) Meth. Enzymol. 6J? 856

13- Aiba, H., Fujimoto, S. & Ozaki, N.

(1982) Nucl. Acids Res. 10 1345

14. Cossart, P. & Gicquel-Sanzey, B.

(1982) Nucl. Acids Res. 10 1363

15. McKay, D.B., Weber, I.T. & Steitz, T.A.

(1982) J. Biol. Chem. 257 9518



16.

17.

18.

19.

20. 

21. 

22.

23.

24.

25.

2 6.

27.

28.

29.

30.

31.

McKay, D.B. & Steitz, T.A.

(1981) Nature 290 744

Takahashi, M., Blazy, B. & Baudras, A.

(1980) Biochemistry 1^ 5124

Weber, I.T. & Steitz, T.A.

(1987) J. Mol. Biol. 198 311

de Crombrugghe, B., Busby, S. & Bue, H.

(1984) Science 224 831

Clore, G.M. & Gronenborn, A.M.

(1982) FEBS Letters 145 197

Gronenborn, A.M., Clore, G.M., Blazy, B. & Baudras, A.

(1981) FEBS Letters 1^6 160

Takio, K., Smith, S.B., Krebs, E.G., Walsh, K.A.
& Titani, K.

(1982) Proc. Natl. Acad. Sci. USA 79 2544

Weber, I.T., Takio, K., Titani, K. & Steitz, T.A.

(1982) Proc. Natl. Acad. Sci. USA 79 7679

Aiba, H. & Krakow, J.S.

(1981) Biochemistry 20 4774

Kypr, J. & Mrazek, J.

(1985) Biochem. Biophys. Res. Commun. 131 780

Garges, S. & Adhya, S.

(1988) J. Bacteriol. 170 1417

Harman, J.G., Peterkofsky, A. & McKenney, K.

(1988) J. Biol. Chem. 2£5 8072

Ebright, R.H., LeGrice, S.F.J., Miller, J.P. & Krakow, J.S.

(1985) J. Mol. Biol. 182 91

Heyduk, T. & Lee, J.C.

(1989) Biochemistry 28 6914

Anderson, W.F., Ohlendorf, D.H., Takeda, Y. & Matthews, B.W.

(1981) Nature 290 754

Pabo, C.O. & Lewis, M.

(1982) Nature 298 443



32. Steitz, T.A., Ohlendorf, D.H., McKay, D.B., Anderson, W.F. 
& Matthews, B.W.

(1982) Proc. Natl. Acad. Sci. USA 7£ 3097

33. Steitz, T.A., Weber, I.T. & Matthew, J.B.

(1983) Cold Spring Harbour Symp. Quant. Biol. 47 419

34. Weber, I.T. & Steitz, T.A.

(1984) Proc. Natl. Acad. Sci. USA 81 3973

35. Simpson, R.B.

(1980) Nucl. Acids Res. 8 759

36. Kolb, A., Busby, S., Herbert, M., Kotlarz, D. & Bue, H.

(1983) EMBO J. 2 217

37. Salemme, F.R.

(1982) Proc. Natl. Acad. Sci. USA 79 5263

38. Pinkney, M. & Hoggett, J.G.

(1988) Biochemical J. 250 897

39. Stender, W.

(1980) Biochem. Biophys. Res. Commun. £6 320

40. Okamoto, K., Hara, S., Bhasin, R. & Freundlich, M.

(1988) J. Bacteriol. 170 5076

41. Aiba, H.

(1985) J. Biol. Chem. 260 3063

42. Mallick, U. & Herrlich, P.

(1979) Proc. Natl. Acad. Sci. USA 76 5520

43. Prusiner, S., Miller, R.E. & Valentine, R.C.

(1972) Proc. Natl. Acad. Sci. USA 69 2922

44. Utsumi, R., Noda, M., Kawamukai, M. & Komano, T.

(1989) J. Bacteriol. 171 2909



CHAPTER 4.

EXPERIMENTAL PROCEDURES FOR THE SYNTHESIS 

OF FLUORESCENT PROBES.



4.1. SYNTHESIS OF BIS (l,10-PHENANTHRQhINE)

( B A T H O P H EN AN T H HOLIN E DI SULPHONYL CHLORIDE) 

RUTHENIUM (II) H K XA FL UO HO P H Q SP H A T E 

DIHYDRATE.

____ Preparation of Bis (l, 10-phenanthroline) dichloride,

ruthenium (II) dihydrate. (C-l).

Ruthenium trichloride trihydrate (2.50 gm; 0.0096 mol),

1,10-phenanthroline (3.50 gm; 0.0194 mol) and lithium 

chloride (5.00 gm), were introduced into a 500 ml round- 

bottomed flask and heated together at reflux in dry 

diraethylformamide (50 ml), under nitrogen, for 7 hours with 

efficient stirring.

The purple-black solution was allowed to cool to room 

temperature. Acetone (250 ml) was added (stirring still 

maintained), and the flask was stoppered under nitrogen.

This solution was left overnight at 0°C. A black, micro-

crystalline solid was recovered by filtration, which was 

washed with water (6 x 50 ml) and diethyl ether (6 x 50 ml). 

The solid was then dried in vacuo at 40°C.

Cl
Ru C13 +

/ “
Ru

2H20

Bis_(1,10-phenanthroline) dichloridc

ruthenium (II) dihydrate.

Fig. 4.1._The reaction for the preparation of

Bis_(l,10-phenanthroline) dichloride, ruthenium (II) dihydrate.
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Weight of product obtained =  2.64 gm 

Actual Yield =  19%

Bis (.1110-phenanthroline ) dichloride,_ruthenium (II)

dihydrate was characterised from the following data:

Infra-red Spectrum Analysis (KBr disc)

-1cm

3438 0-H stretch (water of crystallisation)

3062 Aromatic C-H stretch

1626 Aryl-H vibration

1407 C-H deformation

C,H,N Microanalytical Data ^24H16N4 ^ 2®

Calculated (%) C : 50.70 H : 3.52 N : 9-86

Found {%) C : 50.63 H : 3.50 N : 9.91
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4.1.2. Preparation of Bis (l,10-phenanthroline) (Batho- 

phenanthroline disulphonic acid, disodium salt) 

ruthenium (II) dihydrate. (G-2).

Bis (l,10-phenanthroline) dichloride, ruthenium (II) 

dihydrate, (C-l), (0.50 gm; 0.0008 mol) and bathophenanth- 

rolinedisulphonic acid, disodium salt hydrate (0.50 gm; 

0.0009 mol) were suspended in water (50 ml) in a 100 ml 

round-bottomed flask, and heated for 24 hours at reflux.

The solution was cooled, and the red-brown precipitate 

was collected and washed with distilled water (4 x 15 ml). 

The solid was then dried over sodium hydroxide pellets.

Pig. 4.2. The reaction for the preparation of Bis (l,10-phen-

anthroline) (bathophenanthroline disulphonic acid, disodium

salt) ruthenium (II) dihydrate.



Weight of product obtained =  0.35 gm

Actual Yield =  58^

Bis (l,10-phenanthroline) (Bathophenanthroline disulphonic 

acid, disodium salt) ruthenium (II) dihydrate was 

characterised from the following data:

Infra-red Spectrum Analysis (KBr disc)

-1era

3434 0-H stretch (water of crystallisation)

1411 C-H deformation

1195 0-H stretch of 80 ̂ H

1126 S-0 symmetrical stretch

1034 C-S stretch

1010 0-H stretch of SO^H

620 0-H stretch of S0~H

C,H,N Microanalytical Data C48H30N6S2Q6Na2Ru'2H2°

Calculated (*) C : 55.73 H : 3.29 N : 8.13

Found (°/o) C : 55.62 H : 3.22 N : 8.20
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4.1.5. Preparation of Bis (l,10-phenanthroline) 

(Bathophenanthroline disulphonyl chloride) 

ruthenium (II) hexafluorophosphate 

dihydrate. (C-5).

Bis (l,10-phenanthroline) (Bathophenanthroline 

disulphonic acid, disodium salt) ruthenium (II) dihydrate, 

(C-2), (0.10 gm; 0.0001 mol) was introduced into a boiling 

tube. Phosphorus oxytrichloride (2 ml), and an excess of 

phosphorus pentachloride were then added. The mixture was 

then heated at reflux, under nitrogen, with stirring for 

17 hours. The resulting deep-red solution was then allowed 

to cool.

To water (50 ml) in a 250 ml beaker, was added hexa- 

fluorophosphoric acid (4 ml), ice was then added to a volume 

of 200 ml. The deep-red solution was slowly added to the 

ice-water mixture, with stirring. The reddish-brown 

precipitate was filtered on the frit, washed with water 

(5 x 10 ml) and dried in vacuo at 40°C.

Fig. 4.5. The reaction for__the_j2reparation_of_the sulphonyl 

chloride derivative of Bis (1,10-phenanthroline) (Bojjhpr: 

phenanthroline disulphonic acid,_disodium salt) ruthenium

(II) dihydrate.
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Weight of product obtained =  0.0827 gm

Actual Yield —  8y/o

The Sulphonyl Chloride derivative of Bis (l,10-nhenanthroline)

(Bathophenanthroline disulphonic acid._disodium salt)

ruthenium (II)_dihydrate was characterised from the following

data:

Infra-red Spectrum Analysis (KBr disc)

-1cm

3418 0-H stretch (water of crystallisation)

3084 Aromatic C-H stretch

1412 C-H deformation

1373 8=0 stretch of SO^Cl

1225 S=0 stretch

1173 S^O stretch

1126 S=0 stretch of SO^Cl

C,H,N Microanalytical Data C48H30N6S2°4C12Ru'2H2°

Calculated (tf) C : 56.14 H : 3.31 N : 8.18

Found (*) C : 56.29 H : 3.17 N : 8.32



4.2. SYNTHESIS OF N-(1-PYRENE) MALElMI PE (l).

4.2.1,____Preparation of N-(l-Pyrene) Maleamic Acid. (C-4).

1-a.rainopyrene (0.90 gm; 4.2 mmol) was dissolved in 

ice-cold tetrahydrofuran (10.5 ml), and mixed with a solution 

of maleic anhydride (0.43 gm; 4.4 mmol) in ice-cold 

tetrahydrofuran (5.3 ml), in a 25 ml round-bottomed flask.

The mixture was allowed to react overnight with stirring 

at 4°C. A bright yellow precipitate resulted. The precipitate 

was collected via filtration at the pump, washed with ice- 

cold tetrahydrofuran (2 x 10 ml), and dried in vacuo at 40°C, 

to give N-(l-Pyrene) Maleamic Acid as a yellow, crystalline 

powder.

2

1-aminopyrene

+
H— N— CO— CH

II
HOpC— CH

N-(l-Pyrene) Maleamic Acid

0

maleic anhydride

Pip;. 4.4. The reaction for the preparation

of N-(1-Pyrene) Maleamic Acid.
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Weight of product obtained =  1.10 gm 

Actual Yield —  84/°

N-(1-Pyrene) Maleamic Acid was characterised by the 

following data:

Infra-red Spectrum Analysis (KBr disc)

-1cm

H-bonded 0-H of 
carboxylic acid

C=0 stretch1709

1600

1579

Aryl-H stretch 

Aryl-H stretch

C ,H,N Microanalytical Data

Calculated (%) C : 76.19 H : 4.13 N : 4.44

Found (%) C : 76.27 H : 4.23 N : 4.60

Melting Point =  182-184°C

(literature value (l) 183-185°C)



4 - 2 . 2 . Preparation of N-(l-Pyrene) Maleimide. (C-5).

N-(l-Pyrene) Maleamic Acid, (C-4), (0.22 gra; 0.70 mmol) 

was added to a solution of acetic anhydride (3.00 gm; 29-5 mmol) 

in a 10 ml round-bottomed flask containing sodium acetate 

(0.03 gm; 4-10 mmol). The resulting suspension was heated 

in an oil bath to 100°G, for 45 minutes with stirring. The 

reaction mixture was cooled to room temperature in a cold- 

water bath, and poured into ice-water (15 ml).

The precipitated product, N-(l-Pyrene) Maleimide, was 

removed by suction filtration, washed three times with 

ice-cold water (3 x 10 ml), and once with 'hexane' (b.p. 66-69°C) 

(10 ml), and dried ini vacuo at 40°C.

N-(l-Pyrene) Maleimide was recrystallised by addition 

of water to its ethanolic solution, and finally from 100?« 

ethanol, as gold needles.

II
H02C— CH

Ac^O
-------- >
(-h20)

Fig. 4-5. The reaction for the preparation 

of N-(l-Pyrene) Maleimide.
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Weight of product obtained 0.10 gm

Actual Yield —  4Q°/>

N-( 1-Pyrene)_Maleimide was characterised by the following;

data:

Spectroscopic Analysis 

Infra-red (KBr disc)

cm-"*"

1768 
1699

C =  0 (maleimide)

Nuclear Magnetic Resonance (CbCl7/TMS)

S 8.27 to 7.63 (multiplet, 9H, ArH) 

S 7.23 (singlet, 2H, vinyl)

C,H,N Microanalytical Data ^20% 1 ^ 2

Calculated (*) C : 80.79 H : 3.72 N : 4.71

Found (56) C : 80.10 H : 3.52 N : 4.45

Melting Point =  221-224°C

(literature value (l) =  223-225°C)
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4 ^ ______ SYNTHESIS OF N-(IQDOACETYLAMINOETHYL)-1-

NAPHTHYLAMINE-8-SULPHQNIC ACID. (1,8-IAEDANS).

4 - 3.1.___Preparation of l-Naphthol-8-Sulphonic

Acid. (C-6)._( 2).

1-Naphthol-8-Sulphonic acid sultone (or Naphthosultone),

(30 gra; 0.146 mol) was charged with distilled water (40 ml) 

in a 500 ml round-bottomed flask. The mixture was heated to 

80°C, and aqueous sodium hydroxide solution (30°/o w/v, 24 ml) was 

added. The flask was then heated to 100°C and diluted with 

hot, distilled water (140 ml). Anhydrous sodium sulphite 

(0.4 gm; 0.003 mol) was added and the mixture was then 

acidified to pH 3 with concentrated hydrochloric acid.

Sodium chloride (20 gm; 0.342 mol) was added, and the 

mixture was then cooled. The precipitated product was filtered 

at the pump, washed with a small quantity of cold water and 

dried in vacuo at 40°C.

0

l-Naphthol-8- 

Sulphonic Acid

Fig, 4.6. The reaction for the preparation 

of l-Naphthol-8-Sulphonic Acid
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Weight of product obtained —  27.23 gm

Actual Yield =  84^

l-Naphthol-8-Sulphonic Acid was characterised by_the

following data:

Infra-red Spectrum Analysis (KBr disc)

-1cm

3052 -0-H (intermolecular hydrogen-bonded)

1601 Aryl-H vibration

1504 Aryl-H vibration

1403 -0-H bending

1053 S=0 stretch

C,H,S Microanalytical Data *"10^8^^4

Calculated C : 53.57 H : 3.57 S : 14.29

Found W C : 53.52 H : 3.48 S : 14.10

Melting Point =  105-107°C

(literature value (3) —  106-107°C)
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Sodium hydroxide (30 gm; 0.75 mol) was dissolved in 

distilled water (100 ml) in a 500 ml round-bottomed flask. 

Ethanol (200 ml) was then added and the mixture was heated 

to 70°C.

l-Naphthol-8-Sulphonic Acid, (C-6), (25 gm; 0.113 mol) 

was dissolved in aqueous ethanol (50^ v/v, 200 ml) with heating 

to 70°C. The two solutions were then mixed.

The reaction mixture was cooled to room temperature, 

and finally in ice to complete precipitation of the sodium 

salt.

4 _____Preparation of l-Naphthol-8-Sulphonic Acid,

Sodium Salt. (C-7).

l-Naphthol-8-Sulphonic 

Acid, Sodium Salt.

Fig, 4.7. The reaction for the préparâtion of 

l-Naphthol-8-Sulphonic Acid,_Sodium Salt.

Weight of product obtained =  2 6 .3 6 gm 

Actual Yield = 96?4
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4. 3. 3. P reparation o f p-Nitrophenyl lodoacetate, (C-8). (4).

Iodoacetic acid (7.44 gm; 0.04 mol) and p-nitrophenol 

(6.68 gm; 0.048 mol) were dissolved in ethyl acetate (100 ml), 

in a 250 ml round-bottomed flask, at 5°C. To this solution 

was added, with stirring, 1,3-dicyclohexylcarbodiimide (8.24 gm; 

0.04 mol). The by-product, 1,3-dicyclohexylurea started 

precipitating immediately. After complete dissolution of the 

dicyclohexylcarbodiimide, (approximately 2 hours), the 

temperature was held at 5°C for 30 minutes, with occasional 

stirring. The reaction mixture was allowed to attain room 

temperature and held there for one hour, after which time 

it was filtered. The precipitate was washed with ethyl 

acetate (150 ml), and the combined filtrate and washings were 

evaporated under reduced pressure, at room temperature, to 

dryness. The oily residue was recrystallised from ethanol, 

the final crystals being washed with cold ethanol (4 x 20 ml), 

to yield light yellow crystals. These crystals were air-dried, 

followed by drying i_n vacuo at 50°C.

Weight of product obtained 

Actual Yield

6.19 gm
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The 1,3-dicyclohexylcarbodiiraide acts as a dehydrating 

agent in the reaction, and the latter has been shown (5) 

to proceed via the following mechanism:

ICH0— C— OH 
2 II

0

ICH, -C-
II
0

-O'

Fig. 4-8. The reaction mechanism for the preparation of 

p-nitrophenyl iodoacetate.
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p-nitrophenyl iodoacetate was characterised by the 

following data:

Infra-red Spectrum Analysis (KBr disc)

-0-H (intermolecular hydrogen-bonded) 

Aryl C-H stretch 

Aryl-H stretch 

C-N=0 stretch 

C-N0o stretch 

C-N=0 stretch 

C-I stretch

C,H,N Microanalytical Data CgHglNO^

Calculated (%) C :: 31..29 H : 1,96 N : 4.56

Found «) C : 31..28 H : 1.79 N : 4.43

Melting Point —  75-77°C

(literature value (6) =  76°C)

3461 

3114 

304 5 

1590 

1533 

1348 

503
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4,3.4. Preparation of N-(Aminoethyl)-l-Naphthylamine-8- 

Sulphonic Acid, (l,8-EDANS)._( G-9) (4).

Sodium 1-naphthol-S-sulphonate, (C-7), (24 gm; 0.10 mol) 

was added to aqueous sodium bisulphite solution (25% w/v, 200 ml) 

in a 500 ml round-bottomed flask. Ethylenediamine (18 gm;

(20 ml); 0.30 mol) was added, the pH adjusted to 8 with 

concentrated hydrochloric acid, and the mixture refluxed for 

24 hours. A heavy precipitate slowly deposited. After cooling 

the reaction mixture to room temperature, the pH was adjusted 

to 7 with concentrated hydrochloric acid, cooled to 5°C 

for one hour, and filtered.

The clay-like residue was dissolved in water, by the 

addition of sufficient 10 M NaOH, and twice heated to boiling 

with activated charcoal, and filtered. The resulting solution 

was cooled to room temperature, adjusted to pH 7 with 

concentrated hydrochloric acid, and set at 5°C overnight.

After filtration at the pump, the precipitate was 

recrystallised twice from hot, distilled water, and dried 

in vacuo at 120°C for 24 hours.

Weight of product obtained 

Actual Yield

—  11.21 gm

=  39%
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This reaction is an example of the Bucherer reaction, 

and has been shown (7) to proceed as follows:

Fi/?. 4.9. The reaction mechanism 

for the preparation of N-(Amino- 

ethyl)-l-naphthylamine-8- 

Sulphonic Acid, (1,8-EDANS)»
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N-(Aminoethyl)-l-naphthylamine-8-Sulphonic Acid, (l,8-EDANS) 

was characterised by the following data:

Infra-red Spectrum Analysis (KBr disc)

-1cm

3443 -0-H (intermolecular hydrogen-bonded)

3305 N-H stretch

3167 Aryl C-H stretch

3045 Aryl C-H stretch

1572 -NH2 (N-H bending)

1366 — SO2~0 stretch

1191 — SO2_0 stretch

1165 —SO2~0 stretch

1046 S=0 stretch

C.H,N Microanalytical Data C, „H-,
- — 1------------ -----------  12 14 2 3

Calculated w C : 54.12 H : 5.29 N : 10.51

Found (c/0 C : 54.16 H : 5.31 N : 10.47

Thin-Layer Chromatography Solvent: EtOH Eluent: EtOH

Rf 1,8-EDANS —  0.48 (literature value (4) =  0.48)
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4.'5.5. Preparation of N-(lodoacetylaminoethyl)-1- 

Naphthylamine-8-Sulphonic Acid, (1.8-1AEDANS). 

(c-io). (4).

1,8-EDANS, (C-9), was initially converted to its 

sodium salt: 1,8-EDANS (5.00 gm; 0.019 mol) was dissolved in 

hot ethanol (200 ml), containing an excess of sodium 

hydroxide. Upon cooling, the salt (Na-EDANS) precipitated, 

and was filtered and dried _in vacuo at 80°C. This material 

was utilised without further purification.

The remainder of the reaction steps were performed in 

the dark, due to the photosensitivity of the iodine-containing 

compound.

A mixture of Na-EDANS (1.44 gm; 0.005 mol) and dimethyl- 

forraamide (12 ml) at 5°C, was stirred to maximum dissolution.

A solution of p-nitrophenyl iodoacetate, (C-8), (2.30 gm; 

0.0075 mol) in dimethylformamide (3 ml), cooled to 5°G, was 

rapidly added to the Na-EDANS solution, and allowed to react 

for 20 minutes. The mixture was then filtered rapidly at the 

pump. Concentrated hydriodic acid (2 ml; 0.011 mol) was added 

to the filtrate, followed by cold distilled water (60 ml) 

and cold acetone (20 ml). The filtrate was then stirred 

overnight, at 5°C. The solid formed was filtered at the pump, 

washed thoroughly with acetone (4 x 15 ml), and dried 

in vacuo at 80°C.

Weight of product obtained =  5.17 gm 

Actual Yield =  70^

-127-



Fig. 4.10. The reaction_for_the preparation of N-(lodo- 

acety1aminoethyl)-l-naphthylamine-8-Sulphonic Acid.

N-(Iodoacetylaminoe thyl)-1-naphthylamine-8-Sulphonic

Acid, (1,8-IAEDANS), was characterised from the following data:

Spectroscopic Analysis

Infra-red (KBr disc)

-1cm

3338 -0-H (intermolecular hydrogen-bonded)

3259 N-H stretch

1648 -C=0

525 C-I stretch

~̂ H Nuclear Magnetic Resonance (DMSO-dg/TMS)

S 7.50 to 8.50 (multiplet, 6H, ArH)

S 2.50 (singlet, 1H, hydroxyl)

C,H,N Microanalytical Data ^SO^N^I

Calculated (36) C : 38.72 H : 3.48 N : 6.45

Found (36) C : 39.35 H : 3.44 N : 6.41

Thin-Layer Chromatography Solvent: EtOH Eluent: EtOH

Rf 1,8-IAEDANS == 0.80 (literature value (4) =  0.82)
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4.4.1.___ Preparatipn of 4-p-sulphobenzeneazo-1-

anilinonaphthalene. (C-ll).

