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ABSTRACT

The overall objectives of_ this work were the deyelopme;t
of a) fluor;nated maleimides for the specific modification of
protein sulfhydryl groups and subsequent lgF—nmr studies and
by-fluorinated phospholip%ds for the stu@y‘of protein-lipid
interactions by 19F—nmr; Two fTluorinated analogues of.
N-ethylmaleimide, N-2,2,2-trifluorvethylmaleimide (FEM) and =
deuterated analogue N—2,2.2-£rifluoro;1,l—dideutcroéthyl;.

maleimide (FEM-d,) were synthesized from trifluorcacetamide in

three steps. A detailed kipnetic study showed that FEM reacted

at least 10 times faster with thiols than with either other

-

amine acid side chains namely imidacoley amines, alcohols or

water. The rates of reaction between FEM and thiols increased

- ten-fold for each unit increase in pH, in addition, appsrent

activation parameters were determined for these reactions at pH
6.85. The FEM-thiol adducts werealso isolated and fully
characterized.

Bovine serum albumin (BSA} on exposure to FEM—d2 reacted

rapidly at the single sulfhydryl residue exclusively. On the
other hand, 3—bromo—l,l,l—trifluoropropamhe reacted with BSA at
the sulfhydrvl group and a2t other sites ¢n the protein tec the

extent of 20%. The neutral to fast (N-F) transition of BSA was

19

examined by F-NMR followiné modification of the protein with

FEM—d2 (BSA—FEM—dz) or Br~TFP (BSA-TFP) . OQOver the pH range
19 -

3.0-6.0 gt least three distinct F~-NMR resonances were

iii



observed for both modified proteins; the linewidths, chemical
shifts and peak areas of these resonances changed &s a function

of pH. Circular dichreism and fluorescence spectra of modified
___.and unmodified BSA proteins in the pH 3.0-6.0 range were
indistin#uishable indicating that - the
sulfgydryl labels caused littlg structural perturbation to the
-protein. At pHs above B.0, BSA—FBM—d2 underwent an
irreversible chemical reaction; likely opening of the
succinimide ring by sn amino group of the protecin. Chemical
shift anisotropy contributions to the lgF-nmr linewidths for
Both BSA—FEM-dz and BSA-TFP increased linearly on going from
§4.66 to 235.36 MH=z.

Two phospholipids fluorinated in the acyl chains were
synthesized for the burpose of incorporating them into vesicles
with 1i§ophilin, an i;tegral membrane proteiny bis-§-fluoro,
8*deutero— and bis-1Z2-fluore, 12-deuterodimyristoviphosphatidyl-
choline were'synthesized and characterized by 2H-nmr and

~calorimetric studies. However, 19F—nmr studies of
lipophilin/fluorolipid mixtures showed no evidence for the
presence of any immobilized or "boundarwy lipid" around the
prqtein. In addition, lipophilin was modified with F‘EM—d:2 ;% .4
19

-nm eriments vided no informati t
F r exp nt rovided info tion about the

environment of the FEM—dz labelled cysteine residues of the

. A S
protein.
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CHAPTER ONE

.INTRODUCTION

The study of préteins and other biological molecules by
nuclear magnetic resonance has become increasingly popular o;er
the past twenty vears. This increésed popularity is reflected
by an approximate ten—-fold increase in the nmr literature
(~50-500 paperéj}éar) over this peiod. The work presented-in
this thesgs deals primarily with lgF—nmr studies of two
proteins:i the first, bovine serum albumium (BSA), a ppotcin
soluble in aqueous solution and the otﬁer lipophilin a myelin
intrinsic membrane protein in a reconstituted fluorophospho-
lipid matrix. Prior to a review of nmr methods which have
been used iﬁggéluble protein and membrane lipid protein
studies, = generalfoverview of proteins and lipids will be
given. This overview will deal first with general aspects of
the structures of proteins and lipids and secondly with the
physical and chemical methods for the study of these systems.

Subsequently, a general review of nmr methods and studies

including a discussion of lgF—nmr will be presented.

1.1 - Proteins - General Introduction

Protei;s are biologically important polymefs whose
mononmer units consist of any 'of the 20 naturally occurring
amino acids (Table 1) that in turn are linked by peptide

1,2

{amide) linkages {(Figure la). The molecular weights of

proteins range from 5,000 Dpltons {or atomic mass units, amDu)
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Table 1: Amino Acids HN3-$-H Found in Proteins

R
TTable 1
“ Amino Acid R
Alanine (Ala) CH_-
O .
iy CH-«‘\
Valine (Val) - CH -
-~
CH3
o |
Leucine (Leu) R /CH—-CHZ_
("HB

Isoleucine (Ile) CHBCHZCH -

. N
Proline (Pro) L

Phenvlalanine J/Q -
(Phe!} \ CHZ

Tryptophan (Trp) /\|’/J\>

Methionine (Met) CH3S HQCH?

Glycine {Glv} H -

Serine (Ser) HO CHZ'

Amino Acid
Threonine (Thr)

Cysteine (Cys)

Tyrosine (Tyr)

Asparagine(Asn)
Glutamine(Glin)

Aspartic Acid
{Asp)

Glutamic Acid
(G1u)

.Lysine (1ys)

Arginine (Arg)

Histidine (Kis)

R

OH

CHL —
OH

HSC M

o
HoNECHy

O
F*Eﬁ\lC:(:F%2¥:P{2{

HOC CHy
1
HOCCH;CHz‘

H:N(CH?)E

NH

!
HZN C NH(C H2)3‘
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to 1 million or more Daltons. Similar polymers with molecular
weights less than 5,000 are referred to as polypeptides.

’Protein structure can be described by several terms.
"Primary structure" describes the co;alently bonded sequence of
amino ;;id residues while "secondary structure" refers\to a
regélar, recurring arrangement of the polypeptide in one
dimension namely a—helix, p-pleated sheet-(Figure-lb and ¢) and
random coil conformations. These repetitive arrayé can be
ascribed to the planar amide linkage and the angle of rotation
about the Ca-N bond ¢, and ¥ the angle of rotation.about the
.Ca—C bond (Figure ld). By virtue of the steric bulk of the
side chains (R), «, p‘or random coil arrays will be
preferred.B'4 “"Tertiary structure" refers to 3 dimensional
folaing or bending of the protein chain while the term
"quaternary structure" applies to proteins‘with more than one
subunit and dgscribes non-covalent interactions between these
subunits. The overall term, conformation, applies to the
combined secondary, tertiary and quaternary siructure. Proteiln
conf&rmational changés are of great importance since they are
often associated with & protein’s function for example,
conformational changes associated with an enzyme upon substrate

binding.
N



1.2 Methods for Studving Proteins

- 1.2.1 Chemicai Modification

The chemical modification of proteins is based on the

wide range of amino acid R groups presents-lo (Table 1) and hdas™~
served several uiqs: i) alteration or removal of biological

sctivity, ii) a change in physical properties or iii)
introduction qf "reperter” groups which are usually
spectroscopic labels.6 The choice of a modifying“recgcaf_is
governed by se#erai criteria. Of primary importsnce is the
reagent’s solubilitf in aqueous media; in scome cases the
organic reagent must first be dissolved in an inert solvent
such as dioxane or acetonitrile. The reagent of choice nust
also be stable at pHs .and temperatures at which the protein is
biologically active if the effe;ts of modification are to be
interpreted relative to the biological activity of the protein.
Above all, the reagent must be quantitative and specific for
the térget R group.

A great deal of effort has been devoted to the
development of reagents for irreversible enzyvmatic inhibition.
These reagents are catagorized as either effinity labels or
active site reagents better known as "suicide sub;trates.TG The
former class of compounds are siructural analogues of enzvme

substrates which upon binding to the enzyme react with a

nucleophilic R group and renders the enzvme inactive. _ The



limitation of this approach is_non—specific modification
because of the wide variety of components present in cells.
The latter category, suicide substrates, differ from the first
since the enzyme itself unmasks the latent functional gruop
resulting in less of catalytic ackivit&. Many examples of
suicide substrates are dealt with in a review by Walsh.r7

1.2.2 Phvsical Methods

A wide variety of physical methods have been applied to
the study and characterization of proteins.lo Included in
these methods are: i) X-ray erystallography, 1ii) optical
methods such &s circular dichroism (CD), optical rotary
dispersion (ORD}, light scattefing and fluéreSCane
spectroscopy 1ii) magnetic resonance methéds such as electron
spin resonance (esr) and nu¢lear magnetic resonance {nmr) and
iv) chromatogrphic methods such as molecular exclusion
chromatography and gltracent:ifugation. Since each method
provides a specific piece of data about a protein, a
combination of twe or more methods is required toe provide a
complete overall picture of a complex macromolecule such as a
srotein. The informéion attainable by each method is

summparized in Table 2. A discussion of nmr studies 1is

prescented separately in Sect. 1.4 and 1.5.
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1.3 embranes - General Overview

Cellular membranes act as;both barriers separating
aqueous compartments and a base to which enzymatic, systems are
bound. Typically, membranes are ~ 8 nm wide and comprised of
approximately 60X protein and 40% lipid with considerable
variation in this composition. Lipids commonly found in
membranes are shown 1in Table‘S. The most widely accepted model

for the structure of the cell membrane is the "fluid mosaic"

’ model34 in which the lipids are arranged in a bilayer to form a

liquid crystalline martix as depicted in Figure 2.
Extrinsic Protein

.'..?’ :"g’:’:’...'
(m::-.izzzé'.%"::"“tv.
eSegtaleleg®ele aSeSegHL: 2ot I
Sgpcece '33:3:': og 03:33.039'.
reste Seeassr gy SessnLIM
\ ‘iﬂg ‘&“h

. 'O . Non polar -tail

: o2 W U
Intrinsic ‘#il{i\ \%\i \\N\

Protein X 'h t ‘.\

Polar head group

Figure 2 (Taken from Ezf. 1)
Two types of-membrane protein mey be distihguished: extriﬂsic
(peripheral) proteins which are loosely attached to the
membrane surface and intrinsic (integral) proteins dhich are
buried in the lipid bilayer mnd make up to 70% of membrane -

preteins.
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Both protein-lipid and lipid-lipid interactions are
important in overall membrane organization. These -
interactions when ionic¢ in nature depend on the pH and ionic
strength of the aqueous medium.35 Hydrophggic interactions
between non-polar amine acid residues and the -non-polar
segments of lipids as well as those Between_the non—-polar
segmenfs of lipids tﬁemselves are also of importaﬁce. The net
effect is a reduction.in lipid fluidity. A more detailed
38

discussion is presented by Boggs.

1.3.1 ~ Phvsical Methods for Stundving Lipids

As it is the case with proteins, a wide varieéy of
ph?sical methods are aveilable to study lipids as either pure,
mixed or protein/lipid mixtures. Included in these techniques
are X-ray and neutron scattering, electron microscopy, optical
methods such as Raman and fluorescence spectroscopy,-
photobleacﬁing and magnetic resonance methods such as esr and
nmr. Again, & combination of tw; or more of‘thesé methods 1is
often required for a complete overall picture. The type of
information available by each technique is summarized in Table

4. The reader is again reminded that a discussion of nmr

studies is presented in later sections (1.4 and 1.5).
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1.4 Nuclear Magnetic HResonance (Sect. 5.4)

1.4.1 General Applications in Biological Chemistry

Nuclear magnetic resonance has proven to be a good method

for studying bioclogical melecules in solution. The most

““commonly studied nuclei in biological nmr are 1H, 13C, 19F, 2H,

31p nd 15N 46,47

device information regarding molecular conformation from the

measurement of chemical shifts (&), qgupling constants (J)}, and

From their nmr spectra it is posible to

the relaxation times T1 and T2‘ This is summarized in Table -
5.51,52

TableS A Comparison of Various Nucle! Used in Biological
KMR Studies

Isotope 1 Relative Resonant Chemycal . - Parameter and b
Sensitivity Frequcncy(mi) Shift Informition
{2} Relative to 'H  Range(ppm}

H 172 100 100.0 10 L: position of aniso~
: tropic groups, H-bonds

charged groups

J: Dihedral angles,

conformer population.

Ty: Internal motions,

plramagnctic sites.

Line Shapes: Confor-
- ) maetional dynamics.

H i 0.1 15.3¢ .10 &Vp: crder parameter
13 E-D bond ¢rientation

Ty: Confermational
dynamics

[ /2 1.7 25.14 3 &: flectronic
. environment.

T4:. Cornformational
ficxibﬂlty.

J: dihedral angles..

X 1/2 0.1 10.13 620 ¢: molecular
environment .

J 1 dihedral angles.

p 1/2 6.6 40.48 700 t: phosphate group
conformation.

Line Shape: anisctropic
motion .

. J: dinedral angles.
19 . '

F 172 53 94 D& S60 & Environment of
) " labelled positiens

Srr: Conformitional -

3 Scr  dynamigs,
11: Corformational
flexibility
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~ These parameters may be studied as a function of any desired

perturbation. Of particular importance is the variation of Tl’

phe spin-lattice and T2 the spin-spin relaxation times with the

rotational correlation time L the average time a2 molecule

takes to rotate through one radian48’4g(Figure 3). Both T1 and

T2 vary with the applied field frequency v,

10°
Ar/
1¢' :
F /
*\N
QO
[=
[+ 1
gl !
t
! 2
1 3
|
1 -
3
L4
(2rry°}"‘,
]
lO-r: 10-” lO-T IO-B

7, —= (3ec)

Figure 3 (Taken from Ref. 48)

For molecules with molecular weights of les than 1,000 Tl’ or

T2 ~ 0.1 - 10 sec. in non-viscous media. However, at smaller

T values, dipolar relaxation mecharisms became more efficient

resulting in broadened nmr lines\
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Although a great deal of information can be obtaineé from
nmr ééhdies, there. are inherent difficulties and disadvantages
ip the use of nmr. to study proteins and other biological
molecules. Since many biomolecules have limited solubilities,”
many hours of spectral accumulation are require& to obtain
spectra with reasonable signal to noise ratios. Chemical shift
anisotropy {(CSA) (Sect. 5.4;2) may contribute t6 line
broadening for some nuclei such as 19? particlarily at higher

field strengths.so.

The advent of two dimensional or 2D-nmr has been of

53-55

paramount importance in biological nmr studies {Sect.

5.4.5). 2D experiments can be used to determine whether nuclei

interact via spin coupling, mutual relaxation, chemical

-~

exchange or shielding. As a result, conformational information
can be obtained. Correlated spectroscopy (C0SY), Spin-Echo
Correlated Spectroscopy (SECSY) and Nuclear Overhauser

Enhancement Spectroscopy (NOESY) are widely used 2D-nmr

%

methods. Polarization t%ansfer nmr experiments such as DEPT
b

(Distortionless Enhancement by Polarization Transfer) or INEPT

{Insensitive Nuclei Ephanced by Polarization Transter)ss’s7

have been valuable particularly in 13C—nmr studie. where it is.

possible to selectively examine methyl, methylene or methimne

o
-

carbons by spectral editing. - - e
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In general, 1H and 130 nmr studies of macromolecules are
often difficult because wf the large number of‘overihpping

resonance. A common practice is to examine resonances which

are well removed from crowded regions of the spectrum.

IQF ISN

Deuterium (as well as } labelled biomolecules can be

or
_prepared chemical or biosynthetic methods. The quadrupolar
moment of deuterium is of primary importance when looking at

orderéd"systems'(SUCh as proteins and membranes) where the .

observed quadrupolar splitting, AVQ, provides information with

.regards to degree of motion about the C-D bond (Sect.
58,59 '

5.4.4) Because of the inhereﬁtly_low natural abundance

and sensitivity of 15N, chemical enrichment of biological

samples is necessary to observe nmr signals at reasonable

31

sample concentration. P on the other hand is present 1in

relatively few biomolecules and has the advantage of having

fewer resonances to assign. Both 31P-—nmr lineshapes and

chemical shifts are sensitive to molecular conformations.
1.4.2 Protein nmr Studies - Genersal

130 and 1H are the most popular nuclei in protein nnr

studies. Chemical shift analysis of specific side chains (R
groups) have been useful in studying conformationally dependent
intermolecular interactions. 13C chemical shifts of hydrogen

bonded carbonyl groups can be used in ‘the evaluation of protgin

secondary structure.31 The angular dependence of two and three
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bond 1H—130 coupling constants cowmplimented by other data has
lead to three dimensional pictures of peptides. 2D and NOE

difference nmr experiments have aided in the interpretation of

13 1 ’

coﬁplex'protein C and "H-nmr spectra since nuclei interacting

in only the manner selective for these experiments are

observed.éo

15N—nmr chemical shifts vary with both the primary ana

secoﬁdary structure of polypeptides. The smide chemical shifts

cover a ranée of 250-280 ppm and deperd on the sequence of
. . . 62 15, 1 .

amino acid residues. Three bond N-"H coupling constant

measurements have aided also in conformational studies.

Protein 31P—nmr studies has been limited to the

examination of phosphoryl transfer enzymes and in particular

the perturbations caused by the substitution of 180 and 170 for
18 81

0 in the phosphate group.

H-npmr has involved the incorporation into proteins of

63,64 and

specifically deuterated amino acid side chains,
locking at the dynamics and the degree of order about these
" side chains fronm thé measurement of the quadrupolar splitting

AVQ.

1.4.3 NMR Studies of Lipids

The structure and organization of lipids in biomembranes

_have been studied by 1H, 2H, 130, 31

lgF-nmr. The calculation of three bond proton coupling

P and to lesser extent

constants have been used to show that the staggered

conformation of the glycerol beckbone of phesphatidylcholines

was preferred {(Figure 4).55

\
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1

Figure 4

Likewisé}’lBC—lH, 1H—13C, and 13C—31P coupliné constants were

-

used in the assessﬁent of the conformation of fhe ac}f chain

and choline moieties. of phosphatidyl cholines.66’67

Both the rotational motions about single bonds and the

lateral motions across the membrane surfaces have been examined

-by nmr. 130—T1 measurements for 130 nuclei at varying

positions along the acyl-chains showed that the rotational

motion abut C-C bonds increases with increasing distance from

the lipid head group§8 Similarily, 31P—T2 measurements have

been interpreted in terms of anisotropic motions in the head

69 31,1 70,71

group. H NOE measurements by Yeagle have .shown

that thelT1 relaxation mechanism is predominantly dipolar and
resulted from the irradiation of the —ﬁ(CHs)3 protons thereby
showing the proximity of the phosphate and trimethylammonium
moietieﬁ. The measurement of 2H quad}upolar splitting for
lﬁ?ids wiht _CDZ_ units along the acyl chain by Séelig72'73
complimented previous 130—’1‘l measurements74 by showing the
degree of randomness, (as reflected in AVQ) increased with
increasing distance from the head group moiety.81 In sonme

cases, the two hydrocarbon chains of the lipid are

non-equivalent and show two sets of lines in the NMR



spectrum.sz_go The order parameter §$ {claculated fro V.,
N CcD *f Q

3

Sect. 5.4.4) decreased with increasing temperature and

" difficult to obtain at temperatures below the phase transition

temperature of the lipid due to line broadening from the

inherently smaller 2H—T2 values in the gel state. 31?

chemcial shift anisotropy (CSA) measurements have demonstrated

that motions of the phosphate group are restricted in

phosphatidylcholine bilayers.94'78-80

Lateral motions across the surface of membranes have been

reflected in spin-spin interactions between neighbouring lipid
molecules. Metcalf et. al.'s_’g showed an increase 1H—T1 for
dipalmitoyl lecithins {(DPLs) where increasing amounts of DPLs

deuterated the alkyl chain were added to the protio species.

lH—T2 values were also shown to be dependent on lateral

Y

diffusion rates.

1.5 lgF—NMR — General

”

The use of lgF—nmr to study biopolymers has become

increasingly popufg}.gl The lgF nucleus has several inherent
advantages when compared to the other nuclei listed in Table

5.92 which include; 1) The relative seﬁsitivity is comparable

to 1H and far greater than the other nuclei, 2} lgF is 100%
abundant with spin of 1/2 and therefore no quadrupole moment 3)
the chemical shift range of fluorine is large and sensitive to

local environmental affects and 4§) 19? is not a natural

caomponent of proteins or other biopolvmers. As & conseqnence
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of the first two advantages, the only fluorines observed
spectroscopically are those introduced into the protein and
changes about the lgF nucleus will likely be reflected in
changes in the chemical shift or linewidth. A 'thorough review

with many examples of the use of lgF nmr in the study of

biclogical melecules has been given by Gehrig.gl

1.5.1 Protein and Lipid Studies by 19F—nmr

The biesynthetic iﬁggqporation éf fluorinated amino acid
analogues into proteins has been usd to study the environment
about specific amino Qcid residues by lgF-nmr. For example,
after the incoerporation of monoflucrotyrosine into E. Coli
alkaline phosphatase,93 sll eleven tyrosine residue; were
monitored from their well resolved lgF nomr signals. Chemica{ﬂr
modification of specific amino scid side chains with
fluorinated reagents as well as the use of fluorinated
analogues of protein substraéés have been used to study

proteins by 19F r-94—100

19

. i
F nmr has also been used to study lipid bilayers.

Birdsall et. al._lm’lo2 have examined the fluorine spectre of
monofluorocoleic acide in lecithin vesicles. Linewidths of the
19..

F signals were monitored as a function of the position of
~-CHF- along the fatty acid backbone, were found to decrease

toward the methvl terminus. This result was interpreted in

-

terms of increasing rates of molecular motion toward the center

of the bilaver which agreed with previous 13C—T1 measurecents,

\ .-

AN
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H order parameters‘and spin-labelling experiments. Gent et.

103,104
al.

have synthesized l-palmitoyl-2-8,8-difluoropalmitoyl
sn—glycef6;3-phosphorylchb1ine 2 (Figure 5) and prepared

micelles and bilayvers.

- | g? +' '
C{)——!S-_O(CHz)ZN(CHs)S
CH,CHC A
| 2? "2 Q |
OR OR' - _R = C(CHy)CHS

. 0. =

R = C(CHECH, (CH,,CH

3

[N

"i

Figure 5

By ailution with fully deuterated dipalmitoyl phosphatidyl

¢holige§ {(DPPCs) relaxation via F-C-F and C-¥F--H~C dipolar

+

interactions could be separated. Chemrical shift anisotropy

19

contributions were also .found to be_dominant. F-dipolar

spectra have been obtaiéed from dimyristoylphosphatidyl
. : : ' . 105-107 ‘
cholines (DMPCs) substituted with —CF2— groups as well
as DPPCs with -CHF- units at various positions along the acyl
108-110
chain. "Both studies have led to the calculation of C-F order

parameters which agree to within approximately 10% with C-D

6tder parametérs reported for CD, analogues (Sect. 5.4.3, 5.4.4).

2
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1.6 Summary -

There aré a variety of chémical and physical methods
abailable for the study o% proteins and lipids. No one method
can provide a qomplete picture of the structure and fun;tion of
these biolog5c31 molecules. NMR spectroscopy can pr;vide a
great deal of information about these systems pﬁrticularly in

conjunction with d£her-physical methods.

1.7 Thesis Proposal

~

Maleimides are known sulfhydryl reagnets which react with
thiol groups in = 1,4 addition process and have been used to

label the cysteine sulfhydryl residues of proteinss's (Figure

6.

0
,? RS- M

. ." . M : NR‘
aSH o+ @R | — (

Z

W O
'O_

Figure 6

_Reaction with non~thiolJlnucleophiles such as water, amines, and

111,112

imidazoles have been observed, but the relative rates of

these reactions have not been investigated, in particular,

:ggﬁlative to the rates of reactien with thiols.
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Recognizing the advantages of 1gF-‘over other nuclei in
‘nmr studies of biomolgcules (Sect. 1.5), it was proposed to
synthesize a fluorine-containing maleiﬁide for.protein
sulfhyd;yl labelling and subsequent lgFmNMR'studies. The

maleimide was N-2,2,2-trifluorocethylmaleimide (FEM) and its

dideuterated analogue N-2,2,2-trifluoro-1,1,-dideuteroethyl-

maleimide (FEM-d,) shown in Figure 7.
O
i
NCH2C%

\
o

N-2,2.2- tritluorocthylmaleimide (FEM)

\ NCD, CFy

N-?ﬁz,?ﬁ-triﬂ\a?ro-1,1-dideutemefhylml?imide (FEM Do) .
Figure 7 —
An investigation of the relative rates of reaction between FEM
and 1o§ molecula} weight thiéls as well as other nucleophiles
would be undertaken. In o;der to e;aluate this reagent the
protein bovine serum albumin (BSA) with one sulfhyd;yl group
‘per mole of protein‘was selected for examination of its pH

‘dependant conformational change by lgF—NMR.
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A second protein qhosen for modification was the myelin
;ntrinsic membrane prolein lipophilin. In the study of
lipid~-protein interactions, the physicai techniques employed
éxamine either the protein or lipid. It Qas,ﬁroposed to
examine both the protein and lipid environment- simultaneously
-after the incorporation an FEM—d2 labelled lipophilin, inte
phospholipids whose hydrocarbon chains had been labelled with
fluorine at various positions. In order to carry out this

study, the synthesis and characterization of the

fluorophospholipids was required.

Id



CHAPTER TWO.

BACKGROUND
2.1 GENERAL

An important criterion for the selection of a reagent
for the introduction of a spectroscopic "“repovrter group" in
order to probe the microenvironment of a protein, is the
quantitative and specific reaction of this reagent with the
target protein functional group. A great ﬁea] of information
;oncerning the protein mechanism has been~obtained by studying
profeins after chemical modifications (Settion i.3). It
should not be assumed i priori that a given reagent will react
specifically at a given protein site because of the large of
eactive (R) groups on a protein (Table 1) present and
possible side reactions. For example, it was assumed by
Heustis ahd Raftéry that when hemoglobin was treated with
3-bromo-1,1,1-trifluoropropancne (Br-TFP}; only exclusive
slkylation of the sulfhydryl group of the cysteine residue

113-118

at 3.97 occurred {(Figure 8). -

0O \_ | 0
R-SH + BrCH,(CF —  R-SCH,LCR + HB:

Figure 8 _
. : . : 14 ' L 119
Subsequent investigations with (~ C)-Tabelled Br-TEP

showed that in addition to cysteine modifications, alkylation

25
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of an amino group of a lysine residue had also occurred.

. Since it was intended to develop FEM(dz) for the purpose of
medifying thiel groups in proteins for lgF—nmr studies, it was
felf a kinetic study to determine the rates of reaction of FEM
with thiols and other potential protein nﬁcleophilic R groups such
as amines, alcohols or imidazoles was important in ordef to assess
the specificity of the FEM label.

Bovine serum albumin (BSA) was selectéd as'a model protein
1gF ner studies for seversal reasons: the protein is abundant,
relatively inexpensive, easily purified ana has a single
sulfhydryl group per mole. BSA is known to undergo conform&ional
changes in the pH 3.0 - 6.0 region; the fast-neutral or F-N
trapsition and in the pH 3.0 - 6.0 region the neutral-basic or N-B
traﬁsition. In particular, the F-N transition has been well
characterized by esr, fluorescence and circular dichroism studies.
However, prior to any 1gF—nmr studies of the F-N transiﬁion of tﬁe
modified protein, the specificity of the reaction of FEM--d2 for
the cysteine residue of BSA and the perturbing nature of the
fluorine label had to be investigated.

Comparative lgF—nmr studies using 3-bromeo-1,1,1-
trifluoreopropanone (By—TFP) to label BSA were felt to be of
interest since 1) Zurawakilzo used this label to modify the
sulfhydryl group of BSA in order to study the N-B conformationél

change of the modified protein, and 11) the likelihood of

®
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- non-sulfhydryl modification made the interpretation of these

results questionable. Consequently, the investigation of the
N-F transition of the Br-TFP as-well as the FEM-d, modified
proteins by lgF-nmr were undgrtaken.

investigations of the interactions of .integral membrane
proteins with membrane lipids have focused.oﬁ‘either the

protein or the 1ipid separately. Many of these studies have *

bedn carried out by the reconstitution of protein/iipid

mixtures and the use of one or more physical methods (Section
1.2.2) to study either component. By incorporating a FEM-c.j2
modified protein into a f]uorophospho]ibid matrix, it was thought
possible to monitor both the‘protein and lipid environmgnts

simultanecusly by 19

F-nmr. ﬂipophiliq, an integral protein

of the myelin sheath surrounding nerve axons, was selected for
this study since it has been reported to have ?ive sulfhydryls
pef mole, two of which become oxidfzed during the course of
isolation of the protein. It has also been postulated on the
bas{s 0of esr and calorimetric studies of lipophilin intofporated

into phospholipid bilayers that immobile or "boundary" lipid is

present around the protein. This Boundary 1ipid is distinct

from the bulk 1ipid which behaves normally. It was proposed

to incorporate lipophilin and FEM-d2 modified lipophilin into

synthetic fluorophosphatidylcholines and examine the lipid

19

and protein F-nmr resonances as a function of both temperature
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and protein/lipid mole.ratio.

The next three sections of this|chapter will cove; in detail
the background for the studies undertsken in this thesis including
kinetic studies, lgF—nmr investigation of the N-F tramnsition of
FEH—d2 and Br-TFP modified BSA and‘FEM—d2 modified lipophilin '
incorporated into fluorophosphatidycheolines as well.as the

experiﬁental objectives in each of these studies.

2.2 Kinetic Studies

+

Maleimides, such as N-ethylmaleimide for example, have been

used extensively as proteih thiel modification reagents. From

numerous kinetic studies of the reaction between prtein cysteine

residues and méi].eir.':icie-t?.,12]'-128 iﬁ was evident that the thiol groups

were readily modified. However, the relative rates .of }eaction of
maleimides with water or with other protein nucleophiles such, as
apines, imidazoles and alcohols have never been studied. In order
to:évaluate the specifici£y of FEM as g/;%iol reagent, it was
impeortant that kinetic parameters SEJdete;?ined for a series of
thiolé in addition to a range of other nuqiéophiles which may
compete with thiols under the conditions that a protein is
modified. o

The reactions with FEM of interest are shown in Figure 9.
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The thiols chosen for this study were L-cysteiné 5,
N-acetyl-L-cysteine 4, glutathione 5, and g-mercaptoethanol 6.

(Table 6). The amino acids histidine, serine and lysine{Table 1) contai

imidazole, alcohol and amine nucleophiles respectively.

In the investigation of the reaction between FEM and
thiols, it was necessary to coﬁsider'two types of sulfur
nucleophiles which may react, the thiol {RSH) and the
thiolate anion (RS ) The equilibrium ;oncentrétions of
these two nucleocphiles will depénd upog'the pH of the medium
relative to the pKa of.the thiol., It is expected that the

| rate of reaction of FEM with the more-nucleophiiic thiolate
anion will be substantially greater than with the thiol.
Sekine et a1129'130 ﬁave investigated the pH dependence of
the second order rate constant for the reaction of various
carboxy thiols with fTuorescent_ha]eimiHEEf— A scheme of the

following type was .assumed (Figure 10).
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Table 6: Thiols Reacted with FEM. -

Thiol

L-cysteine.