Sulphanilic acid (17-3 gm; 0.10 mol) was added to 

distilled water (100 ml) in a 250 ml round-bottomed flask. 

Anhydrous sodium carbonate (5.3 gm; 0.05 mol) was then added. 

After the effervescence had subsided and a clear solution 

was obtained, concentrated hydrochloric acid (25 ml) was added. 

The flask was then cooled to 5°C in ice.

Sodium nitrite (6.9 gm; 0.10 mol) was dissolved in 

distilled water (30 ml), and this solution was cooled to 5°C 

in ice. The sodium nitrite solution was then added dropwise 

to the cold acidified sulphanilic acid solution with stirring, 

and the temperature was not allowed to exceed 5°C. The 

sparingly soluble diazonium salt of sulphanilic acid, 

separated out as a white solid, and the addition was continued 

until an excess of nitrous acid was present; as detected by 

the immediate blue colouration, when tested with moist 

starch/potassium iodide paper.

N-phenyl-l-naphthylamine (21.9 gm; 0.10 mol) was 

dissolved in glacial acetic acid (90 ml), in a 250 ml 

conical flask, and distilled water (10 ml) was then added.

The mixture was then cooled to 5°C in ice.

The suspension of the diazoniura salt of sulphanilic acid 

was added dropwise to the cold N-phenyl-l-naphthylamine 

solution with stirring. Again, the temperature was not allowed 

to exceed 5°C. The azo-dye separated out as a purple solid 

and after the total addition of the diazonium salt, the

4 -4._______SYNTHESIS OF N-(1-ANILINONAPHTHYL-4) MALEIMIDE. (8).
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reaction mixture was allowed to stir for one hour.

The purple solid was then filtered off, washed with the 

minimum of cold water, and dried in vacuo at 80°C.

The reaction has been shown (9), to proceed as follows:

slow
2 HONO --------- » N?0^ + h 2o

Fig. 4.11. The reaction mechanism for

the preparation of 4-p-sulohobenzeneazo

-1-anilinonaphthalene.
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Weight of product obtained 37.42 gm

Actual Yield =  93°/

4-p-sulphobenzeneazo-l-anilinonaphthalene was characterised 

by the following data:

Infra-red Spectrum Analysis (KBr disc)

-1cm

3427 N-H stretch

1581 Aryl^-H stretch

1491 Aryl-H stretch

1321 0-H bending

1060 S-0 stretch

C,H,N Microanalytical Data ("'22%7^Y(“)3^

Calculated C : 65.51

CM
C
M«
■e-

K

N : 10.42

Found (%) C : 65.37 H : 4.29 N : 10.56
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4. 4. 2. Prepara tion of i-anilino-4-aminonaphthalene ._(C-12).

4-p-sulphobenzeneazo-l-anilinonaphthalene, (G-ll) ,

(10.0 gra; 0.025 mol) was added to distilled water (100 ml) 

in a 250 ml conical flask. Aqueous sodium hydroxide (10% w/v) 

was added dropwise until neutralisation was complete. A 

blood-red solution was obtained. The solution was heated to 

80°C on a hot plate, and sodium dithionite was added 

portionwise until decolourisation was complete.

The mixture was cooled to room temperature, and v/as 

extracted with portions of diethyl ether (4 x 25 ml), in a 

100 ml round-bottomed flask. The ethereal solution of 

l-anilino-4-aminonaphthalene was evaporated to dryness under 

reduced pressure. The purplish crystals obtained were 

recrystallised from ethanol.

Fig. 4.12. The reaction for the preparation of

l-anilino-4-aminonaphthalene.
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Weight of product obtained =  4.58 gm 

Actual Yield rr QQ%

l-anilino-4-aminonaphthalene was characterised from 

following data:

Spectroscopic Analysis

Infra-red (KBr disc)

3414 N-H stretch

3387 -NH2 stretch

3347 -NH^ stretch

1591 Aryl-H stretch

1498 Aryl-H stretch

Nuclear Magnetic Resonance (CbCl^/TMS)

£ 5-5 (singlet, 2H, amine)

C,H,N Microanalytical Data ^16^14^2

Calculated (*) C : 82.05 H : 5.98 N :

Found (*) C : 82.17 H : 5.82 N :

Melting Point — 145-148°C

(literature value (8) =  147-149°C)

the

11.97

11.90
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l-anilino-4-aminonaphthalene, (C-12), (0.492 gra; 0.0021 mol) 

was dissolved in chloroform (15 ml) at 5°0, in a 25 ml 

round-bottomed flask, with stirring.

Maleic anhydride (0.50 gm; 0.005 mol) was dissolved in 

chloroform (5 ml) at 5°C, and was added to the amine solution.

The mixture was stirred overnight at 5°C, and the red 

precipitate farmed was filtered at the pump, washed with 

cold chloroform (15 ml) and dried in vacuo at 80°C.

4.4 > '5.____Preparation of N- (I-aniiinonaphthyI-4 ) Maleamic

Acid. (C-13).

n h 2

l-anilino-4-

aminonaphthalene

K
maleic anhydride

H— N— CO— CH

II
H02C— CH

N-(l-anilinonaphthyl-4) 

Maleamic Acid

Fig. 4.15. The reaction for the preparation

of N-(1-anilinonaphthyl-4)_Maleamic Acid.
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Weight of product obtained =  0 .57 gm

Actual Yield —  81$

N-(l-anilinonaphthyl-4) Maleamic Acid was characterised 

from the following data:

Infra-red Spectrum Analysis (KBr disc)

N-H stretch

Hydrogen-bonded 0-H bending 
of carboxylic acid

Conjugated CO2H

Aryl-H stretch

Aryl-H stretch

C,H,N Microanalytical Data ^20^16^2^3

Calculated (°/) C : 72.29 H : 4.82 *CO

Found (fo) C : 72.38 H : 4.94 N : 8 . 5 6

3426

3224"
3049,

1692

1582

1500
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N-(l-anilinonaphthyl-4) maleamic acid, (C-13), (0.33 gin; 

0.001 mol) was added to a solution of acetic anhydride (6.0 gm 

(6 ml); 0.06 mol) containing sodium acetate (0.06 gm;

0.008 mol). The resulting suspension was heated to 100°C 

in an oil bath, with stirring, for two hours. The reaction 

mixture was cooled to room temperature in a cold water bath, 

poured into ice-water (30 ml) and vigorously stirred.

The red solid formed was collected at the pump, washed 

with distilled water (4 x 20 ml), and recrystallised from 

ethyl acetate to yield red prisms.

4.4.4.____ Preparation of N -(l-anilinonaphthyl-4)

Maleimide. (C-14).

N- (l-anilinonaphthyl-4) 

Maleamic Acid

N-(1-anil inonaphthyl-4) 

Maleiraide

Fig, 4.14. The reaction for the preparation

of N-(1-anilinonaphthyl-4) Maleimide.
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Weight of product obtained zz 0,24 gro

Actual Yield —  77^

N-(l-anilinonaphthyl-4) Maleimide was characterised 

from the following data:

Spectroscopic Analysis 

Infra-red (KBr disc)

N-H stretch

C=0 stretch (maleimide)

Aryl-H vibration 

N-H bending

XH Nuclear Magnetic Resonance (DMSO-d -̂/TMS)

S 7*03 (singlet, 2H, vinyl)

C,H,N Microanalytical Data ^O^li^O^?

Calculated (%) C : 76.43 H : 4.46 N : 8.92

Found ( ? o )  C : 76.52 H : 4.51 N : 8.87

Melting Point zz 204-206°C

(literature value (8) —  207-208.5°C)

3379

1704

1588

1528
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4.5.______SYNTHESIS OF THE MALEIMIDYL BENZOATE ESTER

OF BENZ(c,d)IND0L-2(lH)-0NE.

4.5.1.____ Preparation of Benz(c,d)indol-2(1H)-one.

(Naphthostyril). (C-15). (10.11).

Anhydrous aluminium chloride (14.63 gm; 0.11 mol) was 

added, with stirring, to anhydrous 1,2-dichlorobenzene (35 ml) 

in a 100 ml round-bottomed three-necked flask. The mixture 

was slowly heated to 160°C. It was then allowed to cool to 

150°C, and a solution of 1-naphthyl isocyanate (8.5 ml; 0.05 mol) 

in anhydrous 1,2-dichlorobenzene (15 ml), was then slowly 

added over 30 minutes. The reaction mixture was then allowed 

to cool to 80°C, and hydrochloric acid (40 ml, 30^ v/v) was 

cautiously added, together with anhydrous 1,2-dichloro- 

benzene (8 ml). The mixture was stirred at 95°C for 

45 minutes, and was then allowed to cool to room temperature.

The suspension was then centrifuged at 10000 g for 15 minutes, 

and the lower organic layer was isolated.

The organic layer was introduced into a 100 ml round- 

bottomed three-necked flask, and was mixed with sodium 

hydroxide solution (40 ml, 0.01 M) to pH 10, under nitrogen. 

Aqueous sodium hydroxide (8.4 ml, 2 M) was then added, the 

mixture was stirred at 95°C for one hour, and allowed to 

stand for a further hour at that temperature. The upper 

aqueous layer was isolated and was shaken with activated 

charcoal (0.5 gm). The mixture was filtered under a nitrogen 

atmosphere, and the residue was washed with distilled water (5 ml) 

The filtrate was transferred to a 100 ml round-bottomed 

flask, and was heated with sodium dithionite (0.2 gm), to 95°C,
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with stirring. Hydrochloric acid (30 ml, 18% v/v) at 90°C 

was added to the flask. The latter was maintained at 95°C 

for 30 minutes, and was then allowed to cool to 50°C. Yellow 

crystals deposited, and these were filtered at the pump, 

washed with distilled water (2 x 20 ml) and dried iri vacuo 

at 80°C.

Fig. 4.15. The reaction for the preparation of Naphthostyril

Weight of product obtained = 3.38 gm 

Actual Yield = 6y/o

Naphthostyril was characterised by the following data: 

Spectroscopic Analysis

Infra-red (KBr disc)

-1cm

3189 N-H stretch

1726 C=0 stretch

~*~H Nuclear Magnetic Resonance (DMSO-dg/TMS)

S 7.08 to 8.28 (multiplet, 6II, ArH)

C,H,N Microanalytical Data C-^HyNO

Calculated (*) C : 78.11 H : 4.14 N : 8.28

Found (°/o) C : 78.30 H : 4.28 N : 8.17

Melting Point — 179-180° C

(literature value (10,11) =  181°C)
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Naphthostyril, (C-15), (4-0 gra; 0.023 mol) was 

dissolved, with stirring, in 1,4-dioxane (100 ml) at 60°C.

To the clear solution obtained, was added aqueous formaldehyde 

(35$ w/v, 5-1 gm (5.1 ml); 0.056 mol) and potassium 

carbonate (8.1 gm; 0.056 mol). The mixture was heated, and 

kept at 80°C, with stirring, for 30 minutes.

The mixtu're was filtered under suction, and the filtrate 

was evaporated to dryness under reduced pressure. The 

resulting residue was recrystallised from ethanol (25 ml), 

to yield yellow, hexagonal prisms.

4.5.2.____Preparation of 1-hydroxy-methylbenz(c, d) iridoI-2

(lH)-one, (Hydroxymethyl-naphthostyril). (G-I6). (12).

Naphthostyril Hydroxyme thyl- 

naphthostyril

Fig, 4.16. The reaction for the preparation 

of Hydroxymethyl-naphthostyril.

Weight of product obtained =  2.84 gm 

Actual Yield =  60$
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Spectroscopic Analysis

Infra-red (KBr disc)

-1cm

3345 0-H stretch

1674 lactam ring

1630 C-0 stretch

~*~H Nuclear Magnetic Resonance_(DMSO-d^/TMS)

§ 7.33 to 8.21 (multiplet, 6H, ArH)

S 5.35 (singlet, 2H, methylene)

S 4.50 (singlet, 1H, hydroxyl)

C,H,N Microanalytical Data ^12^9^°

I-Hydroxymethyl-naphthostyril was characterised from the

following da ta:

Calculated (tf) C : 72.36 H : 4.52 N : 7.04

Found (°/o) C : 72.51 H : 4.48 N : 7.11

Melting Point =  140-141°C

(literature value (12) —  141°C)
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Hydroxyraethyl-naphthostyril, (C-16), (0.24 gm; 0.12 mmol) 

was suspended in diethyl ether (2 ml), and cooled to 0°C.

Phosphorus pentachloride (0.25 gm; 1.2 mmol) was added, 

with stirring, and the resulting mixture was stirred at 

room temperature for two hours.

The suspension was then cooled to 0°C for one hour, 

and filtered at the pump. The greyish residue was recryst-

allised from cyclohexane, to yield a cream-coloured solid.

4.5.3»____ Preparation of l-chloro-methylbenz(c,d)indol-2

(lH)-one. (Chloromethyl-naphthostyril) .__( C-17). (12).

Hydroxyme thyl- 

naphthostyril

Chloromethyl-

naphthostyril

Fig. 4.17. The reaction for the preparation 

of Chloromethyl-naphthostyril.

Weight of product obtained 0.16 gm

Actual Yield =  6%
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1-Chloromethyl-nap h thostyril was characterised from the

following data:

Spectroscopic Analysis

Infra-red (KBr dise)

cm ^

1721 lac tara ring

1633 C—0 stretch

777 C-Cl stretch

Nuclear Magnetic Résonance (DMSO-dg/TMS)

5 7-07 to 8-00 (multiplet, 6H, ArH)

6 5-87 (singlet, 2H, methylene)

C,H,N Microanalytical Data C-^HgNOCl

Calculated (*) C : 66-21 H : 3-68 N : 6.44

Found (*) C : 66.33 H : 3-64 N : 6.41

Melting Point =  140-141°C

(literature value (12) —  141°C)
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4.5.4»_____Preparation of N- (p-benzoic acid)

Maleamic Acid. (C-18).

p-aminobenzoic acid (1.15 gm; 8.4 mmol) was dissolved 

in ice-cold acetonitrile (22 ml), and mixed with a solution 

of maleic anhydride (0.86 gm; 8.8 mmol) in ice-cold 

acetonitrile (12 ml), in a 50 ml round-bottomed flask.

The mixture was allowed to react overnight, with 

stirring, at 4°0. A pale yellow precipitate resulted. The 

precipitate was collected via filtration at the pump, washed 

with ice-cold acetonitrile (3 x 10 ml), and dried in vacuo 

at 40°C; to give N-(p-benzoic acid) maleamic acid, as 

a yellow, crystalline solid.

C0„H

p-aminobenzoic 

acid

NH2

-> H— N— CO— CH

II
+ H02C— CH

N-(p-benzoic acid) 

Maleamic Acid

maleic anhydride

Fig._4.18. The reaction for the preparation

of N-(p-benzoic acid)_Maleamic Acid.
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Weight of product obtained 

Actual Yield 16%

1.49 gm

N-(p-benzoic acid) Maleamic Acid was characterised 

from the following data:

Infra-red Spectrum Analysis (K13r disc)

cm

33151 Hydrogen-bonded 0-H bending
3011 j of carboxylic acid

1693 C=0 stretch

1626 absorption

C,H,N Microanalytical Data cu h9no 5

Calculated ( « C : 56.17 H : 3-83 N : 5..96

Found w C : 56.26 H : 3.82 N : 5..91
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N-(p-benzoic acid) maleamic acid, (C-18), (0.33 gm;

1.40 mmol) was added to acetic anhydride (6.0 gm (6 ml);

0.06 mol) in a 10 ml round-bottomed flask, containing sodium 

acetate (0.06 gm; 8.2 mmol). The resulting suspension was 

heated in an oil bath to 100°C for 90 minutes, with stirring. 

The reaction mixture was cooled to room temperature in a 

cold water bath, and poured into ice-cold water (30 ml).

The precipitated product, N-(p-benzoic acid) maleiraide 

was removed by suction filtration, washed with ice-cold 

water (3 x 15 ml) and hexane (66-69°C b.p., 1 x 10 ml), 

and was then dried in vacuo at 40°C.

N-(p-benzoic acid) maleimide was recrystallised by 

addition of water to its solution in acetonitrile, and 

finally from 100% acetonitrile, as pinkish crystals.

4 . 5 . 5 - _____ P r e p a r a t i o n o f  N - ( p - b e n z o i c  a c i d )  Ma l e i mi d e .  (C- 19 )

N-(p-benzoic acid) 

Maleimide.

F i g .  4 . 1 9 .  The r e a c t i o n  f o r  t he p r e p a r a t i o n

o f  N - ( p - b e n z o i c  a c i d )  m a l e i m i d e .
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Weight of product obtained = 0.16 gm

Actual Yield = 5 %

N-(p-benzoic acid) Maleimide was characterised from 

the following data:

Spectroscopic Analysis 

Infra-red (KBr disc)

0-H stretch of carboxylic acid 

C=0 (maleimide)

Hi Nuclear Magnetic Resonance (DMSO-d -̂ /TMS)

S 6,92 (singlet, 2H, vinyl)

C,H,N Microanalytical Data C-^H^NO^

Calculated w C : 60.83 H : 3-23 N : 6.4 5

Found (%) C : 60 89 H : 3-27 N : 6.38

3087

17981 
1716 J
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4.5.6»____ Preparation of the Maleimidyl Benzoate Ester

of Benz(c,d)indoI-2(1H)-one. (C-20).

1-chloromethyl-naphthostyril, (C-17), (0.05 gm; 0.23 mmol) 

and N-(p-benzoic acid) maleimide, (C-19), (0.05 gm; 0.23 mmol), 

were mixed, ground and placed together with dimethylformamide 

(l ml), in a 5 ml round-bottomed flask fitted with a reflux 

condenser and calcium chloride tube. The mixture was heated, 

with stirring, to 100°C and maintained at this temperature 

for 20 minutes.

After cooling to 20°C, water (l ml) was added drop-by-

drop. The resulting precipitate was filtered, and cryst-

allised from ethanol-water, to yield a beige, crystalline 

solid. The solid was finally dried in vacuo at 40°C

+

Cl- •h2c - 'N- :0

Maleimidyl_Benzoate Ester

of Benz(c,d)indol-2(1H)-one

Fi g .  4 . 20 .  The r e a c t i o n  f o r  the p r e p a r a t i o n  o f  the
mal e i m i d y l  b en z o a t e e 3 t o r  o f  Be n z ( c , d ) i n d o l - 2 ( 1H)- o n e .
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Weight  o f  p r o d u c t  o b t a i n e d  =  0 . 4 3  gm

Actual Yield =  Al%

The Maleimidyl Benzoate Ester of Benz(c,d)indol-2(lH)-one 

was characterised from the following data:

Infra-red Spectrum Analysis (KBr disc)

C-0 (raaleimide) 

absorption

C,H,N Microanalytical Data ^23^14N2°5

Calculated w C : 69.33 H : 3.52 N : 7.-04

Found (%) C : 69.28 H : 3.64 N : 7..09

171ll
1632J

701
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4.6.______ SYNTHESIS OF SUCCINIMIDYL TRANS-PARINARATE. (C-21).

Trans-parinaric acid (0.055 gm; 0.2 mmol) and 

N-Hydroxysuccinimide (0.025 gm; 0.25 mmol) were dissolved 

in ethyl acetate (20 ml) in a 50 ml round-bottomed flask 

at 5°C. To this was added, with stirring, 1,3-dicyclo- 

hexylcarbodiimide (0.041 gm; 0.2 mmol). The by-product,

1,3-dicyclohexylurea, started precipitating immediately. 

After complete dissolution of the dicyclohexylcarbodiimide, 

(approximately 10 minutes), the temperature was held at 5°C 

for 10 minutes, with occasional stirring. The reaction 

mixture was allowed to attain room temperature, and held 

there for 30 minutes, after which time it was filtered.

The precipitate was washed with ethyl acetate (30 ml) 

and the combined filtrate and washings, were evaporated 

under reduced pressure, at room temperature, to dryness.

The solid was recrystallised from acetonitrile, to

yield a cream-coloured powder.

c h 5c h 2(c h = c h )4(c h2)7c ooh -j-

Trans-Parinaric

Acid

0

\
■N

C H.
I ‘
C H,

r
0

N4

CH5CH2(CH— CH)4(CH2)7C00— N

Fig. 4.21. The reaction_for the preparation 

of Succinimidyl Trans-Parinarate.
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Weight of product obtained =  0.065 gm 

Actual Yield —  87#

Succinimidyl Trans-Parinarate was characterised from 

the following data:

Mass Spectrum Analysis

Molecular Mass # Abundance Attributable

Species

98.0260 100.00
\ /c C---c
H9 H9

56.0521 46.10 _ (r H 'i _

56.0174 29.90
1

- c —C=0
1 \

55.0212 14.03 -CH =  CH —  CHp—  CH,

98.1028 11.16 -(c h2)7-

99.0356 8.97 !'Base Peak1 + 1

70.0692 6.21 -(c h 2)c-

100.0991 5.00 -00C-(CH2)/_-

142.1141 2.07 -00C-(CH2)7-

C,H,N Microanalytical Data
C22H^1N04

Calculated (#) c : 70.78 H : 8.31 N : 3.75

Found (#) c : 70.82 H : 8.29 N : 3.79
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A . 7. 9-BROMOMSTHYLACRIDINE.f 1 V  i,T' n [ J H O T  o  Yh IPo  I h  . l i k o J L  b j :

‘"■.7.1.___Preparation of 9-Hethylacridine, (C-22) . (15).

A mixture of diphenylamine (5-0 gm; 0-05 mol) and 

glacial acetic acid (5.0 gm (5 ml); 0.08 mol) in the presence 

of anhydrous zinc chloride (20 gm), was heated, with 

stirring, to 220°C in a 50 ml round-bottomed flask. The 

excess acetic acid was thereby evaporated, and the mixture 

was then held at 225°C for six hours. The reaction mixture 

was then digested with hot, aqueous sulphuric acid (10$ v/v), 

and then rendered strongly basic (approximately pH 10), with 

concentrated ammonia solution in order to dissolve the zinc 

chloride.

The insoluble residue was extracted with benzene (3 x 15 ml) 

and, after separation, the benzene layer was extracted 

again with aqueous sulphuric acid (10$ v/v). The acidified 

extract was made basic by the addition of aqueous ammonia, 

upon which yellow crystals separated out.

Filtration yielded crude 9-methylacridine. A portion 

of the crude material (0.5 gm) was subjected to column 

chromatography utilising alumina, and was eluted with 

petroleum ether (60-80°C b.p.) and the collected fractions 

were pooled and evaporated to dryness under reduced pressure.

The pale yellow residue was recrystallised from the 

petroleum ether, to yield pale yellow crystals.
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9-rae thylacridine
CH^COOH

3

Fig. 4>22. The reaction for the 

preparation of 9-Dethylacridine.