N-acetyl- L: cystei-ne

 Glutathione

g mercaptg®thanol

3
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Ky and X, are the dissociation constants of the thiol and
carboxyl group respectively and ké, ko’ and k;, the true
ond order rate constants for each tonized form of the carboxy

thiol. The observed rate of reaction was assumed to be:

Eq: [ky -a * kg.b + kg.c] {x] = kapp [a+b+c][x]_

Where a, b. and ¢ represent the concentration of R{COO™}(S7)
R(CO0™Y(S™), R(CO0™)(S™) and R(COOH)(SH) respectively, (X)

the concentration of maleimide and k the observed second-

app .
may be expressed in three ways
130

order rare constant. kapp

depending on the pH of the system:

-Egn.2 1) Nhen_K] <~'K2 << [530+]

k K
] = 1
kapp _._O.._._TE_ + kO
(1507

.. , » 1.k
Eqn.3 i) Where X, <= [H30 1 <« Ky

kapp — ) t ko and
[H,0" )
Eqn.4 iii) [H3O+] co Ky <o K,

1

+ 1
[H0 ] + —
3 K

= 1
kapp kO.K1

0
Three of the‘four thiols reacted with FEM were carboxyl thicls:
L-cysteine 3, N-acetyl-L-cysteine 4 and glutathione 5: only

s-mercaptoethanol 6 was not (Table 6 ), pKa values for each thiol



33

El
P

are gi}en in Table 7

- :  Table 7

Thiol . : pKa SH
L-cysteine : 8.3

"Glutathione g.1
g-mercaptoethanol ' 9.6

N-acetyl-L-cysteine 10.0

It is expected that in the pH 5.0-7.5 region, ionizations

such as
HU.CHZCst + OH - OCHZCHZS o+ HZO
for B-ME and
0 0
1} - - @y
CH3-N-C—R _+ 0H - CH3N- -R  + H20

for N-acetyl-L-cysteine can be ignored. For a thiol such as

Z-ME where anly an ionizatfon of the type

Ka

RSH + H,0 b RS™ + H.0
o]

+

is considered the observed rate of reaction may be written

as:

Egn.5 -d[mal]

— = (kl[RéH] + kZ[RSe]) (matl]
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where [mal] = concentration of maleimide k, and k, are the

true second-order rate constants for the reaction of RSH and

Rs® with maleimide respectively. By assuming the following

re]ationshiﬁf-

Egn.6 -d{mal] . kapp([RSH] + [RS7]) [mal]

dt .
and substituting (RSH) and“(RSO) in terms of Ka' the

dissociation constant of the thiol, expression for kapp
Q

becomes:

-

Eqn. 7 Kk

app

‘([H30+] + Ka)t (kl[H30+] + kz.xa[Rsh])

when [H30+] >> Ka,

Egqn. S kapp = k2. a .
- 1
[H507 ]

-

which is of the same form as Eq. 3.

The kinetic studies of the reaction between FEM and
thiols or other nucleophiles were carried out under pseudo-
.first order conditions where the reactants were at least

ten-fold oF greater in excess of FEM.

For a pseupo—first order reactions of the type
A+ B~ ¢ where [A] >> [B]

where {A) remains essentially unchanged over the course of the

reaction, the observed pseudo-first order rate constant
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kobs is kl[A] + k2. I'n the case where KZ << ky (ie. the
reaction is essentially irreversible), kobs = k [A]. For the
reaction of excess thiol with FEM, kobs = app [Thioll where
kapp-can be expressed as Eqn. 2, 3, &, or 7 (fqr'B-ME)
depending on the pH of the solution. Neither kapp nor kops

are true rdte constants :since their expressions are pH
dependent (Eqn.Z‘to 7). The true_sécond order rate constants
kb‘ k‘ . k; and k, and kz wére not determined siﬁce thé
object of the kinetic studies was to compare. the relat1ve

rates of rqution between FEM and thiols with FEM and other

nucleophiies namely water, alcohol amino and imidazole groups.

‘The pH dependance of k obs for the reaction of FEM with thioTs

in tne pH 5.0-7.5 region and other nucleoph111c groups were

examxned. kapp values for each th1o1 were determ1ned for

comparison at pH 6.SSu In addrtuqn, the apparent activation

parameters. (AH - AGT AST S & AE*app).for the reaction

app’ app’ app’

'o?‘each thiogl wlth FEM were determined at«pH 6.55.. In the

determinat1on of these parameters, thermodynamic reiationships

of the f°1]°w‘”9 type were assumed; 131134

Eqn. 9 . K = kT T + ‘
app 5 exp (ASapp/R)exp( AHapp/RT)
and since X .. = kapp(Th1o1)
£Eqn. 10 ok kT T F
gn. . < = &1 _AHT
‘ o?s - exp(ASapp/R)exp( AHapp/RT)
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A plot of In k VS. 1/T~(or Arrhenius plot}) would have a

obs

slope of -AH#z /R and 1ntercept of ln(KT/h) + AS# /R +
.L

In(Thiol) a110w1ng the ca1Cu1at1on of both AH+pp and AGapp

- _— . + _
Simiiarily, Eapp and.AGapp may be determined since Eapp =

+ RT
L\.Happ and . N
_ T
Egn. 11 éGapp = AHap

+
- TAS
p app
Note, that since kapp is not a true rate constant, the

activation parameters are labelied\as "apparent”
In addition te the- determination of the activation
parameters for each thiol, the products of the thiol reaction

WE

with FEM were characterized
2.3 Bovine Serum Albumin

Bovine serum albumin (BSA)’Qas chosen as a novel ~
protein .for initial modification for subsequent lgF-NMR studies
for the reasons stated previously in Section 2.1. Before
discussing the experimental objecﬁfves involvihg BSA, some
background information about this protein should be provided.

8SA is a protein with a molecular weight of 67,000
with a siﬁg]e reactive cysteine (Cys -34)135'&37lresidue
located near the aminc end of the poiypebtide. A priﬂc1p1e
biological role of this protein is the binding and transport
of a host of non-polar compounds throughout the body via the

L
bicodstream. Molecules such as fatty acids, and thyroid hormones
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bind to BSA by strong non-covalent interacfions.135f138-140

. The protein is known to undergo two pH dependant
conformational changes; one in the pH 3.0-6.0 known as the
N-F:tranﬁition and one in the pH 6.0-8.0 region known as the

N-8 transition. Studies pf the N-F transition have shown

that on lowering the pH of a BSA solution from 6.0 (N state)

LT,

to 3.0 (F state) an expansion of the protein oécurs exXposing
a hydrophobic crevicefl35’l4l This~tTansitiOﬁ is reversible
and has been .studied by circular dichroism;.FTuOrescence and
electron spin %ésonance spectro§c0py;‘

Cirgﬁlﬁrquchroism (cop ) stu&ies have shown'that the
euipticity[/dﬁ”:?ag{ 262 nm {or [03at 269 nm) increases 20% on going
from the N %pHxs,O) to F form (pH 3.0).142‘143 The transitions
at 26z nm or 269 nm are mainly due to the proteins internal
_aisquide linkages (17 in total) since when the protein disul-
fide grougs afe requced'under denaturing ‘conditions these transit-
ions;disapﬁear. The increasé in [91262nm at higher ﬁHjs.have
heen attributed to an overall increase in the number of
riéidly oriented diéuifﬁde lTinkages. |

Fluorescence studies of this transition have shown a
shift o% the wavelength 0% the emission maximum for the
single tryptophan residue toward longer wavelengths (327-343
144

nm, Aex = 280nm) as the pH of the solution is increased.

This so called “red shift" is also accompanied by an
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approximately 1.3-fold increase.in fluorescence intensity at

343nm which has lead to the interpretation that tryptophan

enters a hydrophobic crevice of the protein at the higher -
pHs‘ of the transition.

Maleimide spin labels (figure 1l) have been used to
modify the sﬁ]fhydry] residue of BSA and ;tudy the rotational
correlation time (TC) o% the spin label as a function of both
145-147

While - increased as

methylene chain Tenéth and pH. .

Figure 11

b

the pH increased, the overall greatest increase in Tc wés

observed-with n=3. This led to the interpretation that the

hydrophobic ;tgvice of BSA js approximately f6A° deep.
 With an abundance of information about the N-F

traﬁsiiion of BSA, the following studies were proposed:

1) A preliminary kinetic study of the reaction of FEM and

BSA in order to assess whethgr'or nof'a reaction between the

sulfhydryl residue of the protein and FEM occurred. in

addition, the_sulfhydryl content of the protein would be
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quanzitated bgforefﬂﬁd_after modification. ‘fn order to assess -
the spécificity of the reaction.of FEM with tHe_squhydryI
résfdué of BSA, the protein would first be reacfed with iodo-
acetamide under conditions where Tt %s known that the suifhydryI

- —

group is exclusively and gquantitatively modified and then

treated with FEM. The presence or absence of 19

F-nmr resonance
_in the "sulfhydryl blocked" protein would be used to assess
non-su]fhjdryl labelling. - | '

2) A sjmi]ar study to (1) would be performea using 3-bromo-
1,1,1-trifluoropropanone to modify the BSA sulfhydryl residue.
As mentioned in Secinn 2.1 of this chapter, non-SH Tabelling
was observed in attempts to modify the £-97 cysteine residue

of hemoglobin. Since this reagent was used to modify the
cysteine residue of BSA and subsequently study the N-B tran-
sit{on, the questidn arese as io whether or not tﬁe observed
]QF-sTgna1s were due to sulfhydryl labelling elone. It was
proeposed to observe the modification of BSA by Br-TFP at two
pH's as well as BSA whose su]fhydryj group had béen "blocked™
by any differences present in the ]9F—nmr §pettra7bf gach
protein. -

3)  The perturbing nature of either FEM-d, or TFP fiabels

had to be assessed Sy examining CD and fluorescence spectra
of modified as well as unmodified proteins at pH's within the
N-F transition.

4) Examine IgF-nmr spectra of both BSA-FEM—d2 as well as

BSA-TFP at pH's in the N-F transition and observe either

changes in the nmr linewidths or chemical shifts-or the observed

L]
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-

5)  Chemical Shift Anisotropy contributions to the 19F_—nmr
Tinewidths would bé gssessed by comparing spectra obtained

at 84.66 and 235.36 MHz. Since CSA contributions in the
worst case can increase as the square of the applied. magnetic
field, (see Appendix I, Sect. 5.4.2) obtaining spectra at
the highest péssible field gtrength may be inappropriate. .
2.4 Lipophilin

' /

Myelin, a membrane found in the nervous system of
verteBrates, is organized in segments along selected nerve
fibres and functions as-an insulator increasing the velocity
of the stimuli transmitted along a2 nerve axon. Structurally,
myelin is a lipid bimolecular jeaflet, sandwiched between
twe layers of plr-o'cein.‘las"150 The myelin sheath is wrapped
in a spiral fashion around segments of the axon resulting in
a sieath up to 40 lipoprotein lamellae deep. Myelin is
approximately 70% 1ipid and 30% gfotein by weight, the major

lipid and protein componénts of human myelin are summarized

in Table 8.
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Multiple sclerosis (MS) is a disease affecting the

4 f:entra1 nervous system in which demyelination and destruction
of nerve axons take;p]ace.lSI"lsg Although the disease is
wide-spread throughout the central nervous system, there are
preferred sites for the characteristic plaques of demye1inated
nerve tréct. Notably, many of thgsé sites are found in the
brain.160 Presentiy the cause for this disease is unknown.
Postmortem examination of MS patients has shown increased
levels of lipophilin in their brains which lead to the
proposal that this'inﬁrinsic myelin protein may be linked to

161-170 Although the protein has

the course of the disease.
no known enzymatic or dynamic function it is a -major
.constitutent of the myelin membrane. (Table 8).. ¥ \\‘_’//
- Approximately two thirds of lipophilin's amino acids
have non-polan_side chains; consequent]y; the isolated protein
~prefers to nartition into non-polar solvents rather than

. 171-172

water The protein has been shown to contain 2 moles

of cova]ént]y bound fatty acids per mole of protein which
enhances its solubility in non-polar envirOnments}69’173'l75
Lipophilin contains five sulfhydryl residues, two of which are
readily oxidizgﬁ,duriﬁg the course of isolation. Of the
remaining sulfhydryl residues, 1.5-2.0 residues react with
sulfhydryl reagents such as DTNB even in denaturing media.176

Typically, the protein is isolated from the brain white

o



matter and purified by Sephadex LH-20 chromatography. A water
soluble form of. .the protein may be prepared by dialysis of the
protein from a 2-chloroethanol solution. CD as well as ORD

measurements have shown that the protein has ~ 70X «-~helical

content in H,_O compared to 100% in 2-chloroethanol. « and g

2
conformations of ﬁhe protein were confirmed by infrared
analysis.;75

The interaction of intrinsic membrane proteins- with
phospholipids has been an area of consideréble iﬁﬁ est in
recent years. A controversy has arisen as to whether or not an
annulus of immobilized lipid or "boundary" lipid surrounds =a
protein embedded iﬁ a phospholipid bilayer. Before returhing
to a discussion of lipophilin, some experimental evidence which
has lead to the aforementioned controversy will be presented.

Among those membrane proteins studied in detail are

cytochrome C oxidase, sarcoplasmic and Caz+ ATPase and rho-

dopsin.177_185 Electron spin resonance studies of dilute fatty
acid spin labels in protein recombinants have indicated that
there is more than one environment for the esr probe. These
results have been interpreted in terms of a two—staqs mode%,
one state which is relatively mobile and identical to the bulk

lipid before protein addition and the‘other, a relatively

inmobile state. The broader immobile component of the esr
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spectra has been associated with spin probes in contact with

the profein embedded in the bilayer which has led .to the
MinterpretStiOn that the lipid in contact with the pfofein
is motignally rest;icted_fo soﬁe degree. This latter Iip{d
has been termed “boundgry lipid".

31P and ZH-an studies of these same

In general,
) protein/]ipiq recombinants have shown 1ittle or no evidence
for two lipid environments; this constitutes the basis for
. the controversy regarding the existance of boundary lipid.
2H-nmr studies using phospholipids containing fatty acid
chains which had been labelled with deuterium at specific
positions (Figure 12) has shown liﬁtTe {1-2 XHz)} or no

change in the observed quadrupolar splitting (aV.) in the

Q

‘presence of protein although the nmr Tinewidths increase.

= C(_CHz)mCHB m:=1?2 m:14 m=16
R=: g.(CHZ)m(CDZ)nCHBm 22 m=6 m=10
n-= 9 n1:5 r]:]

— Figure 12
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T, measurements obtained from 24 and P nmr studies of

sarcoplasmic reticulum ATPase were unchanged in the presence
of protein which showed -a lack of orientétional dependance if

the lipids sampled a range of orientations over a smaller

time compared to T1.186’187

31 188

P-NMR studies by Yeagle of glycophorin/phospholipid

31

reconstituted systems have shown two overlapping P-nmr

signals - 2 major narrow signé] atop Ehminor broaq\signal.
The relative percentage of the broad componenf increased'wifh
{ncreasing protein and is fYnterpreted as evidence in support
of a boundary lipid. It is important however to note that
lipid heéq-group/protein interactions examined by 31P-qmn and
hydrocarbon“thain/ prote{n interactions exam%;ed by 2H-nmr
‘may be totally different, accounting for the lack of evidence
of "boundary" lipid by 2H-nmr Two differing conclusions

reached on the basis of esr and 2H or 31P—nmr experiments can

be accounted for on the basis of different time scales: 10_6-

-8

10 “s for esr and ~ 10'3 for nmr. Consequently, if boundary

lipids exchange with bulk lipids at a rate faster than the
amr time scale but slower then the esr time scale, nmr data

will show only an "average" picture.

At first it was believed that esr probes could hydrogen

bond to the protein via the nitroxyl moiety but in the 1ight

189-1¢3

of fluorescence anisotropy measurements, this view has
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‘been-—abandoned F1uorescence depolarization studies using
parinqkic acid {(9,11,13,15 octatetraenoic acid) or 1,6-
diphenylhexa;riene probes have quantitatively agFeed with
data obtained from €sr expgriménts. The fluofeécent probéS‘
were shown to b§ in two different lipid environments as was
the case wfth the esr probes. Recent esr and fluorescent
anisotropy measurements on Ca2+ -ATPase/DPPC mixtures agree
with a model in which there is no stoichiometric ratio of

protein to boundary Tipjd.194

Both esr and differential scanning calorimetric studies
of i1ipophilin incorporated into phospholipid bilayers have
indicated the presence of boundary lipid. Esr evidence has

been obtained from the use of 12- and 8-doxyl 'stearic acids, 92,b ~
195-198 ~ —

(Figure 13) as well as other niroxide spin labels.