9-aethylacridine was characterised froa the following 

data:

C,H,N Microanaiytical Data

Calculated (?=) C : 87.05 H

Found (<) C : 87.12 H

Melting Point =  115-117°C

(literature value (14) =  117-118°C)

c14H11N

: 5-70 K : 7.25

: 5.78 N : 7.13
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9-me thylacridine, (C-22), (0.20 gtn; 1.0 mmol) and 

N-Bromosuccinimide (0.20 gra; 1.12 mmol), were added to 

carbon tetrachloride (30 ml) containing benzoyl peroxide 

(0.003 gm), in a 50 ml round-bottomed flask. The mixture was 

refluxed for two hours during which time, succinimide, a 

white solid, was seen to rise to the surface.

The solution was evaporated under reduced pressure, 

and the residue was recrystallised from petroleum ether 

(60-30°C b.p.)

4 .7.2.____ P reparation of 9-Bromomethylacridine. (0-23).__(15) .

9-Bromome thyl- 

acridine

Fig. 4.23- The reaction for the preparation 

of 9-Bromomethylacridine.

Weight of product obtained 

Actual Yield

= 0^12.sm
= §2^
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9-Bronomethylacridine was characterised from the

following data:

Nuclear Magnetic Resonance Spectrum (CDCl^/TMS)

S 7.80 to 8.80 (multiplet, 8H, ArH)

§ 6.1 (singlet, 2H, methylene)

C,H,N Hicroanalytical Data Cl'lHlONBr

Calculated W) C : 61.76 H : 3.68 N : J *.15

Found w C : 61.82 H : 3.67 N : 5..12

Melting Point =  147-150°C

(literature value (15) =  147-151°C)
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CHAPTER 5.

EXPERIMENTAL PROCEDURES FOR THE FLUORESCENT 

MODIFICATION OF cAMP RECEPTOR PROTEIN,



5-1. INTRODUCTION.

cAMP Receptor Protein (CRP) was provided by SmithKline 

Beecham Pharmaceuticals, as a buffered aqueous solution. In 

order to fluorescently modify the protein, it was necessary 

to determine the CRP concentration of the solution supplied. 

This was achieved by a standard protein assay procedure, 

and the result obtained dictated the amount of CRP solution 

utilised for each modification procedure.

The CRP was then labelled with a variety of amine 

reactive and sulphydryl (thiol) reactive fluorescent probes, 

using adaptations of documented procedures.

5.2.______ CRP ASSAY.

5.2.1.___ Experimental Procedure. (1).

Bovine Serum Albumin (BSA, 100 mg) was dissolved in 

distilled water (l ml).

Five tubes were set up, in duplicate, as follows;

Tubes 1 - 50.0 P1
BSA solution + 200.0 P1

water (20 mg/ml)

Tubes 2 - 37.5 P1
BSA solution + 212.5 P1

water (15 mg/ml)

Tubes 3 - 25.0 P1
BSA solution + 225.0 P1

water d o mg/ml)

Tubes 4 - 12.5 P1
BSA solution + 237.5 r x water ( 5 mg/ml)

Tubes 5 - 250.0 P1
water ( o mg/ml)

Stock CRP solution was treated, in. duplicate, as follows :

Tubes 6 - 250.0 P1
CRP solution

Tubes 7 - 100.0 P1
CRP solution + 150.0 p1

water

Tubes 8 - 50.0 r1
CRP solution + 200.0 r1

water
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Bradford Reagent (Coomassie Brilliant Blue G-250 

(0.01% w/v) , aqueous ethanol (4.70% v/v) and phosphoric 

acid solution (8.50% w/v), 1 ml) was added to each of the 

tubes, and the contents were thoroughly mixed. The tubes 

were allowed to stand for 10 minutes, and the absorbance 

of each of the tubes, at 595 ran, was then determined using 

the Beckman DU-50 Spectrophotometer.

A standard curve was plotted, and the CRP concentration, 

in mg/ml, was then determined.

5.2.2. Results.

Table 5.1. Absorbance readings, at 595 ran, for varying 

concentrations of BSA as detected by Bradford Reagent.
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0
R
B
A
H
C
E

Fig. 5.1. Calibration Curve of Absorbance against 

Concentration_(mg/ml), for the Assay of CRP Stock Solution.

CRP Solution.

Tube Nos. Absorbance 

at 595 nra

Cone. Mean

Cone.

Concentration 

in mg/ml

8 0.119

0.106

5.016

2.587 2.801 2.80

7 0.289

0.218

8.616

6.277 7.447 (5.70)

6
0.416

0.429

12.80

15.25 15-02 2.60

Table 5.2. Absorbance readings, at 595 run, for 

varying concentrations of CRP as detected by 

Bradford Reagent, for the deduction of the 

CRP concentration.

CRP concentration = 2.70 mg/ml at a dilution of 1:5. 

Therefore, the stock CRP concentration = 15.50 mg/ml.
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5̂ .3- EXPERIMENTAL PROCEDURES FOR THE MODIFICATION OF

THE £-AMINO GROUP OF LYSINE RESIDUES IN THE 

cAMP RECEPTOR PROTEIN (CRP).

5.3.1.____ Fluorescent Modification of CRP using Bis (1,10-

nhenanthroline) (Bathophenanthroline disulohonyl

chloride)_ruthenium_(II) hexafluorophosohate

dihydrate. (C-3,_Ru Complex I),

The method utilised was that adapted from a documented 

procedure ( 2) .

Ru Complex I (1.0 mg; 1.0 jumol) , as synthesised, was 

dissolved in carbonate buffer (0.05 M, 2.0 ml, pH 9.7) 

containing acetonitrile {l°/o v/v) .

The above solution was divided into two equal portions. 

To one portion was added carbonate buffer (0.05 M, 1.0 ml, 

pH 9-7) containing n-butylamine (10$ v/v).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in carbonate buffer (0.05 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against phosphate buffered saline (0.10 M, 

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 dal tons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jum bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with phosphate buffered saline (0.10 M, PBS) 

and was eluted with the PBS.

The collected fraction and the control sample were



diluted to 3 ml with PBS, and then subjected to U.V./visible 

and fluorescence spectral analysis.

Fift. 5.2, The reaction for the -preparation of a 

modified amine by the use of Ru Complex I.
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5.3.2. Fluorescent Modification of CRP usine; Succinimidyl 

Trans-Parinarate. (C-21).

The method utilised was that adapted from a documented 

procedure ( 3) -

Succinimidyl trans-parinarate (l.C mg; 2.6 pmol•, 

as synthesised, was dissolved in carbonate buffer (0.05 K,

2.0 ml, pH 9.7) containing dimethyl sulphoxide (1/ v/v).

The above solution was divided into two equal portions. 

To one portion was added carbonate buffer (0.05 M, 1.0 ml, 

pH 9.7) containing n-butylamine (10/ v/v).

Stock 0RP solution (0.04 ml, 13.50 mg/ml) was dissolved 

in carbonate buffer (0.05 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against phosphate buffered saline (0.10 K, 

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 pm bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with phosphate buffered saline (0.10 M, PBS) 

and was eluted with the PBS.

The collected fraction and the control sample were

diluted to 3 ml with PBS, and then subjected to U.V./visible

and fluorescence spectral analysis.
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2

0.

CH^CHn(CH=CH)4(CH2)7C00 —  N
3 2

CH
I

,/CH2
+ H2N-- R

0'

'Y

CH3CH2( CH=CH) ( CH2) CO-NH-- R

Fig. 5.3. The reaction for the preparation 

of a modified amine by the use of 

Sueciniaidyl Trans-Parinarate.

3.3.3»____ Fluorescent Modification of CRP using

Sulphorhodamine Acid Chloride, (Texas Red).

The method utilised was that as outlined (2). Sulpho-

rhodamine acid chloride (Texas Red) (l.O mg; 1.6 jumol), 

was dissolved in carbonate buffer (0.05 M, 2.0 ml, pH 9.7) 

containing acetonitrile ( 1% v/v) .

The above solution was divided into two equal portions. 

To one portion was added carbonate buffer (0.05 M, 1.0 ml, 

pH 9.7) containing n-butylamine (10% v/v).

Stock CRP solution (0.04 ml, 13.50 mg/ml) was dissolved
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in carbonate buffer (0.05 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against phosphate buffered saline (0.10 M, 

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jum bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with phosphate buffered saline (0.10 M, PBS) 

and was eluted with the PBS.

The collected fraction and the control sample were 

diluted to 3 ml with PBS, and then subjected to U.V./visible 

and fluorescence spectral analysis.

Sulphorhodamine Acid 

Ohioride. (Texas Red) .

Fig. 5.4. The reaction for the preparation 

of a modified amine by the use of 

Sulphorhodamine Acid Chloride, (Texas Red).
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5.3.4.____ Fluorescent Modification of CRP using

Succinimidyl 7-Amino-4-Methylcoumarin-

3-Acetate.

The method utilised was that as outlined (3). 

Succinimidyl 7-amino-4-methylcoumarin-3-acetate (1.0 mg;

3.2 pmol) was dissolved in carbonate buffer (0.C5 M, 2.0 ml, 

pH 9.7), containing dimethyl sulphoxide (l°/l v/v) .

The above•solution was divided into two equal portions. 

To one portion was added carbonate buffer (0.05 M, 1.0 ml, 

pH 9-7) containing n-butylamine (10£ v/v).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in carbonate buffer (0.05 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against phosphate buffered saline (0.01 M, 

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 dal tons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 pm bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with phosphate buffered saline (0.10 M, PBS) 

and was eluted with the PBS.

The collected fraction and the control sample were

diluted to 3 ml with PBS, and then subjected to U.V./visible

and fluorescence spectral analysis.



Succinimidyl 7-amino-4-

methylcoumarin-3-acetate.

Pig. 5-5. The reaction for the preparation of a 

modified amine by the use of Succinimidyl 7-amino-

4-methylcoumarin-3-ace tate.

5.3-5. Fluorescent Modification of GRP using; 5-Dimethyl- 

aminonaphthalene-1-Sulphonyl Chloride. ('Dansyl' 

Chloride) .

The method utilised was that as outlined (4). 'Dansyl' 

Chloride (1.0 mg; 3-7 jnmol) was dissolved in carbonate 

buffer (0.05 M, 2.0 ml, pH 9.7), containing acetonitrile (l$ v/v).

The above solution was divided into two equal portions.

To one portion was added carbonate buffer (0.05 M, 1.0 ml,
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pH 9-7), containing n-butylamine (10/ v/v).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in carbonate buffer (0.05 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively- 

dialysed (3 days), against phosphate buffered saline (0.10 M, 

1000 ml, pH 7-4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jam bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with phosphate buffered saline (0.10 M, PBS) 

and was eluted with the PBS.

The collected fraction and the control sample were 

diluted to 3 ml with PBS, and then subjected to U.V./visible 

and fluorescence spectral analysis.

N---R
------- >

S02C1 S02-NH---R

1Dansyl1 Chloride

Fig. 5-6. The reaction for the preparation of a 

modified amine by the use of 1 Dansyl'1 Chloride.
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5.4 EXPERIMENT; PROCEDURE FOR THE MODIFICATION OF

THE THIOL GROUP OF CYSTEINE RESIDUES IN THE

cAMP RECEPTOR PROTEIN (CRP)

5.4.1.____Fluorescent Modification of CRP using Bis (2,2'~

bipyridine) (4-VinyI-4'-Methyl-2,2'-bipyridine) 

ruthenium (II) hexafluorophosphate, (Ru Complex II).

The method utilised was that adapted from a documented 

procedure (5) -

Ru Complex II (1.0 mg; 1.64 pmol) was dissolved in 

phosphate buffered saline (0.10 M, 2.0 ml, pH 7.4, PBS) 

containing acetonitrile (l/ v/v) .

The above solution was divided into two equal portions.

To one portion was added buffered (PBS) cysteine solution 

(l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 15-50 mg/ml) was dissolved 

in PBS (0.10 M, 0.96 ml), and this solution was added to 

the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (5 days), against PBS (0.10 M, 1000 ml, pH 7.4) 

using cellulose tubing which retains molecular weight species 

in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 pm bead size, 

bed. volume: approximately 10 ml), which had previously 

equilibrated with PBS (0.10 M) and was eluted with the PBS.

The collected fraction and the control sample were

diluted to 3 ml with PBS, and then subjected to U.V./visible

and fluorescence spectral analysis.
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Fig. 5.7. The reaction for the preparation of a 

modified thiol by the use of Ru Complex II,

5.4.2.____ Fluorescent Modification of CRP using

9-Bromomethyl Acridine, (C-25).

The method utilised was that adapted from a documented 

procedure (6).

9-bromomethyl acridine (2.0 mg; 7.4 nmol), as synthesised,
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3-0 ml,was dissolved in Tris-HCl/KCl/EDTA buffer (0.20 ft

pH 8.0), containing 1,4-dioxane {lc/o v/v) .

The above solution was divided into three equal portions. 

To one portion was added Tris-HCl/KCl/EDTA buffer (1,0 ml), 

and the resulting solution was immediately subjected to 

U.V./visible and fluorescence spectral analysis. To a second 

portion was added buffered (Tris-HCl/KCl/EDTA) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in Tris-HCl/KCl/EDTA (0.20 M, 0.96 ml), and this solution 

was added to the remaining portion.

The two remaining solutions were allowed to stand 

overnight, protected from light, at 4°C. The protein-containing 

solution was then extensively dialysed (3 days), against 

Tris-HCl/KCl/MgCl^/dithiothreitol buffer (0.20 M, 1000 ml, 

pH 8.0) using cellulose tubing which retains molecular 

weight species in excess of 12000 dal tons.

The dialysana was then subjected to gel exclusion 

chromatography using Sephadex 0-25 (20 ~~ ’ ead size,

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl/EDTA buffer, and was eluted 

with this buffer.

The collected fraction and the cysteine-containing 

sample were diluted to 3 ml with the eluent buffer, and then 

subjected to U.V./visible and fluorescence spectral analysis.
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Fig. 5.8. The reaction for the preparation of a 

modified thiol by the use of 9-bromomethyl acridine.

5.4.3-____ Fluorescent Modification of CRP using

N-(9-Acridinyl) Kaleimide. (7).

The method utilised was that adapted from a documented 

procedure (8).

N-( 9-acridinyl) maleimide (2.0 mg; 7-3 jumol) was 

dissolved in HEPES/KCl buffer (0.50 M, 3.0 ml, pH 7.4), 

containing 1,4-dioxane (lfo v/v) .

The above solution was divided into three equal portions. 

To one portion was added HEPES/KC1 buffer (l.O ml). To a 

second portion was added buffered (HEPES/KCl) cysteine 

solution (1.0 ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13.50 mg/ml) was dissolved 

in HEPES/KCl (0.50 M, 0.96 ml), and this solution was added 

to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against the HEPES/KCl buffer (0.50 M,

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion
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chromatography using Sephadex G-25 (20-80 urn bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the HEPES/KC1 buffer, and was eluted 

with this buffer.

The collected fraction and the control samples were 

diluted to 3 ml with HEPES/KC1, and then subjected to 

U.V./visible and fluorescence spectral analysis.

K-(9-acridinyl) 

Maleimide

Fig, 5.9. The reaction for the preparation of a 

modified thiol by the use of N - ( 9-acridinvl) maleimide.

5.4.4.____ Fluorescent Modification of CRP using Tetra-

methylrhodamine-5 (and 6) Iodoacetamide. (5-IATR).

The method utilised was that adapted from a documented 

procedure (9).

5-IATR (2.0 mg; 3-5 |imol) was dissolved in Tris-HCl/KCl/ 

EDTA buffer (0.20 M, 3.0 ml, pH 8.0), containing acetonitrile 

(1% v/v).

The above solution was divided into three equal portions.
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To one portion was added Tris-HCl/KCl/EDTA buffer (1.0 ml'), 

and the resulting solution was immediately subjected to 

U.V./visible and fluorescence spectral analysis. To a second 

portion was added buffered (Tris-HCl/KCl/EDTA) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13.50 mg/ml) was dissolved 

in Tris-HCl/KCl/EDTA (0.20 M, 0.96 ml), and this solution 

was added to the remaining portion.

The two remaining solutions were allowed to stand 

overnight, protected from light, at 4°C, The protein-containing 

solution was then extensively dialysed (3 days), against 

Tris-HCl/KCl/MgCl^/dithiothreitol buffer (0.20 M, 1000 ml, 

pH 8.0) using cellulose tubing which retains molecular 

weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephaaex G-25 (20-80 jum bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl/EDTA buffer, and was eluted 

with this buffer.

The collected fraction and the cysteine-containing 

sample were diluted to 3 ml with the eluent buffer, and then 

subjected to U.V./visible and fluorescence spectral analysis.

+ +

Fig. 5.10. The reaction for the preparation of 

a modified thiol by the use of 5-IATR.
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5.4.5. Fluorescent Modification of CRP using

5-1odoace tamido fluorescein._( 5-1AF).

The method utilised was that adapted from a documented 

procedure (10).

5-IAF (2.0 mg; 4.3 jumol) was dissolved in Tris-HCl/KCl/ 

ED.TA buffer (0.20 14, 3.0 ml, pH 8.0), containing acetonitrile 

(1 % v/v).

The above solution was divided into three equal portions, 

To one portion was added Tris-HCl/KCl/EDTA buffer (l.O ml), 

and the resulting solution was immediately subjected to 

U.V./visible and fluorescence spectral analysis. To a second 

portion was added buffered (Tris-HCl/KCl/EDTA) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13.50 mg/ml) was dissolved 

m  j . ris-nvi/ r^ox/n u i K  in, u.yo mi) , ana t m s  solution

was added to the remaining portion.

The two remaining solutions were allowed to stand 

overnight, protected from light, at 4°C. The protein-containing 

solution was then extensively dialysed (3 days), against 

Tris-HCl/KCl/MgCl^/dithiothreitol buffer (0.20 M, 1000 ml, 

pH 8.0) using cellulose tubing which retains molecular 

weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jam bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl/EDTA buffer, and was eluted 

with this buffer.

The collected fraction and the cysteine-containing
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sample were diluted, to 3 ml with the eluent buffer, and then 

subjected to U.V./visible and fluorescence spectral analysis.

Fig. 5.11* The reaction for the preparation of 

a modified thiol by the use of 5-IAF.

5.4.6.____ Fluorescent Modification of CRP using 4-Chloro-

7-nitrobenz-2-oxa-l,5-diazole. (NBD-Chloride).

The method utilised wras that adapted from a documented 

procedure (11).

NBD-Chloride (2.0 mg; 10 jumol) was dissolved in 

Tris-HCl/KCl buffer (0.20 M, 5.0 ml, pH 7.4), containing 

ethanol (l$ v/v).

The above solution was divided into three equal portions. 

To one portion was added Tris-HCl/KCl buffer (l.O ml). To 

a second portion was added buffered (Tris-HCl/KCl) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 15-50 mg/ml) was dissolved 

in Tris-HCl/KCl (0.20 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively
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dialysed (3 days), against Tris-HCl/KCl buffer (0,20 M, 

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jam bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl buffer, and was eluted 

with this buffer.

The collected fraction and the control samples were 

diluted to 3 ml with the eluent buffer, and then subjected 

to U.V./visible and fluorescence spectral analysis.

Fig. 3-12. The reaction for the preparation of a 

modified thiol by the use of NBD-Chloride.

3-4-7- Fluorescent Modification of CRP using 

Protoporphyrin IX.

The method utilised was that adapted from a documented 

procedure (12)-

Protoporphyrin IX (8,13-divinyl-3,7,12,17-tetramethyl- 

21H,23H-porphine-2,18-dipropionic acid, 1.0 mg; 1.78 pmol) 

was dissolved in phosphate buffered saline (0.10 M, 2.0 ml, 

pH 7.4, PBS) containing 1,4-dioxane (5$ v/v).

The above solution was divided into two equal portions.
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5.4.8. Fluorescent Modification of CRP using Bilirubin.

The method utilised was that adapted from a documented 

procedure (12).

Bilirubin (l.O mg; 1,70 jumol) was dissolved in 

phosphate buffered saline (0.10 M, 2.0 ml, pH 7.4, PBS), 

containing 1,4-dioxane ( 5/ v/v) .

The above, solution was divided into two equal portions. 

To one portion was added buffered (PBS) cysteine solution 

(l.O ml, 1.0 mg/ml).

Stock GRP solution (0.04 ml, 13.50 mg/ml) was dissolved 

in PBS (0.10 M, 0.96 ml), and this solution was added to 

the remaining portion.

The resulting solutions were ellowed. to stend, overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against PBS (0.10 M, 1000 ml, pH 7.4) 

using cellulose tubing which retains molecular weight species 

in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 pm bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with PBS (0.10 M) and was eluted with the PBS.

The collected fraction and the control sample were 

diluted to 3 ml with PBS, and then subjected to U.V./visible 

and fluorescence spectral analysis.
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CH

II
CH

COOH COOH

Bilirubin

Fig. 5.14. The reaction for the preparation 

of a modified thiol by the use of Bilirubin,

5.4.9.____ Fluorescent Modification of CRP using

N-(l-Pyrene) Maleimide. (C-5).

The method utilised was that as outlined (8). N-(l-Pyrene) 

maleimide (2.0 mg; 6.70 umol), as synthesised, was dissolved
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in HEPES/KCl buffer (0.50 M, 3-0 ml, pH 7-4), containing 

1,4-dioxane (if v/v) .

The above solution was divided into three equal portions. 

To one portion was added HEPES/KC1 buffer (l.O ml). To a 

second portion was added buffered (HEPES/KCl) cysteine 

solution (l.O ml, 1-0 mg/ml).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in HEPES/KCl (0.50 M, 0.96 ml), and this solution was 

added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against the HEPES/KCl buffer (0.50 M,

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jum bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the HEPES/KCl buffer, and was eluted 

with this buffer.

The collected fraction and the control samples were 

diluted to 3 ml with HEPES/KCl, and then subjected to 

U.V./visible and fluorescence spectral analysis.

Ziff-_5-15- The reaction for the preparation of

a modified thiol by the use of M-(l-Pyrene) Maleimide.
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5 - 4 . 10.

The method utilised was that adapted from a documented 

procedure ( 5) •

Lucifer Yellowy VS, (dilithium 4-amino-N-(3-(vinyl- 

sulphonyl) phenyl) naphthaliraide-3, 6-disulphonate, 1.0 mg;

1.80 jumol) was dissolved in phosphate buffered saline (0.10 M, 

2.0 ml, pH 7-4, PBS).

The above solution was divided into two equal portions.

To one portion'was added buffered (PBS) cysteine solution 

(1.0 ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in PBS (0.10 M, 0.96 ml), and this solution was added to 

the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against PBS (0.10 M, 1000 ml, pH 7.4) 

using cellulose tubing which retains molecular weight species 

in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 |um bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with PBS (0.10 M) and was eluted with the PBS.

The collected fraction and the control sample were 

diluted to 3 ml with PBS, and then subjected to U.V./visible 

and fluorescence spectral analysis.

Fluorescent Modification of CRB

using Lucifer Yellow, VS.
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Fig. 5.16, The reaction for the preparation

of a modified thiol by the use of Lucifer Yellow, VS.

3.4.11.____ Fluorescent Modification of CRP using I«-(7-

dimethylamino-4-methylcoumarinyl) Maleimide._( DACM) .