0 NO
0 1\ ,
HOC(CHZ mC (CHZ)nCH3
9a¢ m=10 n=5 |
b m=6 n=9S o

Figure 13
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~In increasinﬁ the relative amount of protein, the corresponding
amount of an immobilized component of the.esr.spectruﬁ increased.A'
Also, a sﬁa11 increasé_in the order parameter of'the_spin label
{.49 to .55) was aTso evident>on increasingrthe protein cphtent
“from 10 to 30% Sy inght. DSC studies have shown that

although the en}p&&py of the phase‘trahéitfon of the 1ipid in
the protein/]iﬁid mixtures decreased on ﬁncreasing am0unts_bf

protein, the temperature of the transition-waidunchanged.lggf

201 This suggested. that less lipid participated in the phase
transition with increasing amounts. of protein present. A
linear extrapolatiqn of enthalpy (AH) vs protein lipid moié
rati; plot to where AH=0,‘it was shown that 16-23 1ipiﬁ mole-
cules per molecule of protein didn't participate in the bulk
1ipid phase transition.

In contrast to these observations, an ZH-NMR investi-
gation of Tipophilin incorporated into phospho]ipidsﬂdeuteraﬁed-af
various methylene segments of the acyl chain, 3a-c¢ produced no

202 Increasing amount of protelin

evidence for boundary 1ipid.
- had no observable effect on lipid order parameters which ]ed
to the conclusion that bulk and boundary lipid may exchange
faster than the nmr time scale but slower thén-the time scale
of the esr experiment. ' e
1gF-dipo]ar spectra in contrast to 2H-NMR studies of

lipophilin incorporated into 4,4-difluorodimyristoylphosphat-
) N
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_idylcholines 19a (F1gure 14') showed a slight decrease in order

paramgﬁé} See (- to'.26 at 25°C) (Sect.5.4.3) on increasing
protéin‘from 23’t0 70% b; weight.fﬁ? |
Since the‘ultimqtelobjebtive of this study was to attempt
to.simulianeously observe the protein and lipid environmgnts
using 19 nmr by inEorporation df'FEM-dz modified Tipophilin
into f]uorobhospho]ipids i£ was necessary to perform the fol-
lowing experiments.
1) Invest1gate conditions for the modification of Tipophilin
with FEM- dz S1nce_the protein is very insoluble in wqter,
various solvents in which lipophilin was . soluble would be in-
vestigated using N-acefy?-g-cysteine as a model thiol compound.
2) Synthesize a series of fluorine-containing diqyrigtOyl-
phosphatidy]cho]jnes, with CF2 groups at varying posjtions'—f

of the acyl chains. The proposed synthetic scheme is outlined

in Figure 14. Since each mole of phospholipid contains 4 fluorine

atoms, gelatively few nmr pulses would be required for good

signal to noise ratios. The differences in the 0SC traces of

[+

DMPC and the fluorinated DMPCs could a]so he used Lo assess

the effect of introducing'the ]‘F labeI ‘{

3) Finally, both Tipophilin and ]1poph111n which was modified

with FEM-d2 would be incorporated into gemdifluoro DMPC

mixtures and their 19F—nmr chemical shifts and line-

—_—
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widths compared as a function of .temperature and protein .

19

content of the mixture. Since all F-nmr spectra were

obtained at 235.36 MHz the time scale of the nmr experiment

2H and,31p

would be ~ rﬂ—4s (compared to 10'3s'for previous
NMR experiments, it was though possibie that boundary lipid

mighf exchange siowiy enough to be observed.



CHAPTER THREE

RESULTS AND DISCUSSION

-

3.1 Synthesis of FEM and FEM-d,

The synthesis of the maleimides ggg and 22b and
their precursors prpceeded in good yields (Figu}e 55). The
only major difficulty encountered was the volatilization of
either 2,2,2—tr1f1doroethy1amine or 2,2,2-trifluoro-1,1-di-
deuteroethylamine dﬁring the work up of the LiAlH, or LiAID,/

trif]uoroacefghide mixtures with 5% NaOH (Section 4.2).

3.2 Kinetic Studies of the Reaction of FEM with Thiols,

Oxygen and Nitrogen Nucleophiles

Solutions of ImM FEM and either 26mM thiol or L-lysine,
L-serineand L-histidine were mixed and their rates of reaction
monitored by the stopped flow technigue{Section 4.3.1-4.3.4). kobs
arnd ;kvwere deterﬁined for each reaction ove} a range of pi
values and are given in Table 92 and Sb. A composite plot

of log kobs vs. pH for the reaction of FEM with thiols and

other nucleophiles (Figure 15) demonstrates that FEM reactsLht

5

least 10° fold faster with thiols than with the oiher_nucleo-

philes, i.e., amines, alcohals and imidalazoles. A - comparison
of the kobs values for FEM hydrolysis with the Fate constants
of the reaction of the FEM reaction wifh L=1ysine, L-histidine
or L-serine the same pH values (Table 9b) shows that these

values agree within the calculated statistical error (¥

52
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-standérd deviﬁtion). Thus, the hydrolysis of FEM proceeds at
rates that équai or exceed the rate of-any'réactiOn with these
amino acids. The only new product observed by the-TLC aﬁa1yf
sis in any of these reactions was N-2,2,2-trifluoroethylmaleamic
acid, 21a the product of FEM hydrolysis and L-lysinre, L-serine
or Lhistidine: A least %quares analysis for the Jog kobs vs
pH plot for FEM.hydro1ysis (Figure 15} gives a slope Of -1.00
which indicated a 10-fold increase in rate for each 10-fold
increase in Oé--

Log kobé Vs pﬁ piots for the reacfidn of 1mM FEM and
- 26mM thiol solutions (Figurels), also gave a éonsistant slope
0f 1.00 (* .03) for the least squares fit. A possible expla-
nation for this might be in the form of kapp, the apparent
second OrdeF rate constant, in the pH region (pH 5.00 - 7.00)
in which the kineti¢ measurements were méde. As stated
‘ previous1y in Chapter 2, Section 2.2, the xpression of kapp
was previously shown to be pH dependant. ?E? the carboxy
thiols reacted with FEM in the pH 5.0 - 7.0 region (i.e., N-
acetyi-L-cysteine 4, L-cysteine 3 and glutathione 5) where
Ky - H3O+ S K,, kapp is of the form given by Eqn. 3.

ko K
Egn. 3 kapp = —— + ko
50"

[f ko << ko'K1/ H,0 and since kobs = kapp [Thiol], then

Eqn 12 ~log kobs = Tog ko  + log [Thiol] - pka + pH
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Table 9a: kobs and ti values for the reaction of various thiols (26mM)
with 1ImM FEM at different pHs. T7=30.0 = 0.1"°C.

3-mercaptoethanol  kobs = 1 S.D. (5'1) , ty =1 S.0. {s)
5.11 ' (4.13 ¢ .07) x 107" (1.68 = .03)
5.70 1.49 .+ .03 : (4.65 + .09 ) x 107!
6.17 4.60 £ .08 {(1.51 + .03) x 107
5.66 (1.55 + .06) x 10 (2.46 + .18) x 1072
7.16 (4.35 = .10} x 10 (1.59 = .08) x 107°
7.66 . (TA71 .05) x 102 (5.89 = .25) x 1073
L-cysteine kobs * 1 S.D. (S_T) tx 21 S.0. {s)

pn
5.15 1.71 = .07 (4.03 + .16) x 107!
5.65 6.31 £ .23 (1.10 * .04) x 107"
6.15 _ (1.82 + .03) x 10’ (3.81 * .07) x 107%
5.65 (4.23 £ .11) x 10 (1.64 = .04) x 1q5§
N-acetyl-L-cysteine kobs = 1 S 4. (5-1) t: = 15.D. (s)

pd
5.16 (2.29 + .07) x 107 3.03 + .09
5.65 (7.05 = .10) x 107 (9.82  .15) x 107
6.15 2.18 = .07 (3.18 +.10) x 107}
6.65 5.42 + .17 (1.28 + .08) x 107"
7.15 (1.94 + .06) x 10 (3.58 + .11) x 107%
Glutathione kobs = 1 5.0. (s™1) ¢ ox15.0. (s)

jals) -
5.16 (7.22 + .23) x*107) (a.61 + .31) x 1071
5.68 2.59 % .14 (2.68 + .18) x 107
6.16 7.08 + .18 (9.78 + .24) x 1072
5.67 ' (2.46 + .06) x 10 (2.80 + .07) x 10°¢
7.18 (7.10 + .22) x 10/ (9.76 + .29} x 1073



Table 9b:

pH

9.04
9.41
9.80 .
10.24
11.25
11.63

ii:

PH &

§.36
§.76
10.22
11.60

117

— O O W

P
~J
-~

[ —

1

kobs and ti Values for- FEM hydrolysis at 30.0 = 1°C

kobs = 1 S.D. (5‘])

(5.61 = .20) x 1073
(1.30 = .08) x 1072
(3.22 & .06) x 1072
(8.95 + .34) x 1072
(8.8¢ = .27) x 107"
(2.24 + .08) x 10°

(1.
(5.
(2.
(7.

24
34
15
74

(7.83

(3.

09

i+

I+ 1+ 1+

I+

55

.04)
.06)
.04} .
.29)
.24)
A1)

~t3 £ 1 5.0, (s)

b S A S A s

102
10!
10!
10"
10”
107!

1

kobs and ti values for the mixing of 30mM L-lysine HC1 Solutions

of varying pH with 1mM.FEM at 30.0 = 0.1°C

kobs + 1 S.0. (s
2

(1.37 £ .08) x 107
(3.32 + .07) x 1072
(9.36 + .56) x 1072)
(2.39 + .09) x 10°

t3 = 1 6.0, (s)
(5.
(2.

06
08

(7.40

(2.

SC

+ I+

1+

.18)
.04)
.44)
O1)

X

X

X

X

10!
10!
10°

107"

kobs and t: values for the mixing of 30mM L-Histidine HC1 Solutions

of varying pH with TmM FEM at 30.0 = 0.1°C"

kobs + 1 S.D. (s_l)

(1.31 + .04) x 1072
(3.26 + .10) x 1072
(5.74 + .11 x 1072
(2.37 = .12) x 10°

(5.
(2.
(8.
(2.

1 5.0, (s)

29 + .16) x 10
13 % .07) x 10
72 £ .12) x 10°
97 = .15) x 107"
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: \ -
Table 9b: Cont. - ’

iv:

pH

9.40
e.80
10.19
11.61

kobs and t: values for the mixing of 30mM E}seriqgﬂ.ﬂtl
Solutions of varying pH with TmM FEM at 30.0 = 0.1°C

“kobs £ 15.0. (s71) Cth £ 15.D. (s)
(1.30 = .08) x 1072 (5.30  .18) x 10
(3.29 + .11) x 107¢ (2.10 + .08) x 10"
p (9.44 % .32) x 1072 .  (7.00 = .50) x 10°
(2.41 = .15) x 10° (2.8%-% .15) x 10°
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Figure 15

L 0G kobs vs pH

L-CYSTEINE
/— GLUTATHIONE
9201 . ;é&——"\ MERCAPTOE THANOL
- A N-ACETYL L CYSTEINE
| N/ N
LOG kabs /.;I/ | | |
7 //@
i - /@}é“ -LYSINE O
20 | LSERINE &
L-HISTIDINE © -
. | _ ) P42Ej o
- -4 0t
: SO 60 70 80 90 100 10 120
pH
3 A composite plot of iog kobs vs. pH for the

reaction of FEM with thiols or other nucleophiles.



58

[f a similar assumption is made for p-mercaptoethanot-in the

pH 5.0 - 7.0 range, i.e.,

- +

_. . k] <.'( k2 Ka/[H30'] -
then

£gn. 13 -~ log kobs = 10g[Thiol] + 1log k, - pKa + pH

Consequently, a plot of log kobs vs pH would be expected to

have a slope of 1.0. The ko~ and ko values determined by

VLR

Sekine63 for the,reaction were in the order of 106 and 10°M°

sec'} respectively (with no reported error 1im{ts) which cor-
responded to ko'K']/H3O+ values no less than 100-fold greater than,
ko over the same pH range. Likewise Sekine's k] and k2 values

for mercaptoethanol were 4.35 x 107 and 5.0 x 102 M Vsec!

giving values of‘sza/[H30+] that were at least 10 - 1,000
fold greater than k, over the pH 5.0 to 7.0 range. Since we
were dealing with a similar 1,4-addition process using the
same carboxythiols as Sekine but a different maleimide, FEM,
it was likely that we were dealing with a similar situation
whe re ko-KI/[H3O+] »» ko and sza/[H3O+] >> ky. Since the

truye second order rate constants, ko, ko , ko , k, and k., were

63

1 2
not determined, a comparison with those calcuiated by Sekine

Ty
was not possible. The apparent second order rate constant, kapp.
for the reaction of ImM FEM thiols at pH 6.65 was determined

from the slopes of kobs vs [Thiol] picts (Figure 16 and Tablel0}.
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Figure 16

kobs vs[Thiol

%
T N
12,01 L CrSTEINE
10.0-
GLUTATHIONE
r':_ug 8.01
o 6.0 MERCAPTOETHANOL
P -
P 4.0 \-ACETYL LOYSTEINE
e .
~ 2.0 |

10 20 30 40 50 80
[Thiotlmm

Tabie 10 kapp values at pH6.65 ana 30 z 0.1 °C
Thinl kapp.(H_lnln-lj
I;—cystelnc: (2.46 + .14) x 107
Glutathicne -(1.0? + .0B) X 105
g-z=erceptoethanol (5.76 = L46) X 10%

N-acctyl-l_._—cyatcinc' {3.35 «+ .iB) X 10[‘
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. I
”

A plot of log kapp vs pKa of the thiol (FigurelV) shows a
very good linear torrelation with a leaé; squares slope -0.51
(+ 0.08). If the previous assumptiagns abdut the form of kapp
in the pH 5.0-7.0 range are indeed true and k2.and ko  values
are of the same qrder of magnitude then
£qn. 14 log kapa = log ké' --pK1 + pH  or
Eqn. 15 or log'kapp = iog k? —;}Ka + pH
Subsequently, a plot of log kapp vs pKa would be expected to
be linear with a siope of -1.00 in contrast to the experi-
mentally observed slope of-0.51. Since the true secdnd-order
rate constants were not determined, tﬂé feasbné for this
discrepancy are not known.