The method utilised was that as outlined (13)- DACM 

(2.0 mg; 6.71 jumol) was dissolved in Tris-HCl/KCl buffer 

(0.2Û M, 3-0 ml, pH 7.4), containing dimethyl sulphoxide 

(17= v/v).

The above solution was divided into three equal portions. 

To one portion was added Tris-HCl/KCl buffer (1.0 ml). To 

a second portion was added buffered (Tris-HCl/KCl) cysteine 

solution (1.0 ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in Tris-HCl/KCl (0.20 K, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively
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dialysed (3 days), against Tris-HCl/KCl buffer (0.20 K, 

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jom bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl buffer, and was eluted 

with this buffer.

The collected fraction and the control samples were 

diluted to 3 ml with the eluent buffer, and then subjected 

to U.V./visible and fluorescence spectral analysis.

HS---R

o7/ s— R

Fig._5-17. The reaction for the- preparation

of a modified thiol by the use of DACM.
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5.4.12.____ Fluorescent Modification of CRP using

Maleimidyl Benzoate Ester of Benz(c,d) 

indol-2(lH)-one. (C-20).

The method utilised was that adapted from a documented 

procedure (14) -

Maleimidyl benzoate ester of benz(c,d)indol-2(1H)-one 

(2.0 mg; 5-00 |umol), as synthesised, was dissolved in 

Iris-HCl/KCl buffer (0.20 M, 3.0 ml, pH 7.4), containing 

ethanol (1% v/v).

The above solution was divided into three equal portions. 

To one portion was added Tris-HCl/KCl buffer (1.0 ml). To 

a second portion was added buffered (Tris-HCl/KCl) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13.50 mg/ml) was dissolved 

in Tris-HCl/KCl (0.20 M, 0.96 ml), and this solution 

was added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against Tris-HCl/KCl buffer (0.20 M,

1000 ml, pH 7-4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20 bead size,

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl buffer, and was eluted 

with this buffer.

The collected fraction and the control samples were 

diluted to 3 ml with the eluent buffer, and then subjected
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3-0 ml, pH 7-4), containing 1,4-dioxane (lfo v/v).

The above solution was divided into three equal portions. 

To one portion was added HEPES/KC1 buffer (l.O ml). To a 

second portion was added buffered (HEPES/KC1) cysteine 

solution (1.0 ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in HEPES/KC1 (0.50 M, 0-96 ml), and this solution was
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added to the remaining portion.

The resulting solutions were allowed to stand overnight 

at 4°C. The protein-containing solution was then extensively 

dialysed (3 days), against the HEPE3/KC1 buffer (0.50 M ,

1000 ml, pH 7.4) using cellulose tubing which retains 

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex C—  25 (20-80 |um bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the HEPES/KC1 buffer, and was eluted 

with this buffer.

The collected fraction and the control samples were 

diluted to 3 ml with HEPES/KC1, and then subjected to 

U.V./visible and fluorescence spectral analysis.

N-(1-anilinonaphthyl-4) 

Maleimide

Fig, 5.19. The reaction for the preparation of a 

modified thiol by the use of N-(1-anilinonaphthyl-4) 

maleimide.
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5.4.14._____fluorescent Modification of CRP using 2-( 4_' -

lodoacetamidoanilino)naphthalene-6-sulphonic 

acid, sodium salt, (IA AN S).

The method utilised was that adapted from a documented 

procedure (16).

IAANS (2.0 mg; 4.15 jumol) was dissolved in Tris-HCl/ 

KC1/EDTA buffer (0.20 M, 5.0 ml, pH 8.0).

The above solution was divided into three equal portions. 

To one portion was added Tris-HCl/KCl/EDTA buffer (l.O ml), 

and the resulting solution was immediately subjected to 

U.Y./visible and fluorescence spectral analysis. To a second 

portion was added buffered (Tris-HCl/KCl/EDTA) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 15.50 mg/ml) was dissolved 

in Tris-HCl/KCl/EDTA (0.20 M, 0.96 ml), and this solution 

was added to the remaining portion.

The two remaining solutions were allowed to stand 

overnight, protected from light, at 4°C. The protein-containing 

solution was then extensively dialysed (5 days), against 

Tris-HCl/KCl/MgClg/dithiothreitol buffer (0.20 M, 1000 ml, 

pH 8.0) using cellulose tubing which retains molecular 

weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20 bead size,

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl/EDTA buffer, and was eluted 

with this buffer.

The collected fraction and the cysteine-containing 

sample were diluted to 5 ml with the eluent buffer, and then 

subjected to U.V./visible and fluorescence spectral analysis.
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HS---R

Fig. 5.20. The reaction for the preparation of a modified 

thiol by the use of 2-(4 1-iodoacetamidoanilino)naphthalene- 

6-sulphonic acid, sodium salt. (IAAHS).

5.4.15.____Fluorescent Modification of CRP using

N-(Iodoacetylaminoethyl)-1-naphthylamine-

8-sulphonic acid. (l,8-IAEDANS). (C-10) (17).

The method utilised was that as outlined (18).

1,8-IAEDANS (2.0 mg; 4.60 jumol) , as synthesised, was dissolved 

in Tris-HCl/KCl/EDTA buffer (0.20 M, 3-0 ml, pH 8.0).

The above solution was divided into three equal portions. 

To one portion was added Tris-HCl/KCl/EDTA buffer (l.O ml), 

and the resulting solution was immediately subjected to 

U.V./visible and fluorescence spectral analysis. To a second 

portion was added buffered (Tris-HCl/KCl/EDTA) cysteine 

solution (l.O ml, 1.0 mg/ml).

Stock CRP solution (0.04 ml, 13-50 mg/ml) was dissolved
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in Tris-HCl/KCl/EDTA (0.20 M, 0.96 ml), and this solution 

was added to the remaining portion.

The two remaining solutions were allowed to stand 

overnight, protected from light, at 4°C. The protein-containing 

solution was then extensively dialysed (3 days), against 

Tris-HCl/KCl/MgCl^/dithiothreitol buffer (0.20 M, 1000 ml, 

pH 8.0) using cellulose tubing which retains molecular 

weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion 

chromatography using Sephadex G-25 (20-80 jam bead size, 

bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl/EDTA buffer, and was eluted 

with this buffer.

The collected fraction and the cysteine-containing 

sample were diluted to 3 ml with the eluent buffer, and then 

subjected to U.V./visible and fluorescence spectral analysis.

Fig. 5.21. The reaction for the preparation of a 

modified thiol by the use of 2-(41-iodoacetamido- 

anilino)naohthalene-6-sulphonic acid, (l,8-IAEDANS).

3.4.16.___Fluorescent Modification of CRP using 6-Acryloyl-

2-Dimethylaminonanhthalene,_(Acrylodan),

The method utilised was that adapted from a documented 

procedure (19)-
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Acrylodan (1.0 mg; 4-44 umol) was dissolved in 

HEPES/KC1 buffer (0-50 H, 2.0 ml, pH 7.4), containing 

acetonitrile (1$ v/v).

The above solution was divided into two equal portions.

To one portion was added buffered (HEPES/KC1) cysteine 

solution (l.O ml, 1-0 mg/ml).

Stock GRP solution (0.04 ml, 13-50 mg/ml) was dissolved 

in HEPES/KC1 (0.50 M, 0-96 ml), and this solution was added 

to the remaining portion.

The resulting solutions were allowed to stand overnight

at 4°C. The protein-containing solution was then extensively

dialysed (3 days), against the HEPES/KC1 buffer (0.50 M,

1000 ml, pH 7.4) using cellulose tubing which retains

molecular weight species in excess of 12000 daltons.

The dialysand was then subjected to gel exclusion

chromatography using Sephadex G-25 (20-80 |um bead size,
!

bed volume: approximately 10 ml), which had previously 

equilibrated with the HEPES/KC1 buffer, and was eluted 

with this buffer.

The collected fraction and the control sample were 

diluted to 3 ml with HEPES/KC1, and then subjected to 

U.V./visible and fluorescence spectral analysis.

0 
II
c-c h2c h2-s

Fig. 5-22. The reaction for the preparation of a

modified thiol by the use of 6-acryloyl-2-dimethyl-

aminonaphthalene. (Acrylodan).
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6 . 1 . INVESTIGATION OF THE INTERACTION OF cAMP WITH THE

UNLABELLED & LABELLED cAMP RECEPTOR PROTEIN. (CRP).

Since we are investigating the increase in fluorescence 

intensity and possible shifts in emission maxima, as 

reported by a fluorophore, in response to a conformational 

change induced in the protein by the binding of cAMP, it 

is imperative that the modification, caused by introducing 

a fluorescent probe, does not s-eriously impede cAMP binding 

to the protein.

6.1.1. ___ CRP Assay.

6.1.1.1. Experimental Procedure.

An aqueous buffered solution of CRP was supplied by 

SmithKline Beecham Pharmaceuticals. It was necessary to deduce 

the protein concentration of the solution provided, and this 

was achieved by the utilisation of a protein assay procedure 

derived from the Lowry method (l), and its improved 

modifications (2,5)*

Preparation of Protein Standards.

Bovine Serum Albumin (BSA) standard solution (400 jug/ml) 

was prepared by adding distilled water (5 ml) to BSA (2 mg), 

in a glass vial. The contents were swirled gently, until 

complete dissolution occurred.
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Five tubes were set up, in duplicate,_as follows:

Tube Nos. Standard Protein Distilled -Final Protein

Solution (ml) Water (ml) Cone, (jag/ml)

1 0.125 0.875 50

2 0.250 0.750 100

3 0.500 0.500 200

4 0.750 0.250 300

5 1.000 0.000 400

Table 6.1. The contents of each of 

the standard protein sample_tubes.

A ’blank' tube was set up containing distilled water (l ml).

CRP solution (10 jrl) was introduced into each of two 

tubes, and these solutions were diluted to 1 ml with 

distilled water producing a final dilution of 1:100.

Lowry Reagent Solution (sodium carbonate (10$ w/v) , 

copper sulphate-tartrate (0.1$ w/v CuSO^), potassium 

tartrate (0.2$ w/v), 1 ml) was added to each tube, and the 

contents were thoroughly mixed.

All solutions were allowed to stand at room temperature 

for 20 minutes.

With rapid and immediate mixing, Folin & Ciocalteu's 

Phenol Reagent Working Solution (0.5 ml, 2 M) was added to 

each tube. Colour was allowed to develop for 30 minutes.

Solutions were transferred to cuvettes and the absorbance 

of the standards and samples, versus the blank, was 

determined at 595 nm. Readings were completed within 30 

minutes.
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6.1.1.2- Results.

Tube Nos. Protein cone. Absorbance . Mean

(ug/ml) at 595 nm Absorbance
n

Blank 0.00 0.050 0.050

1
50.00 0.296

50.00 o * o -P* 0.300

2
100.00 0.558

100.00 0.542 0.550

3
200.00 • 0.970

200.00 0.983 0.976

4
300.00 1.346

300.00 1.334 h-
1 

» O

i

5
400.00 1.783

400.00 1.787 1.785

CRP soin. 0.590

0.592 0.591

Table 6,2, Absorbance readings, at 595 nm, for 

varying concentrations of BSA and CRP as detected 

by Lowry Reagent.

Using the data obtained, a calibration curve was constructed.

Fig. 6.1. Calibration 

Curve using standard 

protein solution for 

the assay of CRP.
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From the calibration curve, it may be deduced that 

the concentration of the diluted CRP solution is 125 pg/ral 

at a dilution of 1:100. Therefore, the stock CRP concentration 

is 12.50 mg/ml.

6.1.2.____ cAMP Binding Assay of Unlabelled CRP.

It is fundamentally important for the protein to bind 

cAMP so that the former may report its conformational 

change, via changes in the fluorescence characteristics 

of the attendant fluorophore. Since organic solvents are 

usually necessary to effect dissolution of the fluorophores 

in the fluorescent modification process, it is important 

that the presence of organic solvent does not adversely 

affect the cAMP binding properties of the protein.

A cAMP binding assay of the unlabelled protein was 

followed, as derived from documented procedures (4,5), in 

order to investigate these effects.

6.1.2.1, Experimental Procedure.

Five tubes were set up in duplicate. To each tube was 

added:

i) 5'AMP solution (10 pi, 20 mM),

ii) 'Cold' + tritiated (^H) cAMP solution (10 |ul);

produced by adding %-cAMP (5 jul) to 'cold' cAMP (220 |ul,

2 pM) , producing a final ^H-cAMP concentration of 0.08 pM.
iii) Distilled water (20 |ul)

To one set of five tubes was added aqueous acetonitrile 

(5% v/v, 10 pi), and these were designated tubes 1A to 5A.

To the other set of five tubes was added distilled water (10 |ul),
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and these were designated tubes IB to 5B.

This experimental protocol was employed in order to 

ascertain the effect of organic solvent, on the ability 

of the protein to bind cAMP.

Each tube was then treated to varying concentrations 

of stock CRP solution (12.50 mg/ml) to a volume of 50 ul.

Tube Nos. 1A/1B 2A/2B 3A/3B 4A/4B 5A/5B

CRP soln. 1:10 1:20 1:40 1:80 1:160

Table 6.5._The contents of each of the sample

tubes with respect to CRP concentration.

A control tube was set up containing:

i) 51 AMP solution (10 jul, 20 mM)

ii) 'Cold' + tritiated (^H) cAMP solution (10 ul);
rz

produced by adding "n-cAMP (5 j a l )  to 'cold' cAMP (220 jal
rz

20 mM) , producing a final ^H-cAMP concentration of 0.08 jaM.

iii) Distilled water (30 pi)

iv) BSA solution (50 jiul, 1.25 mg/ml)

The tubes were then incubated on ice for 10 minutes. Saturated 

ammonium sulphate solution (l ml) was added to each tube, 

and the latter were allowed to stand for a further 10 minutes.

The function of the control tube was to ascertain the 

radioactivity trapped non-specifically within the precipitated 

pro tein.

The contents of each tube was then subjected to millipore 

filtration (0.45 pm pore size), and the residue on the filter 

paper was washed with saturated ammonium sulphate solution 

( 2 x 3  ml). Each millipore filter paper was then introduced
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into separate vials, Pico-Fluor Liquid Scintillation Fluid 

(10 ml) was added, and each vial was then subjected to 

radio-counting using a Liquid Scintillation Counter.

A total-count tube was set up by taking an aliquot (10 pi) 

of a 'cold' + tritiated ("n) cAMP solution; produced by 

adding ^H-cAMP (5 pi) to 'cold' cAMP solution (220 pi, 20 mM),

3
producing a final H-cAMP concentration of 0.08 pM. This 

aliquot was then added to distilled water (90 pi).

Pico-Fluor Liquid Scintillation Fluid (10 ml) was added 

to the final solution, and the vial was then directly 

subjected to radio-counting using a Liquid Scintillation 

Counter.

6.1,2.2. Results.

Total Count =  134523 disintegrations per minute (d.p.m.) 

Control Count =  4014 disintegrations per minute (d.p.m.)

cAMP Binding Assay of Acetonitrile Treated Unlabelled CRP.

Tube No. CRP d.D.m. Corrected Binding

Dilution

1A 1:10 93532 89518 67

2 A 1:20 84728 80714 60

3A 1:40 66971 62957 47

4A 1:80 42918 38904 29

5A 1:160 12085 8071 6

Table 6.4. Results of the % binding of 

acetonitrile treated unlabelled CRP.
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cAMP Binding Assay of Untreated, Unlabelled CRP.

Tube No. CRP

Dilution

d.p.m. Co rrec ted 

d.p.m.

% Binding

IB 1:10 92514 88500 66

2B 1:20 87418 83404 62

3B 1:40 66325 62311 46

4B 1:80 44183 40169 30

5B 1:160 10740 • 6726 5

Table 6,5- Results of the $ binding 

of untreated, unlabelled CRP.

Thus, it may be seen that cAMP Receptor Protein efficiently 

binds cAMP, and that the presence of organic solvent 

(acetonitrile) has no effect on the capacity of the protein 

to bind cAMP.

6.1.3- ___ cAMP Binding Assay of 6-Acryloyl-2-Dimethyl-

aminonaphthalene (Acrylodan) Labelled CRP.

Since we are labelling CRP via cysteine residues, it 

is a requirement that fluorescent modification utilising 

thiol reagents, does not radically interfere with the 

binding of cAMP to the protein.

The modification procedure utilised was that adapted 

from a documented procedure (6), and the modified protein 

was subjected to the cAMP binding assay.

6.1.3- 1. Experimental Procedure.

Acrylodan (l.O mg; 4.44 umol) was dissolved in HEPES/KC1
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buffer (0.50 M, 2.0 ml, pH 7.4), containing acetonitrile 

(1$ v/v). Aliquots (30 pi) of this solution were added 

to each of five tubes, in duplicate. Each tube contained 

varying concentrations of stock GRP solution (12.50 mg/ml), 

to a volume of 50 ul.

Tube Nos. 1 2 5 4 5

CRP soln. 1:10 1:20 1:40 1:80 1:160

Table 6.6, The contents of each of the sample 

tubes with respect to CRP concentration.

The contents of each tube were thoroughly mixed, and the 

latter were allowed to stand overnight at 4°C. The following 

were then added to each tube;

i) 5 'AMP solution (10 pi, 20 mM), 

ii) 'Cold' + tritiated (^K) cAMP solution (10 pi);

produced by adding ^H-cAMP (5 pi) to 'cold' cAKP (220 pi 

20 mM), producing a final ^H-cAMP concentration of 0.08 pM. 

The tubes were then incubated in ice for 10 minutes. Saturated 

ammonium sulphate solution (l ml) was added to each tube, 

and the the latter were allowed to stand at 0°C for a 

further 10 minutes.

The contents of each tube was then subjected to 

millipore filtration (0.45 pm pore size), and the residue on 

the filter paper was washed with saturated ammonium sulphate 

solution ( 2 x 5  ml).

Each millipore filter paper was then introduced into 

a vial and Pico-Fluor Liquid Scintillation Fluid (10 ml) was 

added, and each vial was then subjected to radio-counting
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using a Liquid Scintillation Counter.

6.1,3-2.__Results.

Total Count —  134523 disintegrations per minute (d.p.m.) 

Control Count =  4014 disintegrations per minute (d.p.m.)

cAMP Binding Assay of Acrylodan Labeiled CRP.

Tube CRP d.p.m. Corrected Mean fc cAMP

Nos. Dilution d.p.m. d.D.m. Binding

1:10 57823 53809
1

1:10 60513 56499 55154 41

1:20 51904 47890
2 1:20 49025 45011 46451 34

3
1:40 43080 39066

1:40 40839 36825 37946 28

4
1:80 29107 25093

1:80 27710 23696 24395 18

1:160 7771 3757
5 1:160 8479 4465 4111 3

Table 6.7. Results of the % cAMP binding 

of acrylodan labelled CRP.

6.1.4.____ cAMP Binding Assay of Bis (l,10-phenanthroline)

(Bathophenanthroline disulphonyl chloride) 

ruthenium (II)_hexafluorophosphate. (Ru Complex I).

Since we are also labelling CRP via lysine residues, 

it is necessary to ascertain whether fluorescent modification 

utilising amine reactive reagents, interferes with the binding 

of cAMP to the protein.

The modification procedure was that adapted from a
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documented procedure (7), and the modified protein was 

subjected to the cAMP binding assay.

6.1,4.1. Experimental Procedure.

Ru Complex I (l.O mg; 1.0 pmol) was dissolved in 

carbonate buffer (0.05 M, 2.0 ml, pH 9.7), containing 

acetonitrile (lfo v/v). Aliquots (30 pi) of this solution 

were added to each of five tubes, in duplicate. Each tube 

contained varying concentrations of stock GRP solution 

(12-50 mg/ml), to a volume of 50 ul.
r

Tube Nos. 1 2 3 4 5

CRP soln. 1:10 1:20 1:40 1:80 1:160

Table 6.8. The contents of each of the sample 

tubes with respect to CRP concentration.

The contents of each tube were thoroughly mixed, and the 

latter were allowed to stand overnight at 4°C. The following 

were then added to each tube:

i) 5'AMP solution (10 p i,  20 mM)

ii) 'Cold' 4- tritiated (%) cAMP solution (10 p i);

produced by adding ^H-cAMP (5 p i)  to 'cold' cAMP (220 p i 

20 mM), producing a final ^H-cAMP concentration of 0.08 pM. 

The tubes were then incubated in ice for 10 minutes. Saturated 

ammonium sulphate solution (l ml) was added to each tube, 

and the latter were allowed to stand at 0°C for a 

further 10 minutes.

The contents of each tube was then subjected to 

millipore filtration (0.45 pm pore size), and the residue on
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the filter paper was washed with saturated ammonium sulphate 

solution ( 2 x 3  ml).

Each millipore filter paper was then introduced into 

a vial and Pico-Fluor Liquid Scintillation Fluid (10 ml) was 

added, and each vial was then subjected to radio-counting 

using a Liquid Scintillation Counter.

6,1,4.2. Results.

Total Count =  134523 disintegrations per minute (d.p.m.) 

Control Count =  4014 disintegrations per minute (d.p.m.)

cAMP Binding Assay of Ru Complex I Labelled CRP.

1
Tube CRP i ,d.p.m. Corrected Mean £ cAMP

Nos. Dilution d.p.m. d.p.m. Binding

1:10 91608 87594
1 1:10 90500 86486 87040 65

1:20 83291 79277
2 1:20 83985 79971 79624 59

1:40 71267 67253
3 1:40 67693 63679 654 66 49

4
1:80 48109 44095

1:80 43323 39309 41702 31

5
1:160 12323 8309

1:160 12304 8290 8300 6
.J

Table 6.9. Results of the % cAMP binding 

of Ru Complex I labelled CRP.
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6.1.4.5» Conclusion,

It may be seen from the graph that the ruthenium 

complex I labelled CRP, (that is, labelled via £ -amino 

groups of lysine residues present in CRP) when present at 

a CRP concentration of 1:10, produces a minimal decrease 

(6%), in the efficacy of cAMP binding by the protein.

Acrylodan labelled CRP, (that is, labelled via thiol 

groups of cysteine residues present in CRP) produces a 

larger decrease (26%) in the efficiency of cAMP binding 

exhibited by CRP, when present at a concentration of 1:10.

Thus, fluorescent modification of CRP via both thiol 

and £ -amino groups, does not seriously impede the capacity 

of cAMP to bind to the protein.
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6.1.5. cAMP Binding Assay of Unlabelled CRP usin^ the

Aspirator Separation Method.

6.1.5.1. Experimental Procedure.

This method was used so. as to validate the millipore 

filtration method.

Five tubes were set up in duplicate. To each tube was 

added:

i) 5'AMP solution (10 pi, 20 mM) ,

ii) 'Cold' + tritiated (^H) cAMP solution (10 pi);

produced by adding ^H-cAMP (5 pi) to 'cold' cAMP (220 pi,
' Z

2 pM), producing a final ^H-cAMP concentration of 0.08 pM, 

iii) Distilled water (30 pi).
Each tube was then treated to varying concentrations 

of stock CRP solution (12.50 mg/ml) to a volume of 50 pi.