Arrhenius plocts for the reactions of thiols with FEM
as well as the apparent activation parameters at pH 6.6§‘are
shown in Figure 18 and Table 11 respectively. In the determina-
tion of these apparent activation parameters, the relatively
large errors in the least sgquares intercept (* 13 ) resulted
in similar errors in AGzpp and LSapp, therefore there are
nc significant differences between the values {or

each thiol. The comparatively smaller error in the slope
B

P

+ T
(+5%) of the same plots resulted in iHapp and . tapp values
which were different for each thiol.
The most important result from all of the kinetic data is

that FEM reacts much more guickly with thiols than other
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- Figure 17-

Log kapp vs pka SH

Log kapp
5 4 'LCYSTEINE
5. GLUTATHIONE
| MERCAPTOETHANOL
4.b; |
S\ N-ACETYL: L: CYSTEINE
8.2 - 33 - 906 12.2

‘pKa sH

A plot of log kapp vs pKa SH at pH 6.65 for each
thiol reacted with FEM. v
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- Figures

" Arrhenius plots for the reaction of various thiols (26mM)
With FEM

91 | N-ACETYLLCYSTEINE &

GLUTATHIONE O
MERCAPTOETHANOL OO
11{ LCYSTEINE o

Ln kapp at pH 6,65

Tarnls 11

Activation parameters for the reaction between
various thiols and FEM at pH 6.65

s

Pt

o Hepp(e) step(ERle ) rGhbe(ESel)  edppiicel
L-cysteine 8.66 ¥ .11 -13.2 % 1.2 131515 2.1t 0
Glutathione 0.3 I .2  -9.36%1.78 13.2 1 1.3 i0.¢% .2
N-acetylL-cysteine 11.5 & .3 -8.14 ¥ 3.40 1311 1.5 9.12 ¢t .03
v-mercaptoethanol 9.36 ¢ .33 -13.6 f 3.4 13.6 11 9.67 ¥ .1

/1
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‘reactions, except for hydrolysis which proceecds at least i0

63

B ER Y ut

potentially nucleophilic residues ‘found on proteins; therefore
it would be expected that protein cysteine residues would react
rapidly and specifically with FEM without interfering side

5

to:]06 times more slowly. In studies of proteins by chemical

N

mqdification, it is often the case that the specificity of the

reaction of a reagent with the target or cther R §¢0uﬁs, is

not studied ia detail. Consequently, unexpected gide reactions

"
e

occur on other sites.

3.2.1 Preliminary Kinetic Studies with Bovine Serum Albumin

(BSA)

When commercial fractiod vV BSA (107

M) and FEM (107 M)

were mixed.man absorbance decrease was observed at 276nm.

Five kobs values were determined with an average value kobs

(! l'standard deviation} of (1.38 17.13)lx 10°° Eeﬁ'1 with

an average half-1ife of 5.00 .45 sec at pH'6.64: Subsequent

Séphadex-G—2é chromatoéraphy of an aliquot of the- protein solu-

tion and OTNB analysis (Sect. 4.5), of the‘proteﬁn fraction
. - o °
showed no remaining sulfhydryl residues comparéd to 0.68- S/

.mole prior to FEM treatment. ‘in comparison 'with tie rate of _

resction of FEM with low molecular weight thiols in whigh -

the ‘thiol concentrations were.25mM (as opposed TON6-& x 107 °M

3 . . . ) . .
for the protein solution) the expectzd half-flife of the reaction

b
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of TmM FEM with 25mM-protein (1 SH/mole) solution*at pH 6.65
would be in the order of 1 x 10'3 sef. which is » 10-fold
astler than L-cysteine or any other thiol. at 6.65. Consequént]y.

the protein modification experiment could be designed such that
FEM can be added to the pfotefn solution, specific and repid
mo&ificatjon of the p%otein sulfhydryl residue occurs and the
excé;; iabe?'cén be removed immediately by Sephadex G-25 chrom-
atography or dialysis. It h;s decided that FEM-d, would be |

19

used for the labelling and F-nmr studies of BSA since the

19¢ signal of FEM—dZ (}n HZD) shows é‘sing]e_resonance‘at
-70.63 ppm whereas the ]9F resonanc%,df FEM 1s a triplet at

270. 4% pom. Consequently, the line b}oadening of 1gF“resonan.r.e
due to the slower rgtationai correlation of the modified pr;-
tein would be more easily observed for the sng]o resonance
of fEM—dg as oppaéed to the broadeniﬁg cf each of the lines

q
comprising the triplet 'gF signal of FEM,

3.3 Examination of the N-F Transition of BSA

lgpjogggpgnone,Lgpejﬁ

3.3.1 Specificity oF the fEM-d., and Bromotri

To inveStigate the specificity of FEM-d2 fbr the cysteine
sul fhydryl fesidue 0f BSA. a sample of purified mercaptaelibumin
monome;,fseétion 4.5) was prepared and treated with iodoacetamide
under conditions where the sulfhydryl residue has been shown to
he exc1us1veiv and quantttatwvel\\\odt fied {(as shown wint ]QC-

iodoacetamide labelling fo]]owed by amino acid analysis}.

After the reaction of acetemide-BSA with !EH-d2 a2t pH 6.65,

N

¢
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followed by dialysis, no 19F-resonances were observed after
40;000 scans v _ = 84.66 MHz). This result indicates that any
FEM reaction with non-sulfhydryl protein nucleophileé occurred
to an extent less than 0;5 %. The value of 0.5% was deter-
mined from a comparison of signal to noise ratios of .agueous
FEM-d, solutions of varying concentrations after 40,000 sceans.

fn contrast to this result, ]gF-ﬁhR spectra of mercaptalbumin
n?onomer.wh'i_ch had been treated with FEM,—dZ(BSA—FEM-dZ),(Sect‘.d.s.ll) for
20 minutes at pH 6.50 after the excess iabel remaved by

dialysis showed resonances at abproximately -68.2, -69.2 and

-71.8 ppm whose relative magnitudes were pH dependant (Section

3.3.1, Figure 24). 1n order to ascertain whether or not non-
covalent binding of EEM-dZ‘to the protein occured, excess

FEM-d, was added to either acétamide-BSA or BSA-FEM-d, and the

"linewidth and chemical shift of the excess label monitored as

a function of protein'or‘FEM:d2 concentrqtion. When excess
FEM-d2 was added to either BSA-FEM-d2 or acetamide-BSA

Ig? resoménce (Vih = 10hz) was

solqpions, a siggle narrow
observed at -7éi31 ppm Wwhose linewidth or chemical shift was
invariant with protein dr FEM-d2 concentration. This suggested
that strong.non—covalent binding of FEM-d2 by the profein did
not occur since either protein bound FEM-d, or FEM-d, that
exchanged between a bound and unbound state s would .result in
larger "9 Cnmr linewidths and/or a different chemical shift

18

that unbound FEM-&Z. F-NMR spectra (vgy = 84.66 MHz) of

mercaptalbumin monomer treated with l-bromo-3,3,3-trifluoro-
120

propane under conditions identical to those of Zufawskﬁ

e



{i.e., pH 7.20 for 1 hr) showed, in addition to rescnances at
approximately f82;0 and -84.1 ppm'(lubelled A* and B
respectively) whose relative propéftions'were pH dependént and
(Sectlon 3.4.3.8) a peak at -83.6 ppm whose relative magntiude
{(~ 14”) (Figure 19) d1d not change with pH. ’Altcrnatzvcly, BSA
treated with Br-TFP at pH 6.50 for 20 win. (Sect. 4.5.3) showed
no resonance at -83.6 ép;>/fHowever, after treatment of
BSA—FEM~d2 with Br—-TFP in addition to the trifluorocacetate
internal siandard (-75.96 ppm) and’iﬁA—FEM—dz resonances a;—QB.S
ppm peak which comprised 20% of the total areas (excluding L
trifluoroacetate) {Figure 20) ;as observed. 'Clcarly the -83.8
ppm peak is due to non-sulfhydryl labelling - most likely the

119
reaction of a lysine amine residue as prev1ously observed.

Therefore, it is likely that some of the 19? resonances observed
by Zurawski 0 were the result reactions of Br-TFP at residues

other than the sulfhydryl groups.

3.3.2 Circular dichroism (CD) and fluorescence profiles of BSA,

BSA-FEM-d2 and BSA-TFP

The perturbing nature of the FEM-d, and Br-TFP sulfhydryl

labels on BSA was assessed by the examination of CD and
fluorescence (Sect. 5.1, 5.2, 4.5.5 and 4.5.6) profiles of all
three proteins. BSA-TFP was prepared by reacting Br:TFP with
mercaptarbumln monomer at -pH 6.65 for 20 wmin. (where

non- sulfhydryl labelling did not occur (Section 3.2.1)}, ‘\g

A

foliggéd by removal of the excess label by dialysis. Circulhr

‘ BN
. dichroism (CD) profiles of BSA, BSA—FEM--d2 and BSA-TFP were 5
found to be eésentially identical. Typical CD .spectra are shownin - -

in Figure 21.



Figure 19 -

Typical 84.66 MHz | °F-NMR Spectra of BSA-TFP in the
in the pH 3.00 - 4.00 range.
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‘Figure 20

235.36 MHz Ig’F-NMR Spectrum c:n‘'BSJES\——!-"El*'l-d2 treated with 3-Gromo-
1.,1.7-trifluoropropanone.

BSA-FEM-D,

Chemical shift (ppm)
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with those reported by Janatova.141

69

320 Anm

- 002 degrees
division

+

Figure 21
Plots of [0]252 vs pH for both the modified and unmodified
proteins (Figure 22) were identical

within experimental error



" 70

3 262 VS PH
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The observed midpoints at pH 4.2 and 3.4.agre¢‘closely with the
reported141 values of pH 4.10 and 3.40, respectively. Thus, the

introduction of either the FEM-d, or TFP labels appears to have

2

resulted in no noticeable perturbation on the orientation of the

disulfide bonds in either the F or N states of the protein.



In .their fluorescence spectra, BSA, BSA—FEM-d2 and BSA-TFP
showed identical behaviour with respect te the pH dependance

of Amax-of emission and relative fluorescence intensity in the

pH 3.0 to 6.0 region. As the pH was increased from 3.0 to 6.0,

a 1.33 fold increase in fluorescence intensity at 343nm was
observed, together with-a shift'of.)\max of emission from 323 to

343 nm (Aex = 280 nm) (Figure 23A} in agreement with the

141,142

reported values for unmodified BSA. In addition, the

absolute fluorescence intensity'at 343nm of solutions of all

- 1 ‘. -

three proteins at the same.concentration (10—5M) and identical

instrumental settings agreed to within + 3%. The observed
midpoint at pH 4.6 for all three proteiﬂs (Figure 238? did not

agree with the reported value of pH 4.20. The reason for this-

. T, 7
discrepancy is not known.

From the fluorescence studies presented it would appear

{
that the tryptophan residue (try 54) undergoes the same "red

shift" in both the modified and unmodified proteins. Together
with the CD studies, the fluorescence data indicates the

intraduction of either sulfhydryl label caused no perturbation

of the protein structure._

7

.~
Al
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Figure 23

a/ Fluorescence spectra of either BSA, BSA -FEM- d2 or BSA-TFP at various
pHs (irexc = 280nm)

b/ Plots of relative fluorescence at 343nm vs. pH for the same three proteins.
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3.3.3 '9P_NMR Studies of BSA-FEM-d

2
3.3.3.1 pH 3.0 - 6.0 -

t.Typical 1gF—nm" spéctra of BSA—FEM*dz-(uo = 84.66 MHz)
over a pH range covering the N-F transition are shown in Figure

42. Lineﬁ;dths of the lgF;resongnce of BSA—fEM—dz were
apprbximately 40 H=z compared.to 10 Hz for the free FEM—dZC;ibel.
Generally, foJ} resonances were observed at -68.2, 59.8, -70.2
and -72.2 ppm which are dgnoted a§ peaks A, B, C and D
respectively in Figure 24. Except for the -72.2 ppm resonanée,
D, the relative areas undef_these signals varied with pH and
were fully reversible over this pH range.

At 235.36 MHz, the 19F*nmr resonances were generaily
broader (Vih = 100 Hz) compared to the 40 Hz half-widths at
83.66 MHz. The chemcial shift anisotropy contributions'to the
linebroadeﬂing were approximatefy lingar with the applied fiéld
strength: i& the worst case, fhis broadening may have increased
as the square of the appliéd magnetic field (Appendix I, Sect.

5.4.2). Typical 1gF—nmr spgct:a are shown in Figure 25.

Resonance € seen at 84.66 MHz (Figure 24), is comprised of two

‘ +
overlapping peaks (C and C) at approximately -70.1 and -70.3

ppm in the pH 4.0 - 4.5 range. A comparison at pH 4.25 is shown

in Figure 26.



Figur‘e 24

-

84.66 MHz IgF-NMR Spectra of BSA-FEM-d2 at Various pHs of the,

N-F Transition, Trifluorocacetate {not shown) was used as an
Internal Reference at -75.959'ppm. ‘
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Figure 25

235.36 Mz |SF-NMR Spectra of BSA-FEM-d, at Various pHs of
the N-F Transition. Trifluoroacetate (not shown) was used an an
Internal Standard at -75.05.95 ppm. L/
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Figure 26
The .explanation for this obserﬁéd difference i%:the increase&r
resol&tion at the hiéher applied field strength.
From even a cu;sory examination of Figures 25_Qnd 25, it
is clear that the relative areas of these resonances vary with
pH. Clearly the F.EM--d2 label experiences a numbe; of chemical

w

environments in this narrow pH rénge. In Figue 27, thé
percentage of tbe total arearof each pH dependant\resonance (as ’
determined by curve analysis,.Sect. 4.1).is plotted as a’
function of ‘-pH over the range pH 3.0 to 6.0.

In ad&ition‘to the correlation of‘percentage areas with
pH, the ;;riation of other parameters such as chemical shift and
linewidtﬁ were also examined. In‘the-cgsé of overlapping
spectra, chemical shifts and linewidths were dé;erﬁjped for each

resonance from peaks of the curve. resolved spectré. Figures

28.1-28.4 illustrate these three parameters plotted against pH

. . + _ .- -
for the four resonances 4, B, C and C respectively. Resonance

.

- -



Figure 27 -

Plots of * Area vs. pH for the Curve Resclved 235.36 Md:

Resonances of BSA-FEM-do.
Mean Square (RMSYErrors.

% Total ared
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A (Figure 28.1) shows nearly.parallel trends in chemicel shift,
percéntage area and linewidth changes oyer the pH 4.0‘— 6.0
range with a major incréase in all three at pH 5.80. . Resopance
B (Figure 28.2) on the other hand shows a decrease .in linewidth
from approximately 100 to 60 Hz which parallels a decrease
in percentﬁgé area from ~ 80 tc 5% 1in tLe pH 5.0
to 3.6 region. The chemical shifts for this resonance were
constant over the same pH range. Although resonance C+ (Fiéure
28.3) shows no changes in either chemical shifts or linéwidth
(~80 Hz), the percentage area rises then falls regching ]
‘maximum at pH.S.O. The midpoints of the rise and fall of pesk
C+ are obvserch at pH 4.4 and 5.5 , respectively. Major
chéngeg in chemical shift, area and linewidth occur for .
resonance C {Figue 28.4) over the same pH region. The chemical
shift changes from ~ -70.5 to -70.3 ppm with 2 minimum value at
~pH 4.20, before rising slightly. Both the linewidth Qnd
percentage area rise and then fall over this range, paralleling
the chemical shift changes. The midﬁoints of all e¢f these
transitions are all very similar, pH 3.8 and pH 4.4. These
midpoints agree closely with the CD midpoint at pH 4.2, (Figure
22). ‘ |
How does this data relate to the N-F transition-of-BSA?
19

The most 1nteresting result from the F-nmr experiments is that

ther sulfhydryl label experiences more than one pH dependant

LN
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Figure 282
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Figure 283 B (R
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Figure 284
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chemical environment in the pH range of the N-F transition. At
“
pH values below the reported<CD and fluorescence midpoints (pH
' ) 19

4.20) where the protein is the F state, two different F

environments were observed, resonances B and € (Figure 28.2 and

19

28.4). . Above pH 4.20, the F label was found to interéonvert

between three distinct chemical environments represented by

+ -
resonances A, C , and C. In total, four d¥fffercnt chemical
environments are experienced by the FEM-d, label as a function

of pH indicating the presence of more than one pH dependant lgF

environment about the sulfhydryl residuc‘of the prd{ein in the-
pH_B.O.to 6.0 region. The fluorescence ;tudies which monitored
changes about the single tryptophan residue provided no cvidcnce‘
for more than two protein states while the CD studies‘which
monitored changes about the disulfide bonds showed two pH
midpoints correspondiqg to three states of the protein.
Previously reported esr data using spin-labelled

lmafeimide5145_14' QFigure 11} that labelled the cysteine residue

,of BSA, provided no evidence for more than two environments

about the sulfhvdryl residue over this pH range.

3.3.3.2 pE 7.0 - 10.0

The weak resonance at -72.0 ppm resonance I showed no pH
dependance in the pH 3.0 - 6.0 region; a totally different trend
19

was observed above pH 7.00. F-nmr spectra of BSA-FEM-d, at

pHs above 6 (Figure 29A) show an irreversible increase in the
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235.36 MHz "F-NMR Spectra of BSA-FEM-d, in the presence (B) and
absence (A) of 8M Urea. The pHs o““the solutions were increased

in the order shown and then adjusted to pX 3.10.
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intensity of this resonance. In cohtrnst, lgF—nmr spectra of

BSA-FEM-d, obtained under identical conditions, except for the

nddition of n protein denaturant (8M Ures, Figure 298), differ

from those in the absencé of urea in two -ways: first, the

linewidths (Vlh) of the lgF—nmr signals were generally narrower

Y
]

in the presence of urea, (c¢g, at pH 3.10, linewidths of 30 H=zx
and 130 Hz were observed in the presence and absence of urea)
and sécond, the rate of increase in the percentage of -72 ppm
peaks was much less slower over the same time period in 8M ures.
Yarborough204 has observed with BSA whpse cysteine residue had
been labelled with N-pyrenemaleimide underwent a facile
intramolecular reaction which was non-existant under denaturing
conditions. Qur obsecvations of BSA-—FEM-d2 using 19F—nmr under
basic conditions are consistant with an intramolecular reaction
of the native protein (Shown in Figure 30) invelving "an

N—-terminal amino or lysine residue.

(48]
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In the presence of denaturant, the "unfolding"” of the prétein
r

-

may less” the availability of amino grodps for an intramolecular

reaction and hydrolysis aof the label may occur (Figure 31}.

. \
AN
. 2 _
56 A S\j) . BSA-§ ‘oL
NHCD,CF, l\XNHCDZC%

Ring opening involving an intrameclecular attack by an
amino group and subsequent ring opening of amindthiolmaleimide

reaction products resulting in lactam formation are known

-

. 205 .
reactions. (Figure 32).
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The pH dependance of the 1gF—nmr spectra of thé FEM
adducts of N-acetyl-L-.cysteine (25) and L-cysteine (23) were
examined. The svnthesis and ga;igication of {(25) and (23) 1is
described in Section 4.4. An examination of the lgF—nmr spectra
of these adducts at pils 7.0 and above (Figure 33) show a
rgzativeig slowér build-up of a -72.1 ppm triplet at the expensé

~of the triplet of -69.8 for the N-acetyl-l-cysieine adduct

compared to the L-cvsteine adduct.



+
N-ACETYL |- CYSTEINE-FEM adduct L"CYSTEINE-FEM adduct

o pH
Jdbx_ 70 Jﬂk M7

Figure 33

+

A TLC analysis of the sol an bf the L-cysteinsadduct
27 Tphs 7.0 and above showed the build-up. of two new comp-
onents (Rf = .Sp and .éz) in acddition to the decrease of the
adduct (Rf = ,30) Th%‘aj=.50 spof gave negative ninhvdrin and
nitroprusside tests indicating. the. absence cof amino and thiol
groups respectivély. On the other haAd\the Rf = 22 spox

showed & positive ninhydrin anc negative nitroprusside tests

incicating the presence of the amino ¢roup and abdbsence of the
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thiol group fcspe;fively. At‘pH 10.0, the relativé amount of
the Rf = .50 material in ;as jg&égd to be approximately 90X of
the total TLC spot intensity with only the Rf = .22 spot
present. Similarly, the N-acetyl-L-cysteine adduct gé:showed,
in addition te a spot due to the adduct-at Rf = .65, a spot at
Rf = Q.SD whicﬁ correspbnded to approxiﬁate1§ ﬁox of the total
spot intensity at pH 10.00. Both spots gave negative
nitroprusside and niﬁhydrin tests showing the absence Sf thiol
or amino groups respectively. Although the hydrolysis produéts ‘
were never isolatéﬁ or characterized, it would appear that the
L-cysteine adduct (gg).in additibn to the‘hydrolysi; of the
;uccinimide ring was undergoing an intramolecular reaction
giving rise to the Rf - 0.5 spot, while the N-acetyvl-L-cystelne

adduct -25 undergoes simple hyvdrolysis of the succinimide ring

(Rf = .30 spot) {Figurc 34°.
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The combined TLC and = “F-NMR -pH studies gave good

qualitative evidénce of the importance of a proximate amino

group in the opening of the succinimide ring after FEM or FEM—d2

i

has reacted with thiel gruop. By virtue of\BéA’s intact

tertiary structure in the absence of a denaturant an amino group

of a'lysine or N-terwminal aspartic residue may be near enough to
the succinimide ring leading to a cross-linked protein at plHs

above 7.0 (Figure 30).

>

.This was not proven conclusively since quantitative
analysis of the modified proteins amino groups were not

performed either before or after the pH of BSA-FEM-d, solutioﬁs

-

were adjusted to pH 7.0 and sbove. Due to these irreversible
reactions above pH 7.0, ie, hvdrolysis on intramolecular
c¥clization, the study of FEM-d, labelled proteins are limited

to plis below 8.0.
3.3.4 lgF—NMR Studies of BSA-TFP

19F—nmr spectra (vo = 235.36 MHz=) of BSA which had been

reacted wtih 3-bromo-1,1,l-trifluoropropanone (Br-TFP) for 20
min. at pH 65.65 are shown in Figure 35. Each resonance observed
at v, = 84.66 MH=z (peakéJA' é;d B*, Figure 19) appeared to‘be
conprised of two closely overlapping peaks at v, = 235.36 MH=z.
These pesks are denoted as A*, A" and B', B" in Figure 35. In
contrast to the 1gF—nmr studies of BSA—FEM—d2 {(Section 3.2.3. a
and b) the relative proportions of all observed lgF resonances
were both pE dependant and rcve}sible above and below pHE 7.0. 4

plot of the percentage of the total area vs. pH for the curve

resolved resconances is shown in Figure 36.
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Figure 35

235.36 Mz 19F-—NMR Spectra of BSA-TFP. Trifluoroacetate (not
shown)-was used as an Internal Reference at -75.595 ppm.
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Plots of % Area vs. pH for the Various Curve Resolved 235.36 MHz.
19F -nmr Resonances-of BSA-TFP in the pH 3.0-6. 0 Range. Error limits
. are the * Root Mean Square (RMS) Errors.
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The percentage area, chemical shift and linewidth
correlation with pH are shown En Figu}es.37.1—37.4. A§ was the
case with BSA-FEM-d,, chemical shifts and linewidths for
. overlapping spéétra were determined from the curve resolﬁed
spectra. Along with a change of chemical shift in A" of.‘.
approximately 0.3 ppm an increase-in the percentage area ffog
~20 to 60% with a plateasu at ~ pH 5.0 while the linewidth
decreased from ~ 100 to 70 Hz fFigure.37.1). The changes in

chemical shift and linewidth have a midpoint at ~ 5.0.

. ..
P =

Resonance K“ (Figuré 37.2) showed no other changes in -either
chemical shift (~ .-83.1 ppﬁ), or linewidth but a constant
percentage aréa of ~ 30% after an initial increase from 2 to 30X
from pH 3.30 to pH 3.50. Resonance B' (Figure 37.3) showed =a
drop in percentage area from 58 to 10% with a minimum of 5% aF'
pH 4.2 and a corresponding increase 1in 1in;w§dth from 65 to léO
Hz with a maximum at ~ pH 4.2 and midpoints at 4.1 and 4.5 which
agree with the CD studies (Figure 22) and repérted fluorescence
midpoint of pH 4.20. Resonance B" (Figure 37.4) shows neaély
parallel behaviour in chemical shift, area and linewidth changes
over the pH 3.0 to 6.0 region. An overall decrease 1in chemicél‘
shift, from ~ -B4.5 to -84.3 ppm with a midpoint at pH 4.8
closely parallels a decrease in linewidth from ~ 71 to 20 Hz
with £he same midpoint at pH 4.8. This agrees closely with the
fluorescence midpoint at pH 4.6 (Figure 23). A corresponding

drep in. percentage area from 30 to 7% was also observed.

~
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In addition to these pH dependaﬁt trends a minor resonance
at -83.6 ppm (Figure 38), previously shown to be due to
non-sulfhydryl labelling (Section 3.3.1) made up approximately

0.7% of the total peak area.

% -83.6 ppm,
resgnance

Chemical Snift(pDmy
Figure 138 _ s

In addition,in the pH 6.0 - 10.00 region, the relative
percentage area of peak A' decreases with a corresponding
increase in the area of A" while B*® remains constant (Figure
39). Chemiqal shifts, percentage area and linewidth
correlations with pH are shown in Figures 40.1-.3 irclusive. ¥hile
the percéﬁtage area of A® dropped from ~ 55% at pH 6.14 to 5% at

pH 6.35, correspondingly smaller changes occurred in the

chemical shift .and linewidth of this resonance. Resconance A"
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Figure 38 g

Plots of % Area vs. pH for the Curve Resolved 235.36 MHz
_ 19_NMR Resonances of BSA-TFP in the Range of pH 7.0-10.00.

A“ :
. \
- 8 pH
s
A\ <" 1000
8.65

] ~— _ 750
-82 -84 -86
Chemical Shift (ppm)

1007
)

751 N

% Total area T~

5oy :

2512
. m

.
i
50 70 80 90 1000
pH




100

(Figure 40.2) on the other hand showed large inqreaée in area {~
20% to 6%) which plateaus by pH 6.35. A decrease in chemical
shift from ~ -83.0 to -82.7 ppm also occurs in the pH 6.0 - 10.0
region with no change in linewidth. While no changes in
chemical shift or area occur for resonance-é' tfiéure 40.3) =a
large increase in linewidth from ~ 75 to 140 Hz occurred with a vy
maximum at pH 9.0: In contrast to Zurawski's observations that
only a single lgF res;nance was present for BSA-TFP in the pH
6.0 -~ 10.Q region, twoe resconamces were readily cobserved, A" and
B"; the percentage of A' was determined from curve analysis: In
addition, & chemical shift change from -77.1 to -78.0 ppm with a
midpoint at pH 8.0 was ;eported.by these authorslzo in contrast
to the smaller chemical shift changes for resonances A".énd B
in the pH 6.0 - 10.0 region. The reason for this discrepancy 1is
not clear.

&,

3.3.5 A Comparison of FEM—d2 and BrQTFP Sulfhvdrvl Labels

"Several differences and similarities were observed in the

-

lS% spectra of BSA labelled with\_either-F.EM—d2 and Br-TFP. At
pH values below 4.00, BSA—FEM—&Z showed two resonances (B and
C); above pH 4.00, three resonances A, C+ and C, (Figure 28)}.
BSA-TFP on the othér hand, showed all four resonances. A+, A",

B*, and B" above and below pH 4.20 (Figure 35). Above pH 4.0

the relative proportion of downfield resonance C increased as
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Figure 402
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Figure 403
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Epe upfield resonénce“B decreased wiﬁh an app;oximate chemical
‘shift difference between B and C o} 0.4 Spm. In contrast, the
rclative-proportfon of the_upfield resonances A’ and A" increase
at the expense of the downfield resonances B' and B" with a
chemical shift difference between these pairs of resonances of
‘approximately 1 ppm. With respect to area changes of individual
;esonances,'c,.and B* (Figure 28.4 and 37.3) show correspond
ﬁaximum and pin;mug respectively at pH 4.2. _Resonances C and B"
(Figufe 28.4 énd 37.4) show a change in chemical shift of
approximately 0.2 ppm with C showing a minimum at pH'4.2Q ;nd B"
a8 midpoint =t pH 4.8. In addition, resonance ¢ and B" show
Ve widdin
changes with maxima at pH
4.2 (Figure 28.4 and 37.4).
The differences in the area, chemical shift and linewidth

19

vs pH trends. for the F-NMR spectra of BSA-FEM-d, or BSA-TFP

might be attributed to the different suifhydryl lgF labels. the
differences'in these sulfhydryl labels are:

1. The fluorine atoms in.the FEM—d2 label are 6 atoms away
from the sulfur atoms =2s opposed to 4 atoms for the TFF iabel

(Figure 41).

o
8SA-S1 W 3SA-S-GHC CRy

8SA-FEM Dy | BSA-TEP

- Figure 41
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Consquently, the difference in chemical environments as

reflected in the chemical shift differgnces between

interconverting 1gF resonances 1s more pronounced in BSA-TFP

(1.0 ppm)} as compared to BSA-FEM-d2 (0.4 ppm}, and

2. In aqueous solutign, the trifluoropropane label is. known
fo exist as a gem—-diol (Figure 42) which may lead to hydrogen
bonding interactions between the hydo;xyl hydrogens and suitable
nearby sites. If this is the case, then what may actuallly be
studied by-lgF—nmr m§§ be various hydrogen bonded states of the

1gF--label having nothing to do with the proteins conformational

state.

x oH
R 5 CH,C Chy
OH

Figure 42

Irrespective of the differences between the two labels, it

is evident that at least three different chemicel environments

-

are experienced by the lgF nucleus at various pHs around the N-F

~

e
transiton. The correlation between the states of the modified

proteins detected:by CD and fluorescence studies and the
‘ 19

_ environments of the F-labels observed through 19F—nmr studies

is summarized in Table 12.
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3.4 -Svnthesis of bis 8-fluoro, 8-deuteroc and

12-fluoro-12-deutero dimyrisotoylphosphatidylcholines-

(F-8, D-8 and F-12 D-12 DMPC respectively)

In our repeated attempts to synthesize gem-difluoro-
dimyrisétoylphosphatidylcholine; 19a (Figure 14) (Section 4.6.5)
none of the requisite gem-diflucromyristates 15 were ever

-

isolated from the reaction of DAST with various oxomyristates.

in our hands the synthesis of ethyl 4,8 aqd 12-ox0 myristates

(.

—

4a-14c) and their precursors proceeded in yields comparable to

those reported in the‘literature.zos An alternate synthesis of

DMPC’s with -CDF~ instead of ~CF2— units was undertaken (Figure
43, Scheme 2} since DSC studies by Sturtevant39 showed that the
ge% diflucro DMPCs léa—c (Figure 14) had substantially altered
phase transition temperatures and enthalpies compared to their
unfluerinated counterparts. The introduction of a deuterium
atom at the. same carbon bearing the'fluérine label_was used as
an 2H—nmr label to assess the perturbing effect of the 19F-—label
from.a compariscn of the quadrgpole splittings-(dvo) with those

202, 183-4

obtained by Oldfield for the -CD,- labelled

2

counterparts.

Alternatively, the synthesis of deuterocalcohols 27a and b

.|

fluorodeuteroethylm}ristates, 28a,b and 8-F, 8-D and 12-F, 12-D
DMPC (32a and b) proceed in good yield and purity (Section 4.6.,6

- 4.5.12, Tables 23 - 28 inclusive]. Attempts to synthesize
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“

i .
ethyl .4-hydroxy, 4-deuteromyristate by the reduction of

ethy1—4—oxomyristate l42z with sodium borodeuteride failed due to

lactonization (Figure 43, Scheme 1). All attempts to get around

+

“this problem met with failure (Section 4.6.6) so in the interest

of time, the éynthesis of bis-4-fluore, 4-deutero dimyristoyl-

phosphatidylcholine (F-4, D-4 DMPC) was abandoned.