Tube Kos. 1 2 3 4 5

CRP soln. 1:10 1: 20 1:40 1:80 1:160

Table 6.10. The contents of each of the sample 

tubes with respect to CRP concentration.

A control tube was set up containing:

i) 5'AMP solution (10 pi, 20 mM)

ii) 'Cold' + tritiated (^H) cAMP solution (10 pi);

produced by adding -'H-cAMP (5 pi) to 'cold1 cAMP (220 pi,

20 mM), producing a final ^H-cAMP concentration of 0.08 pM.
iii) Distilled water (30 pi)
iv) BSA solution (50 pi, 1.25 mg/ml).

The tubes were then incubated on ice for 10 minutes. Saturated
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ammonium sulphate solution (1 ml) was added to each tube, 

and the latter were allowed to stand for a further 10 minutes.

The function of the control tube was to ascertain the 

level of radioactivity trapped non-specifically within the 

pellet.

The tubes were then centrifuged at 10000 g for 10 minutes, 

and the supernatant was removed by aspiration. The pellets 

•were each resuspended in water (0.2 ml), and the suspensions 

were introduced into separate vials. Pico-Fluor Liquid 

Scintillation Fluid (10 ml) was added to each vial, and the 

latter were then subjected to radio-counting using a Liquid 

Scintillation Counter.

A total-count tube was set up by taking an aliquot (10 jul) 

of a 'cold' + tritiated ("n) cAMP solution; produced by 

adding ^H-cAMP (5 pi) to 'cold' cAMP solution (220 jul, 20 mM), 

producing a final H-cAMP concentration of 0.08 juM. This 

aliquot was then added to distilled water (90 j j I ) .

Pico-Fluor Liquid Scintillation Fluid (10 ml) was added 

to the final solution, and the vial was then directly 

subjected to radio-counting using a Liquid Scintillation 

Counter.

6.1.9.2. Results.

Total Count =  129872 disintegrations per minute (d.p.m.)

Control Count = 3878 disintegrations per minute (d.p.m.)
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cAMP Binding Assay of Unlabelied CRP using the Aspirator 

Separation Method.

Tube

Nos.

CRP

Dilution

d.p.m. Correc ted 

d.p.m.

Mean

d.p.m.

# cAMP 

Binding

1
1:10

1:10

93672

94191

89794

90313 90053 69

2
1:20

1:20

88970

90659

85092

86781 85936 66

3
1:40

1:40

81317

80650

. 77439 

76772 77105 59

4
1:80

1:80

61178

61957

57300

58079 57689 44

5
1:160

1:160

30632

31800

26754

27922 27338 21

Table 6.11. Results of the jc cAMP binding 

of unlabelled CR? as isolated via aspiration.

75'

60

°/c binding 

o f cAMP 

to CRP

45

30

Pig. 6.5. Plot of cfo Binding 

of cAMP to CRP against 

Dilution of CRP, using the 

Aspirator Separation Method.

15-

1:160 1:80 1:40 1:20 1:10 

Dilution of CRP
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6 -1.5.3- Conclusion.

It may be seen from the similarity of the shape of the 

two graphs, that the millipore filtration method is a valid 

means of isolating the cAMP-CRP complex, although the 

aspirator separation method is the more usual route taken.

6.2._______INVESTIGATION OF THE CONFORMATIONAL CHANGE INDUCED

IN CRP, BY cAMP BINDING, AS REPORTED BY A RANGE 

OP FLUOROPHORES.

Having established that neither the presence of 

organic solvent, nor the labelling of the CRP via thiol or 

£ -amino groups, seriously impedes cAMP binding; we may 

examine the conformational change induced in CRP by the 

binding of cAMP, as reported by the fluorophore.

6.2.1. ___ Fluorescence Data Derived from CRP Labelled via

£ -amino Groups.

6.2.1.1. Bis (1,10-phenanthroline) (Bathophenanthroline 

disulphonyl chloride) ruthenium (II) hexafluoro- 

phosphate, (Ru Complex I), Labelled CRP and 

Derivatised n-butylamine.

The U.V./visible spectrum exhibits a peak absorbance 

of both the protein-label conjugate, and the n-butylamine- 

modified label, at 433 nm. The concentration of the samples 

was adjusted to give a peak absorbance of 0.10, and were 

illuminated, at this wavelength.

The fluorescence spectrum of both samples shows a peak 

emission at 600 nm, thereby exhibiting a Stokes Shift of 

167 nm and a relative fluorescence intensity of 220.
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cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and both samples were then found to have 

a relative fluorescence intensity of 189, with no shift 

in the wavelength of peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range 

Sample Sensitivity 

Excitation \ 

Peak Emission X 

Stokes Shift

450-740 nm.

30

433 nm.

600 nm.

167 nm.

(a) Relative Fluorescence Intensity

of n-butylamine-bound probe = 220

(b) Relative Fluorescence Intensity

of (a) after cAMP addition = 189

Fluorescence Change = -14£>

(c) Relative Fluorescence Intensity

of protein-probe conjugate = 220

(d) Relative Fluorescence Intensity

of (c) after cAMP addition - 189

Fluorescence Change = -14%

6.2.1.2.__Succinimidyl Trans- Pannarate (TPAj Labelled

CRP and Derivatised n-butylamine.

The U.V./visible spectrum shows a peak absorbance of 

both the protein-label conjugate, and the n-butylamine- 

modified label, at 330 nm. The concentration of the samples 

was adjusted to give a peak absorbance of 0.10, and were
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irradiated, at this wavelength.

The fluorescence spectrum of both samples exhibits 

three emission maxima at 360 nm, 400 nm and 460 nm, 

giving Stokes Shifts of 30 nm, 70 nm and 130 nm respectively, 

with a relative fluorescence intensity of 715.

cAMP solution (sodium salt, 200 pi, 1.5 1214) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and both samples were then found to have 

a relative fluorescence intensity of 624, with no shift 

in emission maxima.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 

Sample Sensitivity = 

Excitation X = 
Peak Emission X = 

Stokes Shift =

340--540 nm.

10

330 nm.

360 nm, 400 nm, 460

30 nm, 70 nm, 130

(a) Relative Fluorescence Intensity

of n-butylamine-bound probe = 715

(b) Relative Fluorescence Intensity

of (a) after cAMP addition = 624

Fluorescence Change = -1 3$

(c) Relative Fluorescence Intensity

of protein-label conjugate = 715

(d) Relative Fluorescence Intensity

of (c) after cAMP addition = 624

Fluorescence Change = -13$
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6.2.1.3»__ Sulphorhodamine Acid Chloride (Texas Red)

Labelled CRP and berivatised n-butylamine.

The U.V./visible spectrum exhibits a peak absorbance 

of both the protein-label conjugate, and the n-butylamine- 

modified label at 587 nm. The concentration of the samples 

was adjusted to give a peak absorbance of 0.10, and were 

illuminated, at this wavelength.

The fluorescence spectrum of both samples shows a 

peak emission at 605 nm, thereby exhibiting a Stokes Shift 

of 18 nm and a relative fluorescence intensity of 121.

cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 uM. The samples were allowed to incubate 

for 10 minutes, and both samples were then found to have 

a relative fluorescence intensity of 104, with no shift 

in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range 

Sample Sensitivity 

Excitation X 

Peak Emission X 

Stokes Shift

590-650 nm.

0.5

587 nm,

605 nm 

18 nm.

(a) Relative Fluorescence Intensity

of n-butylamine-bound probe = 121

(b) Relative Fluorescence Intensity

of (a) after cAMP addition = 104

Fluorescence Change = -14^
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(c) Relative Fluorescence Intensity

of protein-label conjugate = 121

(d) Relative Fluorescence Intensity

of (c) after cAMP addition = 104

Fluorescence Change = -14%

6.2.1»4.__Succinimidyl 7-amino-4-methylcoumarin-3-Acetate

(AMCA) Labelled CRP and Derivatised n-butylamine.

The U.V./visible spectrum shows a peak absorbance of 

both the protein-label conjugate, and the n-butylamine- 

modified probe, at 335 nm. The concentration of the samples 

was adjusted to give a peak absorbance of 0.10, and were 

irradiated, at this wavelength.

The fluorescence spectrum of both samples exhibits 

a peak emission at 452 nm, thereby exhibiting a Stokes Shift 

of 117 nm, and a relative fluorescence intensity of 490.

cAMP solution (sodium salt, 200 ul, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and both samples were then found to have 

a relative fluorescence intensity of 432, with no shift 

in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range 

Sample Sensitivity 

Excitation X 
Peak Emission X 

Stokes Shift

340-580 nm. 

1

335 nm.

452 nm.

117 nm.
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(a) Relative Fluorescence Intensity

of n-butylamine-bound probe = 490

(b) Relative Fluorescence Intensity

of (a) after cAMP addition = 432

Fluorescence Change = -12%

(c) Relative Fluorescence Intensity

of protein-label conjugate = 490

(d) Relative Fluorescence Intensity

of (c) after cAMP addition = 432

Fluorescence Change = -12%

6.2.1. 5. 5-dimethylaminonaphthaIene-l-sul-phonyl chloride 

(1Dansyl' Chloride) Labelled CRP and Derivatised 

n-butylamine.

The U.V./visible spectrum exhibits a maximal absorbance 

of both the protein-label conjugate, and the n-butylamine- 

modified label, at 340 nm. The concentration of the samples 

was adjusted to give a peak absorbance of 0.10, and were 

irradiated, at this wavelength.

The fluorescence spectrum of both samples exhibits a 

maximal emission at 530 nm, thereby giving a Stokes Shift 

of 190 nm and a relative fluorescence intensity of 243.

cAMP solution (sodium salt, 200 jrl, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 juM. The samples were allowed to incubate 

for 10 minutes, and both samples were then found to have 

a relative fluorescence intensity of 222, with no shift 

in peak emission.
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The fluorescence spectrum was scanned utilising the

following parameters:

Scan Range = 

Sample Sensitivity =

Excitation X = 
Peak Emission A =• 

Stokes Shift =

400-600 nm. 

30

340 nm.

530 nm.

190 nm.

(a) Relative Fluorescence Intensity

of n-butylamine-bound probe = 248

(b) Relative Fluorescence Intensity

of (a) after cAMP addition = 222

Fluorescence Change = -llyé

(c) Relative Fluorescence Intensity

of protein-label conjugate = 248

(d) Relative Fluorescence Intensity

of (c) after cAMP addition = 222

Fluorescence Change — -11%

6.2.2.____ Fluorescence Data Derived from CRP Labelled via

Thiol Groups.

6.2.2.1.__ Bis (2,21-bipyridine) (4-vinyl-41-methyl-2,2*-

bipyridine) ruthenium (II) hexafluoroohosphate,

(Ru Complex II), Labelled CRP and Derivatised Cysteine.

The U.V./visible spectrum shows a maximal absorbance 

of the cysteine-modified label at 455 nm, whilst that of 

the protein-label conjugate occurs at 450 nm. The 

concentration of the samples was adjusted to give a peak 

absorbance of 0.10, and were illuminated, at their respective 

peak absorbances.

The fluorescence spectrum of the cysteine-modified label
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exhibits a maximal emission at 620 nm, thereby giving a 

Stokes Shift of 165 nm and with a relative fluorescence 

intensity of 210. The fluorescence spectrum of the protein- 

label conjugate shows a peak emission at 605 nm, thereby 

exhibiting a Stokes Shift of 150 nm and a relative 

fluorescence intensity of 267.

cAMP solution (sodium salt, 200 |ul, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 juM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified probe was found to 

have a relative fluorescence intensity of 192, whilst that 

of the protein-probe conjugate was shown to be 336, with no 

further shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range =  465-650 nm.

Sample Sensitivity = 30

For cysteine-modified probe: For protein-probe conjugat

Excitation X =  455 nm. Excitation X = 450 nm

Peak Emission X = 620 nm. Peak Emission X =■ 60 5 nm

Stokes Shift - 165 nm. Stokes Shift - 155 nm

(a) Relative Fluorescence Intensity

of cysteine-modified probe rr 210

(b) Relative Fluorescence Intensity

of protein-probe conjugate = 267

Fluorescence Change — + 27% 

and a hypsochromic (blue) shift of = 15 nm.

(c) Relative Fluorescence Intensity

of (a) after cAMP addition — 192

Fluorescence Change — -8% 

and no further shift
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(d) Relative Fluorescence Intensity

of (b) after cAMP addition = 336

Fluorescence Change = + 26% 

and no further shift

6.2.2.2.__9-bromomethylacridine (9-BrMeAc)_Labelled CRP,

Derivatised Cysteine and_the Free Probe.

The U.Y./visible spectrum exhibits a peak absorbance of 

the free probe, as well as the cysteine-modified probe and 

the protein-probe conjugate, at 380 nm. The concentration of 

the samples was adjusted to give a peak absorbance of 0.10, 

and were irradiated, at this wavelength.

The fluorescence spectrum of the free-probe shows no 

emission, whilst that of the remaining samples exhibits a peak 

emission at 475 nm, thereby showing a Stokes Shift of 95 nm. 

The cysteine-modified probe shows a relative fluorescence 

intensity of 666, whilst that of the protein-probe conjugate 

is 672.

cAMP solution (sodium salt, 200 ul, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 uM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified sample was found 

to have a relative fluorescence intensity of 604, whilst that 

of the protein-probe conjugate was shown to be 610, with no 

shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 400-600 nm.

Sample Sensitivity =■ 3

Excitation X = 380 nm.

Peak Emission X = 475 nm.
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Stokes Shift 95 nm.

(a) Relative Fluorescence Intensity *

of free probe - NIL

(b) Relative Fluorescence Intensity

of cysteine-modified probe 666

(c) Relative Fluorescence Intensity

of (b) after cAMP addition = 604

Fluorescence Change = -9°/

(d) Relative Fluorescence Intensity

of ;protein-probe conjugate = 672

(e) Relative Fluorescence Intensity

of 1(d) after cAMP addition - 610

Fluorescence Change II 11 1 O
"*.

6.2.2.5. N-(9-acridinyl) Maleimide (N9AM) Labelled CRP,

Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum shows a maximal absorbance 

of the free probe, as well as the cysteine-modified label 

and the protein-probe conjugate, at 360 nm. The concentration 

of the samples was adjusted to give a peak absorbance of 

0.10, and were irradiated, at this wavelength.

The fluorescence spectrum of the free probe shows no 

emission, whilst that of the remaining samples exhibits a 

peak emission at 400 nm, thereby showing a Stokes Shift of 

40 nm, and with a relative fluorescence intensity of 580.

cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and both samples were found to have a
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relative fluorescence intensity of 510, with no shift in 

peak emission.

The fluorescence spectrum was scanned utilising the

following parameters:

Scan Range = 

Sample Sensitivity = 

Excitation X = 
Peak Emission X = 

Stokes Shift =

560-580 nm.

30

360 nm.

400 nm.

40 nm.

(a) Relative fluorescence Intensity

of free probe = Nil

(b) Relative Fluorescence Intensity

of cysteine-modified probe — 580

(c) Relative Fluorescence Intensity

of (b) after cAMP addition = 510

Fluorescence Change = -12^

(a) Relative Fluorescence Intensity

of protein-probe conjugate = 580

(e) Relative Fluorescence Intensity

of (d) after cAMP addition = 510

Fluorescence Change = -12/

6.2.2.4._Tetramethylrhodamine-5 (and 6) Iodoacetamide (5-IATR)

Labelled CRP, Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum exhibits a maximal absorbance 

of the free probe, as well as the cysteine-modified label and 

the protein-probe conjugate, at 550 nm. The concentration of 

the samples was adjusted to give a peak absorbance of 0.10, 

and were irradiated, at this wavelength.

The fluorescence spectrum of the free probe, the cysteine-
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modified label and the protein-probe conjugate, all exhibit 

a peak emission at 585 run, thereby showing a Stokes Shift 

of 35 nm, and with relative fluorescence intensities of 

130, 150 and 150 respectively.

cAMP solution (sodium salt, 200 jul, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 jiM. The samples were allowed to incubate 

for 10 minutes, and both samples were found to have a 

relative fluorescence intensity of 1 3 5 , with no shift in 

peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 

Sample Sensitivity — 

Excitation -X = 

Peak Emission A  — 

Stokes Shift =

560-630 nm. 

0.1

550 nm.

585 nm.

3 5  r i m .

(a) Relative Fluorescence Intensity

of free probe = 130

(b) Relative Fluorescence Intensity

of cysteine-modified probe — 150 

Fluorescence Change = +15%

(c) Relative Fluorescence Intensity

of (b) after cAMP addition =■ 135

Fluorescence Change = -11%

(d) Relative Fluorescence Intensity

of protein-probe conjugate — 150

(e) Relative Fluorescence Intensity

of (d) after cAMP addition = 135

Fluorescence Change = -1 1%
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6.2.2.5-__5-iodoacetamidofluorescein_(5-IAF) Labelled CRP,

Derivatisea Cysteine and the Free Probe.

The U.V./visible spectrum shows maximal absorbance of 

the free probe, as well as the cysteine-modified label and 

the protein-probe conjugate, at 480 nm. The concentration 

of the samples was adjusted to give maximal absorbance of 

0.10, and were excited, at this wavelength.

The fluorescence spectrum of the free probe, the 

cysteine-modified label and the. protein-probe conjugate, 

all exhibit a peak emission at 515 nm, thereby showing a 

Stokes Shift of 35 nm, and with relative fluorescence 

intensities of 265, 300 and 300 respectively.

cAMP solution (sodium salt, 200 jil, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 uK. The samples were allowed to incubate 

for 10 minutes, and both samples "were found to have a 

relative fluorescence intensity of 270, with no shift in peak 

emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 480--600

Sample Sensitivity = 0.1

Excitation X - 480 nm.

Peak Emission X = 515 nm.

Stokes Shift = 55 nm.

(a) Relative Fluorescence Intensity

of free probe — 265

(b) Relative Fluorescence Intensity

of cysteine-modified probe = 300

Fluorescence Change
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(c) Relative Fluorescence Intensity

of (b) after cAMP addition = 270

Fluorescence Change = -1

(d) Relative Fluorescence Intensity

of protein-probe conjugate = 300

(e) Relative Fluorescence Intensity

of (d) after cAMP addition = 270

Fluorescence Change = -10%

6.2.2.6. 4-chloro-7-nitrobenz-2-oxa-l,3-diazole (NBD-Cl)

Labelled CRP, Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum exhibits a peak absorbance 

of the free probe, as well as the cysteine-modified label 

and the protein-probe conjugate, at 430 nm. The concentration 

of the samples was adjusted to give a maximal absorbance of 

0.10, and were illuminated, at this wavelength.

The fluorescence spectrum of the free probe shows no 

emission, whilst that of the remaining samples exhibits a 

peak emission at 475 nm, thereby showing a Stokes Shift of 

45 nm, and with a relative fluorescence intensity of 242.

cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and both samples were found to have a 

relative fluorescence intensity of 210, with no shift in 

peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 400-600 nm.

Sample Sensitivity = 10
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nra.Excitation X — 4 30 

Peak Emission X  = 475 nm.

Stokes Shift - 4 5 nm.

(a) Relative Fluorescence Intensity

of free probe - NIL

(b) Relative Fluorescence Intensity 

of cysteine-modified probe = 242

(c) Relative Fluorescence Intensity 

of (b) after cAMP addition - 210

Fluorescence Change = -yft

(d) Relative Fluorescence Intensity 

of protein-probe conjugate = 242

(e) Relative Fluorescence Intensity 

of (d) after cAMP addition = 210

Fluorescence Change = -13%

6.2. 2.7. Protoporphyrin IX Labelled CRP and

Cysteine.

The U.V./visible spectrum shows a peak absorbance of 

both the protein-label conjugate, and the cysteine-modified 

probe, at 400 nm, with minor peaks at 500, 535, 569, 624 

and 663 nm. The concentration of the samples was adjusted to 

give a peak absorbance of 0.10, and were irradiated, at 

this wavelength.

The fluorescence spectrum of both samples, exhibits 

three emission maxima at 625 nm, 663 nm and 690 nm, giving 

Stokes Shifts of 225 nm, 263 nm and 290 nm, respectively.

The cysteine-modified probe exhibited a relative fluorescence 

intensity of 120, whilst that of the probe-protein conjugate 

was found to be 175.
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cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 pH. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified probe was found 

to have a relative fluorescence intensity of 109, whilst 

that of the protein-probe conjugate was found to be 158, 

with no shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range — 410-760 nm.

Sample Sensitivity — 10

Excitation X = 400 nm.

Peak Emission X  - 625 nm, 663 nm, 690 nm.

Stokes Shift — 225 nm, 263 nm, 290 nm.

(a) Relative Fluorescence Intensity

of cysteine-modified probe = 120

(b) Relative Fluorescence Intensity

of protein-probe conjugate — 175

Fluorescence Change — +46%

(c) Relative Fluorescence Intensity

of (a) after cAMP addition

Fluorescence Change =

(d) Relative Fluorescence Intensity

of (b) after cAMP addition =

Fluorescence Change =

109

-3 %

158

- 10%

6.2.2.8. Bilirubin Labelled CRP and Derivatised Cysteine.

The U.V./visible spectrum exhibits a maximal absorbance 

of the cysteine-modified probe, as well as the protein-probe
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conjugate, at 400 no. The concentration of the samples was 

adjusted to give maximal absorbance of 0.10, and were 

excited, at this wavelength.

The fluorescence spectrum of the cysteine-modified 

probe shows no emission, whilst that of the protein-probe 

conjugate exhibits a peak emission at 452 nm, thereby 

showing a Stokes Shift of 52 nm and with a relative 

fluorescence intensity of 785.

cAMP solution (sodium salt, 200 jul, 1.5 mM) was added 

to the protein-probe sample, producing a final cAMP 

concentration of approximately 100 juM. The sample was allowed 

to incubate for 10 minutes, and the sample was found to 

have a relative fluorescence intensity of 695, with no 

shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range 

Sample Sensitivity 

Excitation X 

Peak Emission A 

Stokes Shift

= 590-700 nm. 

= 5

= 400 nm.

= 452 nm.

— 52 nm.

(a) Relative Fluorescence Intensity

of cysteine-modified probe = NIL

(b) Relative Fluorescence Intensity

of protein-probe conjugate = 785

(c) Relative Fluorescence Intensity

of (b) after cAMP addition — 695

Fluorescence Change — -11%
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6.2.2.9»__N-(l-Pyrene) Haleimide (NlfM)_Labelled GRP,

Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum shows a peak absorbance of the 

free probe, as well as the cysteine-modified label and 

the protein-probe conjugate, at 345 nm. The concentration 

of the samples was adjusted to give a maximal absorbance of 

0.10, and were irradiated, at this wavelength.

The fluorescence spectrum of the free probe shows no 

emission, whilst that of the remaining samples exhibits 

absorbance maxima at 368 nm, 386 nm and 409 nm, thereby 

showing Stokes Shifts of 23 nm, 41 nm and 64 nm respectively, 

and with a relative fluorescence intensity of 165.

cAMP solution (sodium salt, 200 jul, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of 100 |iM. The samples were allowed to incubate for 10 

minutes, and the cysteine-modified label was found to have 

a relative fluorescence intensity of 151. The protein-probe 

sample was shown to exhibit a further peak in emission 

at 465 nm, producing a relative fluorescence intensity of 177.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 350-500 nm.