3.5 Calorimetric and 2H-nmr Studies of ¥-8, D-8 and F-12., D-~-12

. DMPC

Differential scanning éalorimetry traces (Secf. 4.1)
(courtesy of Dr. R.M. Epand) for sy;thetic DMPC, F-8, D-8 and
F~12, D-12 DMPC provided the phase transition temperatures and
the enthalpies of fhese transitions {(Figure 44 and Table 13).
The thermal behaviour of our synthetic DMPC is identical in all
aspects to that reported in the 1iterature220 showing a minor
"premelt: transition at 13.9° and a major transition at 23.9°C.
This suggests that this synthetic l{bid was of extremely high
purify ~which gave us confidence that the methods used for
synthesizing and purifying the fluorinated iipids were adequate
(Sect: 5.3). F-12, D-12 DMPC 32b showed a single sharp
transition at 24.9° with a temperature range at half-height (Tmi
of 0.5°C; there was ne visible "pre-melt™ transition at lower
temperatures. Generally, “pre—mglt“ have enthalpies on the
order of 0.5 kcal/mole or less and as éuch-may be -unobservable.

The relatively narrow meiting
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- Figuress

Differential Scanning Calorimetry Traces of Synthetic DMPC,
F-8, D-8 and F-12, D-12 OMPC.

. ,_L_, DMPC

Q :
- B VN F8D8 DMPC
D : ' ‘ .
L :
3 — F12 D712 DMPC
—D L] L] L ) L] Ll : N
21 1317 2125293 -
Temperature “C
_ N
e R \
Table 13 .
Phospholipid Tranition Temp. (°C) Tma(°C) £nthalpy(kcal/mole)
DMPC 23.9 (1it. -24.0)° 0.4 6.6 (Tit. 6.65)
F-8, D-8 DMPC 22.5, 25.8 & 26.5 *0.5 - "4.s
F-12, D-12 OMPC  24.9 0.5 5.6

- x.

* The sum of the enthalpies for all three transitions shown in
Figure 44,

+ For the transition at 22.5 °C only.

et
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range of this fluorolipid is indicative of its high purity. Neo
premelt transition.was observed with F-8, D-8 DMPC 32a. In

addition to a narrow transition at 22.5°C (ka ~ 0.5°C) an

M

unusual pair or broader transitions were seen at 25.8 and
25.5°C. The addition of an equimolar amount of DMPC (T =

23.9°C) to F-12, D-12 DMPC 32b resulted in a Tm value lower than

that of either of the two pure components (22.3°C) as well as a

wider transition temperature range‘(TmL = 1.5°C); (Figure 45) .

-ﬁ— - F42 D12 OMPC

=12 D42 DMPC
DMPC

Endothermic

=1
T 173 259 33 "

Temperature °C

Figure 45



113

On the other hand,radditiOn of increasing amounts of ODMPC 31
with F-8, D-8 DMPC (F{gure 46) resuIted in the shift of the
higher temperature transitions (25.8 and 26.5°C) of this fluorb;
1ipid to lower temperatures while the preéentage cantribution
of these peaks ko the total entﬁélpy of the phase transition
decreased {Figure 47). In the cégg of F-8, D-8 DMPC 32a,

the addition of DMPC resulted in'{he peak width of the main
transition remaining re]aﬁiquy narrow (O.SAC).. Although the
Tm valiue of this transition decréaséd from 22.5 to 21.0°C on
the addition of 1 mole equivalent Sf OMPC, the lack of peak
broadening is unusual since it is often observed that psc
curves broaden on the addition of an iﬁpurity.

Previous DSC studies by-sturtevant40 have shown that
gem-difluoro DMPCs have substantia]ly altered phase transitions
comgared to their unfluorinated counterparts. Iq general,
phase transition enthalpies on the order of 3 - 6 kcal/mole
more exothermi; than DMPC as well as pﬁase transition .
temperatqres at'Ieast 3‘degrees higher or iower than DMPC.
osC studies by Sykes 1087198 on bis monofluorodipalmitoylphos-
phatidylcholines indicated that the DSC traces of these synthetic
lipids nave similar but broadened transitions relative to dipalmit-

oy?phosphatidylcho]ine (DPPC). The phase transition temperatures of

these fluorolipids were in a range of 0.2 to 5°C lower than pPPC
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Figuress

Differential Scanning Colorimetry {0SC) Scans of DMPC/F-B, D-8
OMPC Samples of Varying Mole Ratic:

F3 DB DMPC

F8D8 OMPC

DMPC - 55
_F8D8 DNPC

_..JLL
JL
L

DMPC -1

_ ~— 8 D8 DMPC
1317 21 25293

" Temperature °C

Endothermic
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N .
Figures?

A plot of % Total enthalpy of the ghasé transition for
the higher temperature transitions® of F-8, D-8 DMPC
as a function of DMPC/F-8, D-8 DMPC molar ratio.

‘O/OTOth 80 —r———————
enthalpy B 1721 25 29 3

o ‘Temperature °C

60>

401

20-

, o
Vox 08 12
DMPC
~8 D8 DMPC

MOLAR RATIO

Endothermic
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while the enthalpies were on thé order of 3 kca]/mo]e\]ess - q§
exothermic than DPPC. In terms of the phase transition
enthalpies, F-8, D-8"and F-12, D-12 DMPC both closely mimic

that of DMPC. The temperatures of the main phase transitions
for F-8, D-8 and F-12, D-12 BMPC as well-as DMPC are very close
to one another (Table 13). The question now arises as to what
the source of the highertemperature transitions at 25.8 and
26.5°C for F-8, D-8, DMPC. The observation that these higher
temperatures trénsitions disappear on the addition of increasing
amounts of OMPC indicate that these transitions are a result

of the position of the fluorine label on the acyi chain since
only a single transition is observed for F-12, D-12 DMPC (Figure
45). A possible expianation for these higher temperature tran-
sitions might be an a!igpment of C-F dipoles of the acyl chain

that is disrupted on addition of DMPC. -

H-nmr spectra of both fluoro, deutero OMPCs (322 and b) were
kindly provided by Dr. James H. Davis, (University of Guelph)
on a "home-build" instrument. Attempts to obtain 2H—nmr spectra
or 19F-—d1‘po'lar' spectra on the Bruker CXP-200 soiid state nar
Southwestern Ontario regional instrument; failed. Spectra of -
both fluorolipids above (3§;C) and below (10°C) of both lipids
are shown in Figure 48 . At 10°C the broader unresolved
spectra can be attributed to the sma11ér T2 values of tﬁe_
deuterium atom resuiting from the ]owér rotational correlation
time in the gel state of the phospholipid. The quadrupolar split-

ting (aVy) for F-8, 0-8, 32a 2nd F-12, D-12 DMPC 32b are in good
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Figlre48

F8 D3 DMPC

' o
3B , 10°C -

| |
‘ A ' _ vl»
M’*“"J l""‘hfw* wi f \‘\-‘M—w&

PQ[H2DMPCAA

K#‘/“ . ' . \L-«V'ILM;
4 - ‘ ‘ r‘ ‘
%2020 0 2040 8040 04080
rrequency ( KHz)

2H-NMR spectra of F-8,.D-8 and F-12, D-12 DMPC. Approximately 30mg
of phospholipid was mixed with 100ul of H20. The natural abundance
deuterium signal of HOD was used as a reference at 0. KH:z. Note
that the frequency scale of the 10°C spectra is twice that of the
35°C spectra. .

Table 14
Lipid *avg (= 1kH2) Seop(x .04)
F-8, D-8 DMPC 25 .15 -
sn-2, 8, 8-D., DMPC 27 .16 fa.
F-12, D-12 DReC 15 .09
sn-2, 12, 12-D, DMPC i 17 .10

vl = 374 el . & ¢
AVQ = a/4;e QQ/h Se_p (Sect. 5.4.4)

AN
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agreémént with those reported by.b]dfield}fo} Sn=-2, -838 and
Sn-2, 12, 12-dideutero DMPC's as shown in fab1e'lb3 %{-nmr
spectra, of both f1u0rinatéd lipiés 6bt$ined,at above aqd_below
their Tm values showed the identicial températufevdependance

of'Scb as observed by Oldfier220 for the -CDZ-]ipids* as

shewn in Figurg 42,

SCD' vs Temperature

- .30;
. SCD \ &

24 %T .

N AaS5Sn-2, 8.8‘d2DMPC.
a oF3 D8 DMPC

1A 1___é . AG. 2.
! n, : n-2,1212 dZ DMPC
12 M\\;% =12 D12 DMPC

20 26 28 32 36

Temperature °C.

L4

Figure 49
The DSC anqle-NMR data fead to two differing conclusions
regarding the berturbation'capééd ﬁy the introduction of a
filuorine atom. While ZH-NMR gpectra of bpth fluoro and
deutero’DMPC's are identical to their -CDZ- c0unterparts,183_184

at the temperafﬁres studies the DSC studies painted a2 different
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bictqre. Both the phase transition temperatures and enthalpies
“of F-8,D-8 and F-12,D-12 .DMPC (323 and b) were different then

that of DMPC alone. g
The extent of the perturbation as shown by the D5SC

traces is greatest for F-8,0-8 DMPC 32a when the fluorine atom is

near the center of the acyl chain compared to F-12,D-12 DMPC

where the fluorine label is near the end of the Hydrocarbon

chain. -Although the reason for the higher temperaiure

L%

transitions at 25.8 and 26.5°C (Figure 44 ) for F-8,D-8 DMPC
i< not known, the disappearance of these peaks on addition
iqcreésing amount of pure :DMPC (Figure 46 ) is of interest.
The abpearance of these DSC curves would suggest that the
Sxtent of the.-perturbation caused by the fluorine label is
Jessened with increasing amounts of DMPC present.

108

Recent studies by Sykes and McElhaney on bis monofluoro

DPECs indicate that although the DSC traces of these synthetic

-~ .

lipids show similar but generally broader transitions relative

Q
to DPPC, order parameters (SC y calculated from l’F—dipo]ar

s’

Q
spectralo“ are approximately 20% lower from those calculated from

2H;NMR spectra of —CDZ— analogues (SCD)' The discrepancy 1%

greatest towards the head group of the phospholipid where
SCF iéﬁgfproximate1y 50% than the reported SCD‘
Although it is not for certain whether or not the

calculation of C-F order parameters based on their line~
AN
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fitting models is thevsource,of thﬁs disé}epancy, our C-D quardu-

bo1e splittings (AVQj for deutériumjlabe}s at the same carbon atom

bearing the fluorine atom for F-8,0-8 and F-12,0-12 DMPC(32a.and'b)

'sgow no difference (within expérimenta] error) with those of

Odeie]d (Table 14), This suggests that tﬁe nq perturbation

of the motional properties at, the 8 and.lZ‘positions‘of‘the

acyl chain occur on introduction of the fluorine label.
Perturbations caused by the introductidn of CF2 groups

at varying positibns along the acyl chain of phosphatidylcholines

have been studied to a greater extent than the introduction of

-CHF=- units. 2H-NMR studies by 5ee119135 on gem dffTuoro_

DMPCs wi;h ;CDZ- gréuﬁs at varying positions relative to the

—CFZf group have shown an overall reduction in the observed

AVQ

indicating an increased mobility about the deuterated positiaons.
39

values compared to their unfluorinated counterparts.

SturféVant et al have shown that DMPCs with -CF,- units at

2

either the 4, 8, or 12 poéition of the acyl chain results in
phase transition temperatures and enthalpies which are higher
or iower than DMPC. Order parameters, SFF: obtained from
dipolar spectra of these same lipids show values which agree

P
‘.

within 10% of the C-D ordér parameters determined from the
2H—NMR'spectra of the -CDZ- containing counter parts.
" In summary, the DSC studies on F-8,D-8 and F-lZ,D—iZ

DMPC show that the introduction of fluoriné is not an innocuous
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change contfary to what was shown by the 2H-nmr‘- §tudies
presented. This must be keﬁ%rin mind when using either
fluorinated lipid for nmr studies. These results point out
the need for caution when introducing a molecular probe into
a biological system and the need. to use more than one phy-

- <
sical-technique to study the perturbed and unperturbed

system.

3.6 Modification of Lipophilin Cysteine Residues

‘The failure to ébserve a reaction betweén FEM and N-
acetyi-L-cysteine méthy1.ester in various solvents (experi-
mental, Section 4.7) in which Tipophilin is soluble lead to
the preparation of a water soluble form of the protein by
the dialfsis of lipophilin from Z2-chloroethanol into water.

The analysis of protein sulfhydryl groups using DTNB was

undertaken before and after FEM-d2 treatment of the protein

using two different assay mixtures: 2-chloroethanol - 1%
SDS and 2-chloroethanol (Section 4.7}. These resuits were
176

comparable to those obtained by Epand et al (Tabie 15)

using the same mixtures.
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TablelS
Assay Mixture .Protein # of SH/moTe Reported176
determination . . ' SH/mole
2-chloroethanol lipophilin 3 1.01 + .05  1.55 + .05
DTNB lip-FEM-d 4 0.30 + .06
- *1ipophilif 3 1.03 ¥ .02
2-chloroethanol lipophilin 3 1.75 + .04 2.10 + .05
~-1% SDS 1ip-FEM-dy 3 1.03 + .06
4 1.69 + .05

DTNB *1ipophilin

_*.-Lipophilin which had been dialyzed from 2-chlorcethancl into water and
freeze dried. ’
The sulfhydryl assays of lipophilin which had been .

dialyzed from 2-chloroethanol into water and freeze-dried °

‘(dencted hy *)showed no observable differences from the same
protein that -had not undergone dialysis or freeze drying. A

comparison of 13

F-nmr sighal to noise.ratios of a lip—FEM—dz
sofution in 2-chloroethanol with standard FEM—d2/2-chloroéthanoT.
solution showed that ~ 0.7 SH/mole of protein had been modified
which was in good agreement with the DTNB assays (Table 15)
Unfortunately, a comparison of the proteins by their CD

spectra was not_possib]e at the time of these exﬁeriments due

to technical difficulties with Cary 81 instrument (Experimental,

Sectian 4.1)

3.7 1gF-NMR Studies of lipophilin and lip-FEM-d2 incorporated
into 8-F, 8-D and T2Z2-F, TZ2-D DMPC.

A sample snectrum of ]ip-FEM-dz'incorporated into F-8, D-8§

(58% by weight protein at 35°C) is shown in Figure 50.
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Figure 50

The lgF-nmr resonaneevqfé)ip-FEM-dz showed no variénce
in chemical shift (i69.81.é;m) or tinewidth (8V¥%h = 40 Hz)
ovér the.temperatures and protein/lipid ratios studied. In
comparison, 19F-nmr spectra of aqueous'FEM-d2 using the same
acquisition parameters showed a chemical ;hift of -70.12 ppn
with a linewidth of @0 Hz. The relativeiy narrow ]inewich
of fhe protein ]abel suggested that the 19F nuclei were in
an env1ronment where the -CF3 group of the protein label
yas relatively mobile but the exact nature of this - env1ronment
is unknown.

Consequently, no further information.with regards to
the environment of the sulfhydryl residue(sf of lipophilin

was gained from these lgF-nmr studies. lgF-NMR spectra of a

few lipephilin or 1ip-?fM-dé/f]uorophosphoTipid mixtures of
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varying weight ratios at Vo.= 84.66 Mﬁz, and at two tem-
peratures showed fluorophospholipid 1inewidihs tha; were
appruximafe}y 1.6 (Table 16) fold narrower than V = 235.66
MHz ‘which suggest; CSA contributions increased by a factor
of .56 as the applied fie]d:

.In.contrasf, 19F—nmr studies by Gentw?”104 on gem-

difluoro DMPCs have indicated that the 1inewidfhs of the
observed ]gF resonances increased four fold for a corresp-
onding two fold increase in applied field strength; indicating °
chemical shift anisotropy contributions varied as the square of
the applied field strength (Sect. 5.11.2), and increased

with decreésing*tempefature over the same temperature range.