Sample Sensitivity = 10

Excitation = 345 nm.

Peak Emission = 368 nm, 386 nm, 409 nm.

(and for the protein-probe conjugate, 465 nm.)

Stokes Shift = 23 nm, 41 nm, 64 nm.

(and for the protein-probe conjugate, 120 nm.)

(a) Relative Fluorescence Intensity

of free probe = NIL
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(b) Relative Fluorescence Intensity

of cysteine-modified probe - 165

(c) Relative Fluorescence Intensity

of (b) after cAMP addition = 151

Fluorescence Change = -Q°/o

(d) Relative Fluorescence Intensity

of protein-probe conjugate — 165

(e) Relative Fluorescence Intensity

of (d) after cAMP addition = 177

Fluorescence Change = +7%

and an extra peak in emission at 465 nm.

6.2,2,10. Dilithium-4-amino-N-(5-(vinylsulphonyl)phenyl)

naphthalimide-5.6-disulnhonate, (Lucifer Yellow), 

Labelled CRP and Derivatised Cysteine.

The U.V./visible spectrum exhibits a maximal absorbance 

of both the cysteine-modified probe and the protein-probe 

conjugate, at 425 nm. The concentration of the samples was 

adjusted to give a peak absorbance of 0.10, and were 

illuminated, at this wavelength.

The fluorescence spectrum of both samples shows a peak 

emission at 530 nm, thereby exhibiting a Stokes Shift of 105 nm, 

and with a relative fluorescence intensity of 540.

cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to both samples, producing a final cAMP concentration of 

approximately 100 uM. The samples were allowed to incubate 

for 10 minutes, and both samples were then found to have a 

relative fluorescence intensity of 485, with no shift in the 

wavelength of peak emission.

The fluorescence spectrum was scanned utilising the

-223-



following parameters:

Scan Range —  520-720 nm. 

Sample Sensitivity = 30

Excitation X = 425 nm.

Peak Emission X = 530 nm. 

Stokes Shift = 105 nm.

(a) Relative Fluorescence Intensity 

of cysteine-modified probe = 540

(b) Relative Fluorescence Intensity 

of (a) after cAMP addition = 485

Fluorescence Change = -10fo

(c) Relative Fluorescence Intensity 

of protein-probe conjugate = 540

(d) Relative Fluorescence Intensity 

of (b) after cAMP addition = 485

Fluorescence Change -  - 1 0 5 b

6,2.2.11. N-(7-dimethylamino-4-methylcoumarinyl) Maleimide, 

(DACM) , Labelled CRP, Derivatiseli Cysteine and 

the Free Probe.

The U.V./visible spectrum shows a maximal absorbance of 

the free probe, as well as the cysteine-modified label, 

at 400 nm, whilst that of the protein-probe conjugate 

occurs at 385 nm. The concentration of the samples was 

adjusted to give a maximal absorbance of 0.10, and were 

irradiated, at their respective peak absorbances.

The fluorescence spectrum of the free-probe shows no 

emission, whilst that of the remaining samples exhibits a 

peak emission at 475 nm, thereby showing a Stokes Shift of 

75 nm, and with a relative fluorescence intensity of 220.
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cAMP solution (sodium salt, 200 jul, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified sample was found 

to have a relative fluorescence intensity of 197, whilst 

that of the protein-probe conjugate was shown to be 245, 

with no shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 

Sample Sensitivity = 

Excitation X  = 

Peak Emission X = 

Stokes Shift —

420-550 nm. 

0.3

400 nm.

475 nm.

75 nm.

(a) Relative Fluorescence Intensity

of free probe — NIL

(b) Relative Fluorescence Intensity

of cysteine-modified probe — 220

(c) Relative Fluorescence Intensity

of (b) after cAMP addition = 197

Fluorescence Change — -10$

(d) Relative Fluorescence Intensity

of protein-probe conjugate — 220

(e) Relative Fluorescence Intensity

of (d) after cAMP addition — 245

Fluorescence Change — +11$

6.2.2.12. Maleimidyl Benzoate Ester of Benz(c.d)indol-2(1H)-one 

Labelled CRP, Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum exhibits a maximal absorbance

-225-



of the free probe, as well as the cysteine-modified label 

at 370 nm, whilst that of the protein-probe conjugate 

occurs at 362 nm. The concentration of the samples was 

adjusted to give a maximal absorbance of 0.10, and were 

irradiated, at their respective peak absorbances.

The fluorescence spectrum of the free probe and the 

cysteine-modified probe, both show emission maxima at 520 nm, 

thereby exhibiting a Stokes Shift of 150 nm, with relative 

fluorescence intensities of 216' and 220 respectively. The 

fluorescence spectrum of the protein-probe conjugate shows 

a peak emission of 510 nm, thereby exhibiting a Stokes Shift 

of 148 nm, with a relative fluorescence intensity of 313.

cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 uM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified sample was found 

to have a relative fluorescence intensity of 197, whilst 

that of the protein-probe conjugate was shown to be 215, with 

no shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 400-720 nm. 

Sample Sensitivity =: 3

For cysteine-modified probe: 

Excitation X = 370 nm.

For protein-probe conjugat 

Excitation X = 362 nm

Peak Emission X — 520 nm. 

Stokes Shift = 150 nm.

Peak Emission X — 510 nm 

Stokes Shift = 148 nm

(a) Relative Fluorescence Intensity

of free probe = 216
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(b) Relative Fluorescence Intensity

of cysteine-modified probe - 220

Fluorescence Change = + 2%'

(c) Relative Fluorescence Intensity

of free probe - 216

(d) Relative Fluorescence Intensity

of protein-probe conjugate = 313

Fluorescence Change = +45%

(e) Relative Fluorescence Intensity

of (b) after cAMP addition — 197

Fluorescence Change = -9%

(f) Relative Fluorescence Intensity

of (d) after cAMP addition = 215

Fluorescence Change = -2?b

6,2.2,13» N-(l-Anilinonaohthyl-4) Maleimide_(ANM) Labelled

CRP, Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum shows a maximal absorbance of 

the free probe, as well as the cysteine-modified label and 

the protein-probe conjugate, at 351 nm. The concentration of 

the samples was adjusted to give a maximal absorbance of 0.10 

and were irradiated, at this wavelength.

The fluorescence spectrum of the free probe shows no 

emission, whilst that of the cysteine-modified sample 

exhibits a peak emission at 430 nm, thereby showing a Stokes 

Shift of 79 nm, with a relative fluorescence intensity of 390 

The Peak emission of the protein-probe conjugate occurs at 

405 nm, thereby exhibiting a Stokes Shift of 64 nm, with a 

relative fluorescence intensity of 487.
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cAMP solution (sodium salt, 200 jal, 1.5 mM) was added to the 

modified samples, producing a final cAMP concentration of 

approximately 100 jaM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified sample was found 

to have a relative fluorescence intensity of 355, whilst that 

of the protein-probe conjugate fell to 458, with no further 

shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range — 380-550 nm.

Sample Sensitivity = 3

Excitation X — 351 run.

For cysteine-modified probe:

Peak Emission X — 430 nm. 

Stokes Shift = 79 nm.

For protein-probe conjugate

Peak Emission X — 405 nm. 

Stokes Shift — 64 nm.

(a) Relative Fluorescence Intensity

of free probe = NIL

(b) Relative Fluorescence Intensity

of cysteine-modified probe = 390

(c) Relative Fluorescence Intensity

of protein-probe conjugate = 487

Fluorescence Change = +239° 

and a hypsochromic (blue) shift of = 15 nm,

(d) Relative Fluorescence Intensity

of (b) after cAMP addition = 355

Fluorescence Change

(e) Relative Fluorescence Intensity

of (c) after cAMP addition — 458

Fluorescence Change — -6% 

and no further shift
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6.2.2.14. 2-(4'-iodoacetamidoanilino)naphthalene-6-sulphonic

acid,_sodium salt, (IAANS), Labelled CRP,

Derivatised Cysteine and the Free Probe.

The U.Y./visible spectrum exhibits a maximal absorbance 

of the free probe, as well as the cysteine-modified label, 

at 340 nm, whilst that of the protein-probe conjugate occurs 

at 334 nm. The concentration of the samples was adjusted to 

give a maximal absorbance of 0.10, and were irradiated, at 

their respective peak absorbances.

The fluorescence spectrum of the free probe and the 

cysteine-modified probe, both show emission maxima of 455 nm, 

thereby exhibiting a Stokes Shift of 115 nm, with relative 

fluorescence intensities of 102 and 125 respectively.

The fluorescence spectrum of the protein-probe conjugate 

exhibits a peak emission at 400 nm, thereby showing a Stokes 

Shift of 66 nm, with a relative fluorescence intensity of 31 

cAKiP solution (sodium salt, 200 jul, 1.5 mM) was added to 

the modified samples, producing a final cAMP concentration 

of approximately 100 uM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified sample was found 

to have a relative fluorescence intensity of 111, whilst that 

of the protein-probe conjugate was shown to be 327, with no 

further shift in peak emission.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range — 380-550 nm.

Sample Sensitivity = 0.3
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For free probe and cysteine- 

modified probe:

For protein-probe conjugate:

Excitation X  = 340 nm. 

Peak Emission X  = 455 nm. 

Stokes Shift = 115 nm.

Excitation X = 334 

Peak Emission X = 400 

Stokes Shift = 66

(a) Relative Fluorescence Intensity

of free probe

(b) Relative Fluorescence Intensity

of cysteine-modified probe

Fluorescence Change

(c) Relative Fluorescence Intensity

of free probe

(d) Relative Fluorescence Intensity

of protein-probe conjugate

Fluorescence Change 

and a hypsochromic (blue) shift of

(e) Relative Fluorescence Intensity

of (b) after cAMP addition

Fluorescence Change

(f) Relative Fluorescence Intensity

of (d) after cAMP addition

Further Fluorescence Change 

and no further shift

102

125

-t22/e

102

315

+ 208ft 

55 nm.

Ill

-1171

327

+4f

6.2.2.1 5 - M-(Iodoacetylaminoethyl)-l-naphthylamine-8- 

Sulphonic Acid, (1,8-IAEDANS). Labelled CRP, 

Derivatised Cysteine and the Free Probe.

The U.V./visible spectrum shows a maximal absorbance of 

the free probe, as well as the cysteine-modified label, at 

340 nm, whilst that of the protein-probe conjugate occurs 

at 330 nm. The concentration of the samples was adjusted

nm.

nm.

nm.
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to give a maximal absorbance of 0.10, and were irradiated, 

at their respective peak absorbances.

The fluorescence spectrum of the free probe and the 

cysteine-modified probe, both show emission maxima at 515 nm, 

thereby exhibiting a Stokes Shift of 175 nm, with relative 

fluorescence intensities of 103 and 118, respectively. The 

fluorescence spectrum of the protein-probe conjugate exhibits 

a peak emission at 470 nm, thereby showing a Stokes Shift 

of 140 nm, with a relative fluo'rescence intensity of 470.

cAMP solution (sodium salt, 200 pi, 1.5 mM) was added 

to the modified samples, producing a final cAMP concentration 

of approximately 100 pM. The samples were allowed to incubate 

for 10 minutes, and the cysteine-modified sample was found 

to have a relative fluorescence intensity of 109, whilst the 

protein-probe conjugate exhibits a peak emission at 460 nm, 

with a relative fluorescence intensity of 490.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 400-650 nm. 

Sample Sensitivity = 3

For free probe and cysteine- 

modified probe:

For protein-probe conjugat

Excitation X - 340 nm. Excitation X —  330 nm

Peak Emission X - 515 nm. 

Stokes Shift = 175 nm.

Peak Emission X = 470 nm 

Stokes Shift — 140 nm

(a) Relative Fluorescence Intensity

of free probe = 103

(b) Relative Fluorescence Intensity

of cysteine-modified probe — 118

Fluorescence Change - + 1 5?b
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103

(c) Relative Fluorescence Intensity

of free probe =

(d) Relative Fluorescence Intensity

of protein-probe conjugate = 470

Fluorescence Change — +356%

and a hypsochromic (blue) shift of = 45 nm

(e) Relative Fluorescence Intensity

of (b) after cAMP addition - 109

Fluorescence Change = -8%

(f) Relative Fluorescence Intensity 

of (d) after cAMP addition

Further Fluorescence Change 

and a further hypsochromic (blue)

shift of

- 490 

= +4°/i

10 nm.

6.2.2.16. 6-Acryloyl-2-dimethylaminonaphthalene (Acrylodan), 

Labelled CRP and Derivatised Cysteine.

The U.V./visible spectrum exhibits a maximal absorbance 

of the cysteine-modified probe at 385 nm, whilst that of 

the protein-probe conjugate occurs at 374 nm. The concentration 

of the samples was adjusted to give a maximal absorbance 

of 0.10, and were irradiated, at their respective peak 

absorbances.

The fluorescence spectrum of the cysteine-modified 

probe shows an emission maximum at 530 nm, thereby exhibiting 

a Stokes Shift of 145 nm, with a relative fluorescence 

intensity of 140. The fluorescence spectrum of the protein- 

probe conjugate exhibits a peak emission at 485 nm, thereby 

showing a Stokes Shift of 111 nm, with a relative fluorescence 

intensity of 580.

cAMP solution (sodium salt, 200 ul, 1.5 mM) was added to
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the modified samples, producing a final cAMP concentration 

of approximately 100 juM. The samples were allowed to 

incubate for 10 minutes, and the cysteine-modified sample 

was found to have a relative fluorescence intensity of 128, 

whilst that of the protein-probe conjugate was found to be 612, 

with a further hypsochromic (blue) shift of 10 nm.

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range = 

Sample Sensitivity -

400-650 nm. 

5

For cysteine-modified probe: For protein-probe conjugat

Excitation X = 385 nm. Excitation X = 374 nm

Peak Emission X = 5 30 nm. Peak Emission X UT\COII

Stokes Shift = 145 nm. Stokes Shift = 111 nm

(a) Relative Fluorescence Intensity

of cysteine-modified probe = 140

(b) Relative Fluorescence Intensity

of protein-probe conjugate = 580

Fluorescence Change 

and a hypsochromic (blue) shift of

(c) Relative Fluorescence Intensity 

of (a) after cAMP addition

+ 314% 

45 nm.

128

Fluorescence Change — -9%

(d) Relative Fluorescence Intensity

of (b) after cAMP addition - 612

Further Fluorescence Change 

and a further hypsochromic (blue)

shift of

- + 6%

- 10 nm.
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6.2.3.____ Discussion of the Performance of the Various

Fluorochores Utilised.

All fluorescent probes were modified by either n-butylamine 

or cysteine, for comparison between the fluorescence of 

the probe and that of the protein-probe conjugate. This was 

done in order to nullify any effects of the reactive moiety, 

on the fluorescence of the probe.

The absorbance and fluorescence characteristics of 

both n-butylamine and cysteine,' were investigated to discount 

any interfering emission from either of these. Cysteine was 

found to absorb maximally at 204 nm, and showed no 

fluorescence emission. N-butylamine was found to absorb 

maximally at 210 nm, and also showed no fluorescence emission.

All of the U.V./visible spectra were baselined against 

the appropriate buffer used. A final cAMP concentration of 

100 |aM was chosen, since this concentration was found to 

produce a conformational change within the CRP (8,9). The 

sodium salt of cAMP was used in the titration procedures, so 

as to obviate any effects on fluorescence intensity from 

pH changes on cAMP addition.

Usually, the excited state of fluorescent organic 

molecules, has a much higher dipole moment than the ground 

state. As a consequence, energy is lost by dipole-dipole 

interaction with the solvent molecules during the lifetime 

of the excited state, and, as the amount of interaction 

increases, the emission moves further toward the red portion 

of the visible spectrum. Generally, emission occurs at longer 

wavelengths in highly polar environments and, conversely,
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emission occurs at shorter wavelengths in highly non-polar 

environments (10).

It may be seen from the results obtained from the 

fluorescent modification of CRP via the £ -amino group of 

lysine residues, that neither a shift of peak emission, 

nor fluorescence enhancement is evident, even though the 

fluorescence characteristics of 'dansyl1 chloride are 

known to be sensitive to changes in the hydrophobicity of 

its environment (ll). This sugg-ests that labelling via 

£ -amino groups places the fluorophore in a position (possibly 

on the surface of the protein), whereby possible increases 

in hydrophobicity induced in the protein by the binding of 

cAMP, will not be reported by the fluorophore.

Bis (2,2'-bipyridine)(4-vinyl-4'-methyl-2,2'-bipyridine) 

ruthenium (II) hexafluorophosphate, (Ru Complex II), possesses 

the vinyl group and will label CRP via the thiol group of 

susceptible cysteine residues, at the pH employed. Since a 

fluorescence enhancement of 27% was reported by the probe 

when CRP-bound, concomitant with a hypsochromic shift of 15 nm, 

as compared to the cysteine-modified probe, it is evident 

that the position of the probe is in a more hydrophobic 

environment when labelled via thiol groups. Addition of cAMP 

solution to the cysteine-modified probe, reduced fluorescence 

intensity by Q%, and this may be ascribed to a dilution effect. 

When cAMP binds to the protein, a further fluorescence 

enhancement of 26°/o was observed. This indicates that cAMP 

binding induces a conformational change within the protein, 

which places the probe in an even greater hydrophobic environment.
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Free 9-bromomethylacridine (9-BrMeAc) was found to be 

non-fluorescent. This is a consequence of the interaction 

between the bromine atom and the excited singlet state of 

the fluorophore, which renders the acridine nucleus non- 

fluorescent, Removal of the bromine by derivatisation of 

cysteine, restored the fluorescence characteristics of the 

acridine chromophore. The protein-label conjugate exhibited 

a slight increase in fluorescence as compared to the 

cysteine-modified probe, but bo'th species lose approximately 

9$ of their total emission on the addition of cAMP solution, 

and is attributable to the effect of dilution.

Free N-(9-acridinyl) maleimide (N9AM) was found to be 

non-fluorescent. This effect is due to the presence of the 

maleimide moiety, which involves the olefinic endo double 

bond, and this is responsible for the observed quenching of 

fluorescence emission (12), It is known (13), that maleimide 

derivatives generally react rapidly and specifically with 

thiol groups in proteins (at neutral pH), by an electrophilic 

addition mechanism to give an addition product. Again, the 

fluorescence intensity of both the protein-probe conjugate 

and the cysteine-modified probe were reduced (by approximately 

12$), on addition of cAMP solution. The dilution of the 

samples is the cause of the decrease. It would appear therefore, 

that the acridine chromophore is, in this case, not a good 

candidate for reporting changes in the polarity of its 

envi ronment.

Both tetramethylrhodamine-5 (and 6) iodoacetamide (5-IATR) 

and 5-iodoacetamidofluorescein (5-IAF) suffer from the
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disadvantage of small Stokes Shifts (35 nm). This renders the 

task of the separation of the incident and emitted radiation 

quite difficult, since filters with very sharp cut-off points 

will need to be used. Both compounds possess the iodoacetamide 

group, which serves as the reactive moiety for the modification 

procedure. Although the iodoacetamide group may react with 

both thiols and amines, the pH of the conjugation reaction 

ensures exclusive reaction with the thiol group. It is 

evident that both free probes a're quite strongly fluorescent. 

This is due to the position of the iodine atom which, unlike 

the bromine atom of 9-bromomethylacridine, is not directly 

attached to the chromophore, and may therefore not exert its 

effect quite so strongly. However, it is seen that removal 

of the iodine atom by the modification reaction, increases 

the fluorescence intensity of the rhodamine and fluorescein 

chromophores by 155© and 13% respectively. Addition of cAMP 

solution to the modified samples, reduces fluorescence intensity 

by 11% and 10% respectively. This reduction is ascribed to 

the effect of dilution, and consequently both the rhodamine 

and fluorescein chromophores, are not sufficiently sensitive 

to the polarity of their environment for our purposes.

Free 4-chloro-7-nitrobenz-2-oxa-l,3-diazole (NBD-C1) (14), 

was found to be non-fluorescent. This is a consequence of 

the electron-withdrawing effect of the chlorine atom, which 

is directly attached to the chromophore. Removal of the 

chlorine atom by the modification reaction (15), provides a 

mildly fluorescent species. Addition of cAMP solution reduced 

the relative fluorescence intensity by approximately 13%, and 

may be attributed to an effect of dilution. Thus, NBD-C1 is
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not sufficiently sensitive to the polarity of its surroundings, 

it also suffers the disadvantage of a small Stokes Shift (45 nm).

Protoporphyrin IX possesses two vinyl groups, and may 

therefore (at neutral pH), selectively modify thiol groups.

The protein-probe conjugate exhibits an increase in 

fluorescence intensity of 46$, as compared to the cysteine- 

modified probe. It would appear therefore, that the porphyrin 

chromophore is quite sensitive to the polarity of its 

microenvironment. However, addi-tion of cAMP solution did not 

enhance the relative fluorescence intensity, but decreases 

the latter by approximately 10$. This may be ascribed to a 

dilution effect.

Like protoporphyrin IX, bilirubin also possesses two 

vinyl groups, and may therefore selectively modify thiol 

groups at neutral pH. However, unlike cysteine-modified 

protoporphyrin IX, the modified bilirubin molecule exhibited 

no fluorescence emission. This may be attributable to the 

conformers of bilirubin which are in dynamic equilibrium.

As a consequence, bilirubin may lose its excited state 

energy via non-radiative pathways, (for example, thermally). 

Protoporphyrin IX on the other hand has a more rigid structure, 

and is more likely to lose its excited state energy via 

emissive pathways. The bilirubin probe-protein conjugate is 

strongly fluorescent, and it is possible that the protein 

constrains the bilirubin molecule into a particular conform-

ation, thereby allowing the chromophore to lose its excited 

state energy via fluorescence emission. The addition of cAMP 

solution reduces relative fluorescence intensity by approx-

imately 11$, and this may be ascribed to the effect of dilution.
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An experimental procedure was followed in order to 

encapsulate bilirubin within the water-soluble clathrate, 

cyclohepta-amylose, or f3 -cyclodextrin (16).

Bilirubin (0-05 gm) was dissolved in chloroform (10 ml).

A concentrated aqueous solution (2?° w/v, 10 ml) of p -cyclo- 

dextrin, was shaken with the bilirubin solution. An orange 

precipitate was found to be deposited. This was removed by 

filtration, and washed with chloroform ( 2 x 2  ml). The orange 

solid was dried in air. The U.V'./visible spectrum of the 

aqueous, encapsulated bilirubin exhibited peak absorbance 

at 400 nm. The concentration of the sample was adjusted to 

give a maximal absorbance of 0.10, and was excited, at this 

wavelength.

The fluorescence spectrum of the encapsulated chromophore, 

showed a peak emission at 505 nm, with a relative fluorescence 

intensity of 510. This compares to the peak emission at 452 nm 

of the protein-probe conjugate, with a relative fluorescence 

intensity of 785-

The fluorescence spectrum was scanned utilising the 

following parameters:

Scan Range — 415-645 nm.

Sample Sensitivity = 5

Excitation X - 400 nm.

Peak Emission X = 505 nm.

Stokes Shift — 105 nm.

It would appear that the |Q -cyclodextrin also constrains 

the bilirubin molecule in a particular conformation, so as 

to ensure loss of excited state energy via emissive nathways. 

The bilirubin when present as a protein-probe conjugate must
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be within a more hydrophobic environment, than when 

encapsulated within jS-cyclodextrin, as evidenced by the 

increased fluorescence intensity (+35$)> and by the 

hypsochromic shift of 53 nm.

It is known (17), that ^-cyclodextrin preferentially 

complexes with the left-handed (or negative) chiral 

enantiomer of bilirubin.

( 1 A ) ( 1B)

Fig. 6,4. Interconverting enantiomeric, 

intramolecularly hydrogen-bonded conformers

of bichromophoric_(4Z, 15Z)-bilirubin IX____

bispropionate anion. Conformer 1A exhibits 

a left-handed or negative chirality; 

Conformer IB exhibits a right-handed or 

positive chirality (17).

Free N-(l-Pyrene) maleimide (N1PM) (18), was found to 

be non-fluorescent. On reaction with cysteine, the resulting 

adduct was found to be fairly fluorescent; (relative 

fluorescence intensity — 165) and its fluorescence spectrum 

describes three peaks of emission. On addition of cAMP 

solution, the relative fluorescence intensity was seen to 

decrease by approximately 8$, and may be attributed to the 

effect of dilution.

The protein-probe conjugate exhibited the same degree of
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fluorescence intensity, as did the cysteine adduct. However, 

on addition of cAMP solution, the fluorescence spectrum 

exhibited four peaks; the extra peak of emission occuring 

at 465 nm, producing an increased (+7$) relative fluorescence 

intensity. The extra peak may be attributed to fluorescence 

emitted from an excited dimer (excimer), of pyrene molecules.

This indicates that two cysteine residues are labelled, and 

they are in close proximity to each other. This phenomenon 

has also been observed when Ca^+ binds to pyrene-labelled 

Troponin I (19).

Dilithium 4-amino-H-(3-(vinylsulphonyl)phenyl) naph- 

thalimide-3,6-disulphonate, (Lucifer Yellow, VS) (20), 

possesses the vinyl-sulphone group and will act as a thiol- 

reactive agent at neutral pH. Cysteine-modified lucifer 

yellow is strongly fluorescent and addition of cAMP solution, 

reduces the relative fluorescence intensity by approximately 

10fo, Likewise, the protein-probe conjugate exhibits a 

similar fluorescence intensity to the cysteine-modified probe, 

and again, addition of cAMP solution reduces the relative 

fluorescence intensity by approximately 10%. The reductions 

in the relative fluorescence intensity may be ascribed to a 

dilution effect, and as a consequence, lucifer yellow is not 

sufficiently sensitive to the changes in the polarity of its 

envi ronment.

N-(7-dimethylamino-4-methylcoumarinyl) maleimide (DACM) (21), 

possesses the maleimide moiety and consequently, will modify 

thiol groups at neutral pH. The free probe is non-fluorescent 

and the cysteine-modified probe, exhibited very strong fluor-

-241-



escence intensity. Upon addition of cAMP solution, the 

relative fluorescence intensity was reduced by approximately 

10$, and this may be ascribed to the effect of dilution.

The protein-label conjugate exhibits a relative fluorescence 

intensity similar to that of the cysteine-transformed probe. 

However, on addition of cAMP solution, the relative fluorescence 

intensity was seen to increase by approximately 11$. Ho 

shift in peak emission was in evidence.

It is clear that DACM is responding to the increase in 

the hydrophobicity of its environment, by an increase in 

the relative fluorescence intensity. During the modification 

procedure, the probe undergoes a series of structural changes; 

from a close-type adduct to an open-type adduct. The higher 

the pH, the greater the rate of ring opening. All probe 

molecules were in the open-type form within 24 hours at pH 7.2.

(ch3)2n Close-type adduct 

fluorescent. Unstable 

Absorption X - 400 nm.

H Peak Emission X_— 480 nm.

S-- R

o - ^ o

Open-type adduct 

Highly fluorescent, 

Stable,

Absorption X  - 383 nm.

2 Peak Emission A - 478 nm.

fig, 6.3. The reaction for the ring-

opening of the thiol adduct of DACM.
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Clearly, the structure investigated, is the open-type adduct, 

as evidenced by the wavelengths of absorption and emission.

Although the maleimidyl benzoate ester of benz(c,d) 

indol-2(lH)-one (Naph-Mal) (22), possesses the maleimide 

moiety, and will consequently modify thiol groups at neutral 

pH, and the former is not directly attached to the naphthalene 

nucleus (chromophore). As a result, the free probe exhibited 

fairly strong fluorescence emission. A slight increase in 

the relative fluorescence intensity was seen to decrease by 

approximately 9$. This may be attributed to the effect of 

dilution. A much larger increase in the relative fluorescence 

intensity was exhibited in the protein-probe conjugate (+45$), 

when compared to the free probe. On cAMP addition, the 

relative fluorescence intensity was shown to decrease, but to 

a much lesser extent (-2$). This may indicate, that the loss 

of relative fluorescence intensity by the effect of dilution, 

was offset by the increase in the relative fluorescence intensity 

of the probe in response to the increase in the hydrophobicity 

of its environment, when the protein bound to cAMP. No 

shifts in peak emission were evident. The probe also exhibited 

a large Stokes Shift of 150 nm.

Free N-(l-anilinonaphthyl-4) maleimide (ANM) (23), is 

non-fluorescent. Since it possesses the maleimide moiety, 

at neutral pH, it may act as a thiol modifying agent. The 

cysteine-modified probe exhibits strong fluorescence emission 

and the relative fluorescence intensity of the protein-probe 

conjugate, was seen to increase by approximately 23$; 

concomitant with a hypsochromic shift of 15 nm, as compared to 

the cysteine-modified probe. This showed that the ANM is
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sensitive to the polarity of its microenvironment. Upon 

addition of cAMP solution, to the cysteine-modified probe, 

the relative fluorescence intensity of the latter, was seen 

to diminish by approximately 9f°. Addition of cAMP solution 

to the protein-probe conjugate yielded a decrease of 6% 

in the relative fluorescence intensity of the latter, with 

no further shift in peak emission.

2-(4'-iodoacetamidoanilino) naphthalene-6-sulphonic 

acid, sodium salt (IAANS), possesses the iodoacetamide 

group, and as a consequence, it may react with thiol groups 

at neutral pH. The free probe is strongly fluorescent; the 

fluorescence quenching effect of the iodine atom is minimised, 

due to its position away from the naphthalene chromophore.

The cysteine-modified probe exhibited an increase in the 

relative fluorescence intensity of 22%, when compared to 

the free probe. This increase is a consequence of the loss 

of the iodine atom. Upon addition of cAMP solution, the 

relative fluorescence intensity of the cysteine-modified 

probe was seen to decrease by approximately life, and may be 

ascribed to the effect of dilution.

The protein-probe conjugate exhibited an increase in 

the relative fluorescence intensity of approximately 208%, 

as compared to the free probe, concomitant with a hypsochromic 

shift of 55 nm. The probe is therefore extremely sensitive 

to the polarity of its environment. Addition of cAMP solution 

further increased the relative fluorescence intensity of the 

protein-probe conjugate by approximately 4%, although no 

further shift in peak emission was evident. IAANS has been 

used to great effect on the investigation of the interaction
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Q 1
of Ca^ with cardiac troponin and Troponin C (24).

N-(Iodoacetylaminoe thyl)-1-naph thylamine-8-Sulphonic 

acid (1,8-IAEDANS) (25), possesses the iodoacetamide moiety 

and will therefore react with thiol groups at neutral pH.

The free probe is quite fluorescent, and the relative 

fluorescence intensity of the cysteine-modified probe 

demonstrated a 15^ increase, compared with that of the free 

probe. This increase was due to the loss of the iodine atom. 

Addition of cAMP solution to this preparation gave a 

relative fluorescence intensity decrease of approximately 8^, 

which may be ascribed to a dilution effect.

The protein-probe conjugate exhibited a relative 

fluorescence intensity increase of 356^, concomitant with 

a hypsochromic shift of 45 nm, when compared to the free probe. 

Addition of cAMP solution to this species, yielded a further 

relative fluorescence intensity increase of approximately 4$ 

with a further hypsochromic shift of 10 nm. Therefore, this 

probe is extremely sensitive to the polarity of its environment. 

The Stokes Shift for the protein-probe conjugate was 140 nm.

6-acryloyl-2-dimethylaminonaphthalene (Acrylodan) (6), 

possesses an acryloyl group and will therefore react with 

thiol groups at neutral pH. The cysteine-modified probe is 

strongly fluorescent and the relative fluorescence intensity 

of this adduct, is reduced by 3% on addition of cAMP solution. 

This is attributed to the effect of dilution.

The protein-probe conjugate exhibited a relative 

fluorescence intensity increase of 314^, when compared to the 

cysteine-modified adduct together with a hypsochromic shift 

of 45 nm. Addition of cAMP solution further enhanced the
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relative fluorescence intensity of the protein-probe 

conjugate by approximately 6$, concomitant with a further 

hypsochromic shift of 10 run. The probe is therefore 

exquisitely sensitive to the polarity of its environment.

Compounds possessing the 6-acyl-2-dimethylamino- 

naphthalene moiety, are known to be extremely sensitive to 

the polarity of their environment (26). The environment 

sensitivity of this moiety is derived from the large dipole 

moment developed in the excited' state, as a consequence of 

facile charge delocalisation between the 2-dimethylamino 

moiety and the carbonyl group in the 6-position of the 

naphthalene chromophore.

Thus, it is clear that thiol modification of cysteine 

residues within the protein, has been much more successful 

than has production of the protein-probe conjugate by 

labelling of the £ -amino group of lysine. When introduced 

onto the protein via thiol groups, the ruthenium complex 

(Ru Complex II), coumarin (DACM) and naphthalene (1,8-IAEDANS, 

Acrylodan) chromophore, exhibited shifts in peak emission 

and increases in the relative fluorescence intensity of the 

probe. When these chromophores, ruthenium complex (Ru Complex I), 

coumarin (AMCA) and naphthalene ('dansyl’ chloride), are 

introduced onto the protein via £ -amino groups, no positive 

results are detected.

It was therefore decided at an early stage, that 

modification of the protein via thiol transformation, would be 

the more profitable avenue to explore. This explains the 

preponderance of the use of thiol reactive probes as compared 

to £ -amino modifying probes.
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It is evident from the foregoing, that fluorophores 

possessing the naphthalene chromophore were the most 

successful of the probes investigated. However, larger 

chromophores such as ruthenium complex II and protoporphyrin IX, 

exhibited less dramatic increases in the relative fluorescence 

intensity of the protein-probe conjugate.

6.3._______CORRELATION OF THE POLARITY OF THE HYDROPHOBIC

POCKET OF CRP. WITH A RANGE OF ORGANIC SOLVENTS 

POSSESSING DIFFERENT POLARITIES.

It is possible to ascertain the extent of the hydrophobicity 

of the pocket present in CRP, by correlating the fluorescence 

characteristics of environmentally sensitive fluorophores 

with respect to polarity, when protein-bound and when dissolved 

in a range of organic solvents possessing different polarities.

A quantitative relationship has been derived (27), between the 

position of the peak absorbance and emission, by taking into 

consideration the dielectric constant and the dipole moments 

of the solvent and the solute.

6.3.1.____ Experimental Procedure.

1,8-IAEDANS and Acrylodan were selected for this 

investigation. Solutions of Acrylodan and 1,8-IAEDANS were 

individually prepared (0.10 mg per 3 ml), in a range of 

organic solvents with differing polarities.

The U.V./visible spectrum of each solution was scanned, 

and the concentration of each sample was diluted to achieve 

a peak absorbance of 0.10. The fluorescence spectrum was then 

scanned when excited at the wavelength of peak absorbance.
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6 , 3-2. Results.

ACRYLODAN 1,8-IAEDANS

SOLVENT

Absorbance

X (run)

Emission 

X (nm)
Absorbance

X  (nm)

Emission 

X (nm)
Methanol 385 495 335 468

Ethanol 382 479 333 455

Ace toni trile 378 455 329 435

1,4-Dioxane 375 435 327 428

Table 6.12. Results for the effect of a 

range of solvents on the wavelengths of 

absorbance and emission of two fluorophores.

These results were compared with those obtained for 

the protein-probe conjugate, both before and after cAMP 

addi tion.

ACRYLODAN 1,8-IAEDANS

Absorbance

X  (nm)

Emission 
X (run)

Absorbance

X (nm)
Emission

X (nm)
Pro tein-probe 

conjugate 374 485 330 470

+ cAMP 374 475 330 460

Table 6.13- Tabulated results for the wavelengths 

of the absorbance and emission of two CRP-bound 

fluorophores,_in the presence and absence of cAMP.

6.3.3.____ Conclusion.

The results obtained indicate that the hydrophobic 

pocket of CRP in the absence of cAMP, most closely resembles 

the polarity of methanol (which has a dielectric constant of
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approximately 31 debyes). Upon cAMP addition, the polarity 

of the microenvironment surrounding the probe, acquires a 

polarity which equates most closely to ethanol (which has 

a dielectric constant of approximately 26 debyes).

A definitive system has been developed (28), whereby 

solvents may be categorised with respect to their polarity, 

by the designation of a Z-value. The Z-values for water, 

methanol, ethanol, acetonitrile and aqueous 1,4-dioxane 

( 90f= v/v) are 94.6, 83-6, 79-6, 71-3 and 76.7 respectively.

Bovine Serum Albumin (BSA) has a large, hydrophobic 

pocket and when labelled via £ -amino groups by 'dansyl' 

chloride (10), the emission maximum of the probe occurs at 

500 nm. This corresponds to a comparative hydrophobicity of 

1,4-dioxane, (which has a dielectric constant of 3 debyes). 

Clearly, BSA possesses a non-polar pocket which is much 

more hydrophobic than that of CRP.

6.4._______DETERMINATION OF THE EFFECT OF cAMP 0U THE ABILITY

0E CRP TO UNDERGO THIOL MODIFICATION.

It is advantageous to know whether the CRP-cAMP complex 

will undergo thiol modification, since this would provide 

information regarding the interaction of the modification 

site and the amino acids comprising the cAMP binding site.

As a consequence, experimental procedures were followed in 

order to ascertain whether fluorescent modification via 

thiol groups, could be achieved in the presence of cAMP.

6-4.1.____ Experimental Procedure (8).

1,8-IAEDANS (l.O mg) was dissolved in Tris-HCl/KCl/EDTA
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buffer (0.20 M, 2.0 ml, pH 8.0).

The above solution was divided into two equal portions. 

Stock CRP solution (0.04 ml, 12.50 mg/ml) was dissolved in 

Tris-HCl/KCl/EDTA (0.20 M, 0.96 ml), and this solution was 

added to one portion.

To stock CRP solution (0.04 ml) was added cAMP solution 

(sodium salt, 0.20 ml, 1.5 mM), and the mixture was allowed 

to incubate for 10 minutes. Tris-HCl/KCl/EDTA buffer (0.20 M, 

0.76 ml) was added to the CRP-c'AKP complex solution, and the 

resulting solution was added to the remaining portion of the 

probe solution. The final cAMP concentration was in excess 

of 100 juM.

The solutions were allowed to stand overnight, protected 

from light, at 4°C. Both solutions were then extensively 

dialysed (5 days), against Tris-HCl/KCl/HgCl2/dithiothreitol 

buffer (0.20 M, 1000 ml, pH 8.0) using cellulose tubing 

which retains molecular weight species in excess of 12000 dalton

The dialysands were then subjected separately to gel 

exclusion chromatography using Sephadex G-25 (20-80 pm bead 

size, bed volume: approximately 10 ml), which had previously 

equilibrated with the Tris-HCl/KCl/EDTA buffer, and the 

columns were eluted with this buffer.

The collected fractions were diluted to 3 ml with the 

eluent buffer, and then subjected to U.V./visible and 

fluorescence spectral analysis.

The labelling procedure was repeated using Acrylodan 

with the utilisation of HEPES/KC1 buffer (0.50 M, pH 7.4) 

instead of the Tris-HCl buffers.
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6.4.2. Results.

The U.V./visible spectrum of the 1,8-IAEDANS labelled 

sample in the absence of cAMP, exhibited a peak absorbance 

at 330 nm. The fluorescence spectrum of this sample was found 

to show peak emission at 47C nm.

The U.V./visible spectrum of the purified conjugation 

medium on prior incubation with cAMP, exhibited no such 

peak. No fluorescence emission was detected in this sample.

The U.V./visible spectrum of the Acrylodan labelled 

sample in the absence of cAMP, exhibited a peak absorbance 

at 375 nm. The fluorescence spectrum of this sample was found 

to show peak emission at 485 nm.

The U.V./visible spectrum of the purified conjugation 

medium on prior incubation with cAMP, exhibited no such 

peak. No fluorescence emission was detected in this sample.

6 , 4 . 3 .___ Conclusion.

These results indicate that CRP may not be fluorescently 

modified via thiol groups, when the protein had been 

previously incubated with cAMP. It would appear, therefore, 

that thiol modification of CR? is communicated to the 

cAMP binding site, and that consequently there is interaction 

between the portions of the CRP molecule involved.

6.5.______ i n v e s t i g a t i o n o f the n a t u r e o p t he c r p~p r o .be

CONJUGATE.

It is advantageous to deduce the dye : protein ratio 

of the fluorescently modified protein, so as to determine 

the number of accessible sites for modification. This
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knowledge may provide an insight into the conformation 

of the protein.

As a result, procedures were followed in order to 

determine the stoichiometry of labelling of CRP via thiol 

modification.

6.5.1. ___Determination of the Stoichiometry of the

Labelling of CRP via Thiol Modification.

6.5.1.1. Experimental Procedure.

The protein-1,8-IAEDAK3 conjugate sample as previously 

prepared, in the absence of cAMP, was diluted by a factor 

of two with buffer, and the U.V./visible spectrum was 

utilised, in order to calculate the dye : protein ratio.

6.5.1.2. Results.

From the Beer-Lambert law, D = £ . c . 1

For a pathlength of 1 cm, D — £ .c

D
c = -----

£

0 . 0 5 3
For the probe, c = -----------

at 340 nm

0.053
C =:------- ---

6300

£ at 340 nm = 6300 

(Ref. 25)

8.4 x 10~6 M.

0.162
For the protein, c - -----------

at 278 nm

0.162
c = ---------

20000

8 at 278 nm = 20000 

(Ref. 29)

8.1 x 10-6 M.

Thus, the dye : protein ratio is 1 : 1,
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Fig. 6.6. The U.V. /visible spectrum of CRP-1 ,8-IAEDAIÌS 

conjugate, baselined against Tris-HCl buffer.

This procedure was repeated using DACM, in order to 

preclude possible binding of other susceptible amino acid 

residues, for example, histidine. Similarly, the dye : protein 

ratio was found to be 1 : 1.

6.5.2._____Determination of the Specificity of the Labelling

of CRP via Thiol Groups.

Having established that the dye : protein ratio of 

labelling is 1 : 1, it is necessary to investigate the 

nature of the protein-probe conjugate, with respect to 

covalent labelling of the protein. This may be achieved by 

the use of Sodium Dodecyl Sulphate-Polyacrylamide Gel 

Electrophoresis, (SDS-PAGE).
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6,5.2.1.

The technique employed was that as outlined (30). The 

resolving gel (10$), was prepared from stock acrylamide 

solution (30$ w/v) and N ,N '-bis-methylene acrylamide solution 

(0.8$ w/v), in Tris-HCl buffer (0-375 M, pH 8.8), containing 

SDS (0.1$ w/v).

The stacking gel (3$), was prepared from stock acrylamide 

solution (30$ w/v) and N,N'-bis-methylene acrylamide solution 

(0.8$ w/v), in Tris-HCl buffer (0.125 M, pH 6.8), containing 

SDS (0.1$ w/v).

Both gels were polymerised by the addition of tetra- 

methylethylenediamine (TEMED, 0.025$ w/v), and ammonium 

persulphate.

The resolving gel occupied 100 mm of two 150 mm glass 

tubes, of internal diameter 6 mm. The stacking gel occupied 

10 mm of these tubes.

The electrophoretic separation was performed in electrode 

buffer (pH 8.3), containing Tris-HCl (0.025 M) and glycine 

(0.192 M), plus SDS (0.1$ w/v).

CRP was labelled with 1,8-IAEDANS as previously described, 

and two aliquots (2 x 200 jul) were taken from the conjugation 

medium. One drop of bromophenol blue solution in Tris-HCl, pH 8.0, 

(0.001$ w/v), was added to each aliquot. Each aliquot was 

then directly applied to one of the stacking gels.

The current was set at 3 mA per gel, and the current was 

applied for 90 minutes. The gels were removed from the tubes, 

and viewed under U.Y. radiation at 375 nm.

Experimental Procedure.
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6.5-2.2. Results

A fluorescent band was observed approximately 40 mm 

from the bromophenol blue marker in both gels. No other 

fluorescent band was observed.

The gels were then fixed in trichloroacetic acid (10$ v/v) 

overnight, and were stained by placing the gels in 

Coomassie Brilliant Blue (0.1$ w/v) in trichloroacetic 

acid (10$ v/v) for one hour at 37°C. The gels were then 

washed in aqueous acetic acid (7$ v/v).

The gels were viewed in daylight and a blue band was 

observed approximately 40 mm from the bromophenol blue 

marker in both gels. No other protein band was observed.

150 mm

Resolving Gel (lOO mm)
Stacking 

Gel (10 mm)

1

Bromophenol 

Blue Marker

Fluorescent & Protein 

Stained Band

Fig. 6.7» Scale drawing of the electrophoretic 

gel of the CRP-1,8-IAEDANS conjugate.

6.5-5«____ Conclusion.

Thus, the label and the protein migrate as a single 

band, and this indicates that the probe is covalently bound 

to the protein. This is an important deduction, since 

introduction of the protein-probe conjugate into the cell 

when the probe is interacting non-specifically with the protein,
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may result in loss of the probe when the protein interacts 

with cellular components.

6.3-4.____ Discussion.

It is known (31) that hydrophobic probes will interact 

non-specifically with CRP. 8-anilino-l-naphthalene sulphonic 

acid (ANS) is such a probe, and its interaction with CRP 

produces a dramatic increase in fluorescence intensity, with 

a concomitant shift in peak emission from 530 nm to 480 nm.

It was found that there are two ANS binding sites per CRP 

dimer.

When the ANS-CRP complex was titrated with cAMP, a 

quenching of the fluorescence signal was observed. The pattern 

of quenching was apparently biphasic. The first phase occurred 

in the cAMP concentration range of 0 to 200 juM, whereas the 

second phase occurred at millimolar concentrations of cAMP.

Binding of ANS to CRP in the presence of 200 pM cAMP, 

showed that the number of ANS binding sites per dimer was 

reduced to 1.2. This suggested that the first phase of 

fluorescence quenching of ANS-CRP in the presence of cAMP, 

corresponds to the dissociation of one ANS molecule from 

the ANS-CRP complex. It is possible that the second phase of 

quenching is due to the dissociation of the second ANS 

molecule from the CRP aimer. These observations indicate that 

the ANS is binding to the protein, in the vicinity of the 

cAMP binding site.

The CRP molecule possesses three cysteine residues at 

positions 18, 92 and 178 (32,33), of which only cysteine-178 

is available for modification in the native protein, while
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cysteine residues 18 and 92 are inaccessible (34). Cysteine-178 

is present on a stretch of polypeptide connecting helices 

E and F, which form part of the DNA-binding site of the 

protein (35).

It is known (29) that in the absence of cAMP, the CRP

exists in a monomeric state. cAMP binding promotes the

formation of cysteine-178/cysteine-178 disulphide linkages (36),

thereby producing CRP dimers. The distance between the thiol

groups of these cysteine residues, was seen to decrease by 
o

at least 3 A. This finding would explain the extra peak 

in the emission spectrum of N-(l-Pyrene) maleimide-bound CRP, 

observed on the addition of cAMP. In the absence of cAMP, 

the probe labels the monomeric protein via thiol groups 

present on cysteine residues at position 178. On cAMP binding, 

protein dimers are formed and the probe molecules are closer 

together, giving rise to the excited dimer (excimer) peak 

of fluorescence at 465 nm. Also, the observation that CRP 

may not be labelled via thiol modification of cysteine, on 

prior incubation with cAMP, may be rationalised, since 

cysteine-178/cysteine-178 disulphide linkages are formed in 

the presence of cAMP. as a result, no thiol groups are 

available for labelling.

Glutamate-181, which is in very close proximity to 

cysteine-178, has been found to be intimately involved in 

the mechanism of DNA binding by the protein (37). It has been 

postulated (31), that the binding of cAMP to one subunit 

changes the conformation of this and its neighbouring subunit. 

Thus, there is interaction between the sites, and there is
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negative co-operativity in binding.

It is clear, therefore, that the binding of cAMP to 

the amino-terminal portion of the protein, induces a 

profound conformational change in the carboxyl-terminal 

part of the protein.

Conversely, we may contend that events occurring at 

the carboxyl-terminal portion of the protein, serves to 

increase the affinity of the protein for cAMP. Thus, when 

the thiol group of cysteine-178 is modified, it is 

unavailable for cysteine-178/cysteine-178 intersubunit 

disulphide linkage formation. This may disallow a preferred 

conformational change in the protein, and may render the 

latter with a reduced affinity for the cAMP molecule. This 

contention may provide an explanation for the finding that 

thiol modified CRP appears to possess a reduced affinity for 

cAMP, as compared to £ -amino modified CRP.

The results obtained indicate that the following processes 

occur, and these may be represented schematically.

Fig. 6,8. Formation of the CRP 

dimer by the binding of cAMP.
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N K N N

4- cAMP 
------- >

Fig,. 6.9* Pyrene labelled CRP producing excimer 

emission via formation of the CRP dimer.

6.6.______ INVESTIGATION OF THE INTERACTION OF cAMP WITH

THE cAMP BINDING SITE Of CRP AND R ^

The cAMP binding site of CRP (cABS) was supplied by 

SmithKline Beecham Pharmaceuticals, as a buffered aqueous 

solution, and it was considered that this protein may give 

a more profound conformational change on cAMP binding.

The protein possesses the same primary structure as the 

amino-terminal section of CRP, and the carboxyl-terminal 

amino acid is glutamate-125, which is present in helix C.

The regulatory subunit from cAMP-dependent protein 

kinase, obtained from bovine heart (Rj j ) (38,39), was also 

supplied by EmithKline Beecham Pharmaceuticals as a buffered 

aqueous solution, to provide a comparison for cABS.
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6.6.1.

6.6.1.1. Experimental Procedure.

The cABS and proteins were assayed utilising the

procedure as previously described (1,2,3), in Section 6.1.1.1.

6.6.1.2. Results.

cABS and Assay.

Tube Nos. Protein cone, 

(ug/ml)

Absorbance 

at 595 nm

Mean

Absorbance

Blank 0.00 0.150 0.150

1 50.00

50.00

0.394

0.385 0.390

2
100.00

100.00

0.496

0.506 0.501

3
200.00

200.00

0.980

0.983 0.982

4
300.00

300.00

1.368

1.378 1-373

5
400.00

400.00

1.796

1.805 1.800

cABS soin. 0.930

0.956 0.943

RII
0.168

0.176 0.172

Table 6,14. Absorbance readings,_at 393 nm, for

varying concentrations of BSA, cABS and Rj-j- as 

detected by Lowry Reagent.

Using the data obtained, a calibration curve was constructed. 

The concentration of the CRP solution was determined from 

the calibration curve.
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From the calibration curve, it may be deduced that the 

concentration of the diluted cABS solution is 192.5 |ug/ml, 

at a dilution of 1:100. Therefore, the stock cABS concentration 

is 19.25 mg/ml.

From the calibration curve, it may be deduced that the 

concentration of the diluted solution is 6.20 jug/ml,

at a dilution of 1:100. Therefore, the stock K-j-j concentration 

is 0.62 mg/ml.

The cABS solution was diluted to a final concentration 

of 12.50 mg/ml, in order to facilitate direct comparison 

with GRP.

6.6.2.____ cAMP Binding Assay of Unlabelled cABS and Rjj_.

6.6.2,1, Experimental Procedure.

The cAMP binding assay of both cABS and R^j (unlabelled),
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was then performed utilising the procedure as previously 

described (4,5), in Section 6.1.2.1., in the presence of 

acetonitrile. The cABS was used at dilutions of 1:10, 1:20, 

1:40, 1:80 and 1:160.  ̂ was utilised at dilutions of

1:2, 1:4 and 1:8.

6.6.2.2. Results.

Total Count = 199326 disintegrations per minute (d.p.m.) 

Control Count - 4276 disintegrations per minute (d.p.m.)

cAMP Binding Assay of Acetonitrile Treated Unlabelled cABS.

Tube CRP Concentration d.p.m. Corrected c/o Binding

Nos. Dilution d.p.m.

1A 1:10 1,250 mg/ml 50024 45748 23

2A 1:20 0.625 mg/ml 43589 39313 20

3A 1:40 0.310 mg/ml 32716 28440 14

4 A 1:80 0.156 mg/ml 27990 23714 12

5A 1:160 0.078 mg/ml 13147 8871
;

4

Table 6.15. Results of the / binding of 

acetonitrile treated unlabelled cABS.

cAMP Binding Assay of Acetonitrile Treated Unlabelled Rj j .

Tube

Nos.

CRP

Dilution

Concentration d.p.m. Corrected

d.p.m.

°/o Binding

IB 1:2 0 . 3 1 0 mg/ml 156466 152190 76

2B 1:4 0.155 mg/ml 117595 113319 57

3B 1:8 0.078 mg/ml 79445 75169 38

Table 6.16, Results of the % binding of 

acetonitrile treated unlabelled R^
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A graph of % cAMP binding against protein concentration 

was then plotted.

6,6,3-____ Conclusion.

It may be seen from the graph that cABS and both

present at a concentration of approximately 0.156 mg/ml, 

possess a cAMP binding capacity of 12/° and 577° respectively.

The capacity of CRP for cAMP at the same protein concentration, 

(1:80 dilution), is 29$- This finding reflects the observation 

that Rjj will bind two molecules of cAMP (40).

Also, it is clear that CRP possesses a much greater 

affinity for cAMP, than does cABS. Since the cABS is devoid 

of a DNA binding site, this finding gives credence to the 

contention, that the carboxyl-terminal segment of the protein 

is of profound importance for the binding of cAMP. The 

cysteine-178/cysteine-178 disulphide linkage which stabilises
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cAMP binding in CRP, may not occur in cABS. As a consequence, 

cABS would be expected to have a reduced affinity for cAMP 

as compared to CRP.

6,7._______INVESTIGATION OP THE NATURE OF THE PROTEIN-

PROBE CONJUGATES.

Since the cABS is devoid of cysteine-178, it is not 

expected to undergo fluorescent modification via thiol 

groups of cysteine residues. Th'is assumption was investigated 

by the reaction of cABS with I,8-IAEDANS as previously 

described (8), in Section 6.4.1. R^j was labelled likewise.

The U.V./visible spectrum of the purified protein-probe 

conjugate showed that the protein did, in fact, undergo 

modification. The U.V./visible spectrum of the R ^  conjugate, 

exhibited similar peaks.

6.7.1. ___ Determination of the Stoichiometry of Labelling.

In order to deduce the stoichiometry of labelling of 

cABS via thiol modification, it is necessary to determine 

the molar extinction coefficient of cABS.

6.7.1.1. Calculation o f _the Molar Extinction Coefficient 

of cABS.

Diluted stock cABS solution (20 jul), at a final 

concentration of 10 mg/ml, was added to Tris-HCl (2.98 ml, 

pH 8.0) in a cuvette. The absorbance, at 278 nm, of this 

solution was found to be 0.076, when baselined against this 

buffer.
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Calculation of cABS solution: 

6 .6 6 pi of 10 mg/ml solution 

Molecular Weight of Protein

Thus, molarity of protein —

From the Beer-Lambert law,

For pathlength of 1 cm,

D
E = —  = -

c 4

20 pi per 3 ml =  6.66 pi/ml.

= 0.067 mg/ml.

: 14 387

0.067
-------  - 4.6 x 10 b M,
14387

B = £ . c . 1

D = £ . c

.0.076
-------- 7- - 16521
.6 x 1 0"b

£, at 278 nm, of cABS = 16521 litre mol 1 cm ^.

6,7.1.2. Calculation of the Stoichiometry of the Labelling 

of cABS via Thiol Modification.

From the U.V./visible spectrum of the protein-probe 

conjugate, the probe was found to have an absorbance, at 

340 nm, of 0 .0 4 6, when baselined against the buffer used 

(tris-HCl).
D

For the probe, c - ---

0 . 046  r

c 3 --------  - 7.3 x 10 M.
6300

(Ref. 25)

For the protein, absorbance at 278 nm, was found to

be 0 .1 1 2 .

For the protein, c

c

D

F
0.112

16500
6 , 8 x 10 6 M.

Therefore, the dye : protein ratio is 1 : 1,
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This procedure was repeated using DACM, in order to 

preclude possible binding of other susceptible amino acid 

residues, for example, histidine. The dye : protein ratio 

was also found to be 1 : 1.

6.7.2.____ Determination of the Specificity of Labelling.

6.7.2.1. Experimental Procedure.

For the establishment of covalent modification of the 

cABS by the thiol probe, 1,8-IA-EDANS, SDS-PAGE was performed 

as previously described (JO), in Section 6.5.2.1. The 

procedure was performed in duplicate.

6.7.2.2. Results.

After removal of the gels from the tubes, the former were 

viewed under U.V. radiation at 375 nm. A fluorescent band 

was observed approximately 25 mm from the bromophenol blue 

marker in both gels, No other fluorescent band was observed.

After fixing and staining, the gels were viewed in 

daylight, and a blue band was observed approximately 25 mm 

from the bromophenol blue marker in both gels. No other 

protein band was observed.

Resolving Gel (100 mm)
Stacking 

Gel (10 mm)

Bromophenol Fluorescent & Protein

Blue Marker Stained Band

Fig. 6,12._Scale drawing of the electrophoretic

gel of the cABS-1,8-IAEDANS conjugate.
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6.7-3- Conclusion.

Thus, the label and the protein migrate as a single 

band, and this indicates that the probe is covalently bound 

to the protein.

6,8.______ DETERMINATION OF THE EFFECT OF THIOL MODIFICATION

OF cABS AND Rj. ON THE CAPACITY FOR cAMP BINDING.

In order to elicit shifts in peak emission together 

with fluorescence enhancement, on the binding of cAMP, it 

is necessary for fluorescently labelled cABS to be capable 

of binding cAMP. R ^  was similarly investigated.

6.8.1, ____Experimental Procedure.

The reactions were performed using Acrylodan as 

previously described in Section 6.1.3-1-, utilising cABS 

at dilutions of 1:40, 1:80 and 1:160. R^^ was utilised at 

dilutions of 1:2, 1:4 and 1:8.

6.8.2. ____Results.

cAMP Binding Assay of Thiol Modified cABS.

Tube

Nos.

CRP

Dilution

Cone, 

(mg/ml)

d.p.m. Mean

d.p.m.

Corrected

d.p.m.

*

Binding

1A 1:40 0.310 5042

4972 5007 731 0.37

2A 1:80 0.155 4685

4827 4756 480 0.24

3A 1:160 0.078 4623

4487 4555 279 0.14

Table 6.17. Results of the % cAMP 

binding of acrylodan labelled cABS.
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Total Count = 199326 disintegrations per minute (d.p.m.) 

Control Count = ¿1276 disintegrations per minute (d.p.m.)

cAMP Binding Assay of Thiol Modified Rj-̂ ^

Tube

Nos.

CRP

Dilution

Cone.

(mg/ml)

d.p.m. Mean

d.p.m.

Corrected

d.p.m.
1

Binding

IB 1:2

01—1 
K\1O

11______

139268

139230 139249 134973 68

2B 1:4 0.155 96552

96508 96530 92254 46

3B 1:8 0.078 54514

54466 54490 50214 25

Table 6.18. Results of the % cAMP 

binding of acrylodan labelled RT^

6.8.3.___ Conclusion.

These results show that thiol modification of cABS 

prevents the binding of cAMP. In contrast, thiol modified 

R-j-j will bind cAMP.

6.9.______DETERMINATION OF THE ABILITY OF cAMP BOUND cABS

AND R TO UNDERGO THIOL MODIFICATION.

6.9.1.___ Experimental Procedure.

Procedures were followed in order to ascertain whether 

fluorescent modification of cABS and Rj j , may be achieved in 

the presence of cAMP. cABS was utilised at dilutions of 

1:40 and 1:80; R ^  was employed at dilutions of 1:2 and 1:4. 

The reaction was performed using Acrylodan as previously 

described, in Section 6.4.1.

-2 6 8 -



6 . 3 . 2 . Result s -

The U.V,/visible spectrum of the samples on prior

incubation with cAMP, exhibited a peak absorption at 372 nm. 

The fluorescence spectrum of these samples was found to 

show peak emission at 462 nm.

The U.V./visible spectrum of the cABS samples on prior 

incubation with cAMP, exhibited no such peak. No fluorescence 

emission was detected in these samples.

6,9.3-_____Discussion.

These results show that R^^ may be fluorescently modified 

via thiol groups, in the presence of cAMP. However, cABS 

may not be fluorescently labelled via thiol groups when the 

protein had been previously incubated with cAMP,

cABS possesses two cysteine residues, at positions 

18 and 92. Only one cysteine residue is modified 

during the derivatisation reaction, and this process prevents 

cAMP binding. Also, the finding that cAMP binding prevents 

fluorescent modification, indicates that the residue in 

question must be in the vicinity of the cAMP binding pocket. 

Since cysteine-92 is known to be located in this area (35,41), 

it is postulated that this amino acid is the site of 

fluorescent modification.

Since cysteine-92 in CRP is inaccessible to thiol reactive 

probes, it follows that CRP and cABS must possess different 

tertiary structures. Also, since cysteine—178/cysteine-178 

disulphide linkage may not occur in cABS, it follows that 

the latter must exist solely in the monomeric form.
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The results obtained indicate that the following

processes occur, and these may be represented schematically.

r*
SH

Cys 92

cAMP

Cys 92

SH
t  cAMP

-> ^---Acrylodan

Fig. 6.13. Schematic Summary of the results obtained.

6.10,_____ IDEAS FOR FURTHER WORK.

Use of a fluorophore to label CRP, which may produce 

excited dimer (excimer) emission, at a longer wavelength than 

that produced by H-(1-Pyrene) maleimide. This could possibly 

be achieved by increasing the conjugation of the pyrene 

nucleus. The excimer emission of the probe is 465 nm, which 

shows blue fluorescence. Blue emission is not readily 

detectable by the naked eye; green/yellow fluorescence 

(X — approximately 550 nm) is ideal for visualisation. The 

monitoring of excimer emission, is a good qualitative indicator 

of cAMP binding, since this emission only occurs on cAMP 

binding to the CRP.

Mutant CRP molecules have been produced (4 2 ,45,44,45),
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which interact with cGMP to produce a conformational change 

in the protein. Use of the more suitable probes (for 

example, naphthalenes and possibly the pyrene) on this protein, 

may yield positive results.

It may be postulated that the use of a larger protein 

than CRP, for fluorescent modification may elicit a greater 

conformational change on cAMP binding, and thereby exhibit 

a greater hypsochromic shift in the emission spectrum 

together with a greater fluorescence enhancement. This is 

indicated by the greater hypsochromic shift (13 nm) as 

exhibited by the labelling of R ^  with Acrylodan, compared 

to GRP. However, it is expected that a larger protein will 

comprise more than one available cysteine residue, for 

fluorescence labelling. If, as in CRP, disulphide linkages 

are formed on cAMP binding, it may be possible to incubate 

the protein with cAMP allowing formation of the disulphide 

linkages. These cysteine residues are now not available 

for modification. Reaction of the protein with iodoacetamide 

(46,47), in order to block the thiol groups of less critical 

cysteine residues, may be performed. Removal of cAMP by 

dialysis will restore the thiol groups, and these may then 

be labelled by a suitable fluorescent, thiol-reactive agent. 

Subsequent rebinding of cAMP to the modified protein, will 

result in shifts in the emission spectrum, concomitant with 

enhancement of fluorescence.

In order for this strategy to be effective, the cAMP 

must be removed from the protein by dialysis.
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This has been investigated as follows:

Two tubes were set up in duplicate. To each tube was added: 

i) 5'AMP solution (10 pi, 20 mM) ,

ii) 'Cold' 4- tritiated (^H) cAMP solution (10 pi);
produced by adding ^H-cAMP (5 p i )  to 'cold' cAMP (220 p i ,

2 pM), producing a final H-cAMP concentration of 0.08 pM,
iii) Distilled water (230 p i ) .

To one set of two tubes was added 1:40 (0.310 mg/ml) 

cABS solution (50 p i ) .

To the other set of two tubes was added 1:2 (0.310 mg/ml) 

Rjl solution (50 pi).
One control tube was set up containing: 

i) 5'AMP solution (10 pi, 20 mM), 

ii) Distilled water (240 pi),

iii) 1:40 cABS (50 pi, 0.310 mg/ml).

A second control tube was set up containing i) and ii)

plus 1:2 Rjj (50 pi, 0.310 mg/ml).

Aliquots (lOO pi) were taken from each tube, and were

introduced into separate vials. Pico-Fluor Liquid Scintillation

Fluid (10 ml) was added, and each vial was then subjected to

radio-counting using a Liquid Scintillation Counter.

A total count tube was set up by taking an aliquot (30 pi)

of a 'cold' + tritiated (^H) cAMP solution; produced by

adding ^H-cAMP (5 pi) to 'cold' cAMP solution (220 pi, 20 mM),

3
producing a final H-cAMP concentration of 0.08 pM. This 

aliquot was then added to distilled water (270 pi).

Aliquots (100 pi) were taken from this, and the four 

sample tubes, and each aliquot was placed in separate vials.
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Pico-Fluor Liquid Scintillation Fluid (10 ml) was added 

to each vial, and the latter were then directly subjected 

to radio-counting using a Liquid Scintillation Counter.

The remainder of each sample was extensively dialysed 

(3 days), against Tris-HCl/KCl/MgCl^ (0.20 M, 1000 ml, pH 8.0) 

containing activated charcoal (2 gm) with stirring, using 

cellulose tubing which retains molecular weight species in 

excess of 8000 daltons.

After dialysis, aliquots (100 jal) were taken from each 

dialysand. These were radio-counted as above. The dialysis of R ^  

was allowed to proceed for a further 24 hours, and the 

dialysands were again radio-counted.

Results.

Total Count - 205192 d.p.m.

Control Count for cABS — 63 d.p.m.

Control Count for  ̂ - 83 d.p.m.

For cABS.

Status Protein

Dilution

d.p.m. Mean

d.p.m.

Corrected

d.p.m.

£

Binding

After

Dialy 1:40 860

-sis 912 886 823 0.40

Table 6.1 9. Results of the ^ cAMP binding 

to cABS after extensive dialysis.
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F ° r Kj j -

Status Protein

Dilution

d.p.m. Mean

d.p.m.

Corrected

d.p.m.

ck
Binding

After

Dialy

-sis

1:2 98992

108080 105536 103453 50

After 

Furth-

er Di- i

1:2 52864

60020 •56442 56359 27

alysis

Table 6.20. Results of the % cAMP binding 

to R-j--j- after extensive dialysis.

The results show that cAMP may be readily removed from 

cABS by dialysis. Virtually all radioactivity was removed 

from the dialysis sack, after 72 hours dialysis.

Rjj, possessing a much greater affinity for cAMP, retains 

up to J>0c/c of the radiolabelled cAMP after 96 hours dialysis.

It has been suggested (40), that it is more likely for cAMP 

to dissociate from R,^ and then rebind, before the cAMP can 

exit from the dialysis sack.

Clearly, R „  is not a good candidate for the strategy 

previously outlined.

6.11. SUMMARY.

It was shown that cAMP Receptor Protein (CRP) was 

capable of binding cAMP when unlabelled, and when fluorescently 

labelled via £ -amino groups and thiol groups.

The interaction between cAMP and thiol-labelled CRP
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was found to yield the best results, especially when the 

latter was modified using a probe containing the naphthalene 

chromopho re.

It was found that the hydrophobic pocket, present within 

the CRP, was much less lipophilic than that present within 

Bovine Serum Albumin (BSA), and it was also evident that 

CRP could not be fluorescently labelled when present as the 

CRP-cAMP complex. This was due to the formation of a 

cysteine-178/cysteine-178 disulphide bridge, between the two 

protein monomers, on cAMP binding. Since this amino acid 

residue undergoes modification on reaction with a thiol- 

reactive fluorophore, its thiol group was not available for 

modification in the presence of cAMP,

The dye : protein ratio was found to be 1 : 1 for thiol 

modification, and the labelling process was found to be 

covalent in nature, by the migration of a single band on 

SDS-PAGE.

The cAMP binding site of CRP (caBS), possessing residues 

1 to 125 inclusive of those of CRP, supplied by SmithKline 

Beecham Pharmaceuticals, was found to bind cAMP although to a 

lesser extent than CRP. Although cysteine-178 is absent in 

cABS, it was still able to undergo fluorescent modification, 

and the dye : protein ratio was found to be 1 : 1. The 

amino acid residue concerned was shown to be cysteine-92.

Thus, cABS possesses a different tertiary structure to CRP.

As with CRP, cABS would not undergo fluorescent modification 

in the presence of cAMP. Also, unlike CRP, the modified protein 

would not bind cAMP. This indicated that cysteine-92 must be
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near the cAKP binding site of CRP.

The regulatory subunit of cAi'iP-dependent protein 

kinase (R^), was found to bind cAMP to a much greater 

extent than CRP. fluorescent modification of the protein 

did not interfere with cAMP binding.
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