Linewidth vs. Temperature'plots (Figure5l A & B) for
various protein/phospholipid mixtures showed similar trends
and no | °E-signals were observed below the phase transition
of the.lipids. Phospholipid ]9F-chemica1 shifts were found
to be invariant with temperature and protein concentrations.
A plot of the lipid ]gF-nmr resonance linewidths vs. ¥ weight
of protein at 35°C (Figure 52 A & B) showed 2 similar trend
for both the modified and Jnmodified proteins for F-12, D-i2
DMPC. However, a totally different trand is observed for
F-8, D-8 DMPC. The observed phosphilipid | 9F-nmr Linewidths
for the lip—FEM—dZ mixtures show very Iitt]e-change in
increasing protein in contrast to lipophilin. Repeated

1 .
9F-nmr studies of the same or freshly prepared samples of
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Table 16 A comparison of linewidths for lipophilin o\ lip-FEM-dZ/
fluorophospholipid mixtures at vy=84.66 or 2B5.36 MHz at
"various temperatures.

Protgin—1ipid Prqtein-ligid Tgmp. Vih Vih
mixture we1%5§ ratio (7C) (235? 6§ MHz)} (84.66 MHz) .
N /
lipophilin/ | L =
P bs DhpC 58.6 24,0 1190 Hz o 788 Wz
38.1 675 417
0.0 490 306
58.6 32. 749 496
38.1 501 307
_ 0.0 251 161
Tipophilin/ 54.5 23.2 860 544
F212,0-12 DMPC. 4y | 570 413
0.0 560 o 337
54.5 32.0 520 . 32%
31:0 306 ' 190
0.0 250 160
1ip-FEM-D5/ 55.0 24, 960 - 600
F-8,D-8 DHRC 31.0 620 388
0.0 ~ 440 " 270
55.0 32. 410 /(J% 250
31. YT R 185
C.0 | 250 N 160
lip-FEM-Do/ 5.5 23.2 -1053 “~ ‘658
F-12,0-12 DMPC 17 4 431 500
0.9 522 324
54.5 32, 504 304
32.4 304 189
0.0 250 161




7 AVhtg) 1000

FiguresiA

2
1400
12001

126

Lipophilin
F12 D12 DMPC

| 800+ C\ |
500- A\ |
= z\ro O._0O 056.50/0 |
// 400 \\\\\\ZST‘“——-iﬁé———1CL A3 9%3
__ ——o—=o—ag 90%
22 24 26 28 30 32 34
1400, Temperature “C
12001 4 F8 B8 DMPC
Avlfzh(hZ)1OOO‘A : \
800; \ \. o. o
s00m AN,
A~ 4 — 44 ©58.6%
400 A381%
u B—= @m(0%

22 24 26 28 30 32 34

Temperature °C

Plots of Vih vs. Temperature for Lipophilin-fluorophospholipid

complexes of varying % weight protein (as indicated).



Figure 518

. B 127
Lip-FEMdZ ‘
14001 ) ) . )
200l F12 D12 DMPC
A |
AVL?hfhz) 1000+
| 8004 °
5004 - _
-0 Oo—o0 054..50/0
400 o D329
| ) o—op—n o0%
22 24 26 28 30 32 34
14005 Temperature °C
12001 78 D:8 DMPC
'ﬁ\/’]/2h(h2) 1 OOO . —_
2001
500: R
®55%
4 00- z or—@ A31%
| —a—a w0%
22 24 26 28 30 32 34

Temperature °C

Plots of Vih vs. temperature for 1ip-FEM-dz-ﬂuorophospho]ip'ld
complexes of varying % weight protein (as indicated).



128

Figure 52A
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Vih vs. % weight protein for F-12, D-12 DMPC
protein mixtures at 35°C.
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orotein F-8,0-8 DMPc or F-12,D-12 DMPC mixtures gave the

same results. It would appear that the modificatgon‘of'
lipophilin by FEM-dz'is the only cause for this discrepéncy
with F-8,D-8 DMPC (Figure ¥B) and it Ts fhérefcre unlikely

that the modified protein is a good ‘model for thé behaviour

of lipophilin in the same phospholipid mfxturé. The exact
nature of this discrepancy was noE explored using other methods

usch as DSC on 2H-nmr.

Generally, phospho]ipi&gF resonances broadened with

-

increasing amounts of protein which is consistant with the

idea of increasing amount of "boundary" or immobile 1ipid

19

with more protein present, However, no distinct F-nmr

signals corresponding to free of boundary lipid were observerd

19c nmr line-

at V0= 235.36 MHz. Significant changes in the
widths of both fluorophospholipids do not occur below 30% by
weight lipophilin (FigureSénmﬂﬁn contrast to what has been

previously ohbhserved by DSC and esr studies of the same

.protein in reconstituted protein/phosphoiipid mixtures.lgS_ZOl_

Broadening of the DSC traces were observed with protein/lipid

195-198

- weight ratios as low as 5%. Likewise, esr studies using

spin labelled fatty acids as probes showed the presence of an
“immohile" component of esr spectra at-protein/lipid weight
ratios of 20% or above. This may be attributed to both the

greater sensitivity of the DSC and esr methods compared to
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19 19 4

F-nmr and the time scale of the F-nmr (~ 10~ s) compared: to

6

the esr experiment (~ 10 °s). Qur results indicate that any

Boundﬁry lipid present was likely exchanging with bulk lipid on
a'fime scale fastgr than the nmr experiment, i.e., < 10_45.
Since calorime£ric\br esr studies were not undertaken with
lipophilin (lip—FEM—dz) f}uorophospholipid mixtures, t&g“\
relative mole ratio of boundary lipid to protein is not known
consequently a more extensive analysis ofour lgF—nmr resulté‘“
is not possible.. In any case, these 19F—nmr studies do not show
*/iifboundary lipid" as a distinct entity as seen in Previous esr and

DSC studies. °07201

3.8 Summary ana ConclusionsS

In summary, the work covered in this thesis has dealt with
the development of = fluofinated maleimide, FEM, =and its
deuterated counterpart, FEM—d2 for protein 19F—nmr studies. A
detailed kinetic study has shown that FEM reacts quickly and
sﬁecifically with thiols over other nuclophilic residues found
in protéins and the only side reactions that occurs is
hydroiysis to its maleamic acid. The lgF—nmr studies of the N-F
transition BSA-FEM-d, or ESA-TFP have ;howﬁ that there is more
than two "pH dependan£ﬁ‘chemical environments about the cysteine
residue of the protein BSA, iﬁ either the N or F states.

Previous reports using spin~labelled maleimides (Section 2.3) to

study the N-F transition showed ne such "multi-envirenment”
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phenomena. Neither CD or fluorescence studies presented in this

- work showed evidence for the existance of "substates" in th N
or F s;alcs of the modified éroteins. thie it was shown that
FEM-dé is specific for thé éysteine sulfh§dr§l residue of BSA,
Br-TFP in additi9n to‘sulfhydryl labelling, reacted elsewhere on

the protein to the extent of 20%. A further interesting result

was the observation of .a "pH dependant™ multi-environment

L ) :
phenomena at pH's during the N-F transition of BSA-TFP by
ISF—NMR previously unobserved. by Zurawskilzo'who studied the

same modified protein by 1gF—nmr.
At pHs sbove 7.0 the succinimide ring of. the BSA—FEMde

was found to be unstable since it underwgnt'hydrolysi§ and/or

int}amolecular fing'obéning. This lim{ts the use of FEM(—dz) as
a protein label to pH 7.0 and bqlow.' | |
‘ Two -fluorinated and‘deuterated phosphatid&lcholines,b F-8
l’é D-8,_aﬁd F~12,'D-12 DMPC (ggi‘aﬁ& b) we;e‘successfully

synthesized and characterized by calorimetry and 2H—NMR studies.

:Attempts to simultaneously monitor *the environments of
€

lipoﬁhilins cysteine residues aftec\FEM—dz modification and F-8,

D~8 or F-12, D1-12 DMPC by lgF“nmr were unsuccessful’ The

F-nmr resonance of 1ip—FEM—d2 wés invariant in chemica}.shift
of iinewidth with either temperature of protein/lipid conteqt.
As a consequence, little information concerning the labelled
sulfhydryl residues of lipophilin was obtained. Although lipid

1gF‘-—re'sonances were generally broader in the presence either

~
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lipophilin or liquEM—dz, no distinct rescnances which could be
attributed to "boundary lipid" were seen. Irrespective of these

®ailures, F-8, D-8 and F-12, D-12 DMPC may prove to be

interesting lipids for future 2H, 31? and 19F—nmr and/or

calorimetric studies.

-

A



CEAPTER FOUK
EXPERIMENTAL

4.1 General - Instruments and Standerds

Melting points were obtained using a Hoover
;ap%llary appaéatus ana-are.uncokrected. Infrared (I.R.;
spectra were obtained on a Perkin-£lmer Model 283 |
Spectrophotometer and all reported peaks are giveﬁ in
reciproca],wave'numbersl{cm_l) with polystyrene as'the
reference signal at 1602 cm™ . The following abbreviatiohs

were used to describe 1.R. peaks:

s = straong . " ms = medium sharp

b = broad . \ $S =-stron§ sharp

m = medium sb =.strong broad
= weak

w

1H-NMR spectra unless otherwise indicated were obtained at

90 MHz using a Varian Associates EM-390 CW instrument.

1

250MHz "H-NMR spectra were obtained using & Bruker WM-250

Foeurier Transform spectrometer. A7l NMR absocrbances are
Y

reported in parts per million (¢) ppm with the fcllowing

abbreviations:

s = singlet ) qQ = quartet
d = doublet ~ dd = doublet of coublets
t = triplet m = multiplet

Coupling constants, J, are reported in Hz (sec_l}_

Trimethylsilane (TMS) was used as an internal retference at-

134
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0 ppm when 1H-NMR spectra were obtained'psing.CDC13 or

acetone—d5 as solvents. DOH.(4.65 ppm) was used as an

internal reference_when-D20 was used as a solvent. l3C and

&

21 NMR spectra were obtained at 62.5 and 38.4 MHz respectigré]y

—\\>' on thgﬂsruker WM 250 spectrometer. All 13C-N'NR spectré.were
proton broad-band decoupled and referenced to CDC]3 {76.9 ppm)

1%: NMR spectra were

or acetone—d6 (29.2 and 204.1 ppm).
obtained either at 84.66 or 235.36 MHz on a Bruker WH-90 or
Bruker WM' 250 Multinuclear F.T. instruments respectively

with trifluoroacetate (-75.96 ppm)., or_triflﬂoroacetamide

(-76.26 ppm) used as internal or extgrnal standards.

MHz a 10 mM 19F-probe

For spectri_oStained at 84.6
was used with a 0,0 external lockK. Typ\tal spectral widths
and memory siées used were 6,000 Hz and 4K or 12,000 Hz and
8K respectively which resulted in an acquisition time of
G.679 sec. Other spectra parameters used were, offsets of
either 1,000 or 2,000 Kz, pulse widths of 25usec (tp = 900)
delay times of ZOOpséc, a line broadening of 1.0 and a
resolution!of 1.47 Hz/data point. 19F-NMR spectrd were
%tored on a Nashua 0.D. 15-q;Cartridge disk were transferred'
to a Nicolet FT-1R disk using the RSfR 10 and 11 programs
respectively. Once all spectra were transferred to the FT-1IR
disk, they were curve resolved using the Curve Analysis Program

-

(CAP).
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235,36 MHZ }QF-Spectra were obtained using -the fol-
lowing spectralparahetersﬁ memory size 16K, offset and
swequidth_Z0.000 Hz énd 40,000 Hz respectively, line broad- :
enihg of 1;00,lde{ay time of 12 wus, pulse width of 30 us
(tp=90°), acquisition time of .410s énd a resolution of 2.44
Hz/paint. ‘Spgctfa were storea on floppy disks and transferred
to a Nicolet FT7-IR disk for curve ana]fsis using SPCNIC and
SPECNIC‘trapsfqr programs respectively. - Errors for the '
calculated linewidths for the Curve resolved resonances were
assumed to be twiée the moot mean square (RMS) error while
in pef;entage area were assumed to be * the RMS error.

+

Chemical shift errors were assumed to be * 1 data point.

2H—quadrupo]e spectra were kindly obtained for us

by Dr. James H. Davis (University of Guelph, Physics

. Department) using a home .built instrument with variable

temperature capability. The puise sequence used in acquiring

1,58

thése'spectra was the “quad-echo” sequence8 shown below:

{90° - ¢ - 90°) n~

Spectral parameters uéed were: a resonant frequency
of 41.31 MHz, a phase time v of 3.5 us, recycle time of 130 us

and dwell time of 3.5 us. Prior to the acquisition of

-

spectra} fluorodeuterophospholipid samples (~30mg) were

suspended in 1C0 ul of HZO’ Typically, spectra were

processed after 10,000 scans and the HOD deuterium signal
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used at the zero reference.

High resolution (HRMS} or low resolution (LRMS) mass
spectra were obtained using a VG 7070 %pectrometer (V.G.
micromass, Altricham §.K.) with a Vé 2035 data system. All
mass spectral data are:reported as:-mgss (mass‘frégment, re-
lative intensity). A1l HRMS data %s assumed to be accurate
to 5 millimass (.005 mass) -units. Elemental analysis were
performed at Buelph Chemical Laboratories, Guelph, Ontario.
For compounds not previously reported in the literature HRMS

data or elemental analysis as welil as 13

C-NMR data are included.
Kinetic studies were performed using a Durrum D-I11V .
Stopped-Flow Spectrophotometer equipped with 3 deuterium
lamp, power supply and Nicolet Moﬁei 1170 Signal Averager.
The temperatufe of the stopped flow system was controlled using
with @ Hotpack Model 320 watgr'bath and variable speed water
pump. A1l reactions were monitored by observing én absﬁrbance
decrease at 276 nm.
pH values of solutions were determined using a Radiometer
Copenhagen ModéT 26 pH meter. The pH meter was standardized
with pH 4.00, 7.00 and 10.00 buffers from the same manufacturer.
Optical density (0.D.) measurements were performed using
s Gilson Model 240 Spectrophotometer using 1 cm pathlength

cells.
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A11_f1uorimetric work was performed on an Aminco-

Bowman fluorimeter equipped with 2 meter multiplier and

Hewlett-Packard Model 8 x-y recorder.

Circular Dichroism Spectra were obtained on a Cary

Model 61 instrument. The molar eilipicity [8] at a desired

wavelength was determined from the relationship:

Eqn. 16 (6] = _8M
102c
where 8 = the ellipicity in degrees as measured by the

C.D. instrument

=
1]

the gram molecular weight of the sample

2

il

the cell pathlength in cm.

¢ = the protein concentration in gm/cm3

Differential Scannlng Ca10r1metery (DSC) scans were
k1nd1y .obtained by Or. Richard M. Epand (Department of.
Biochemistry) using a . Microcal MC-2 Differential
Scanning Calorimeter. Samples typically contained 1-2 mg
~of vacuum dried lipid and suspended in ~lml d1st111ed
deionized water prior to calorimetric studies. Scan rates
of 0.5°C/min. along with timed calibration pulses of
3.62 mcal/min. were used for area aAa]ysis and sub;equent
enthalpy measurements. All samples were scanned from 8-
409C at least twice to ensure that the appearance of the

DSC scan dia.not change over time.

Thin layer chromatography was preformed using silica
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gel 60 F254 0.2 mm thickplastic backed plates. Compounds
on the plates were revealed by their UV absorption using a
mineralight UVSL-25 UY lamp unIesslotherwise indicated.
$ilica gel or Saphadex G-25 chromatdgraphy were mopitored
using 5 Biorad Model 1300 U.V. monitor and sensor {unless
otherwise noted)and fractions collected using a Gilson
microfractionator.

Gas chromatogrgphic (G.C.} analysis were performed
using a Varian 6,000 G.C. equipped with Vista 402 computer
and printer. éamp]eé (v2u1) were injected into an 0.V. 18
(8 ft X 2 mm I.b.) using nitrogen as a carrier gas (25 ml/
min.}. Témperature gradient runs from 100—310°C over 30
minutes as well as isothermal runs at 170°C were performed.
ProteTn solutions were concentrated using Amicon ultra
fi]trafion apparatus (50 ml or 11, with the permission of
L. Berry or M. Hatton, Department of Pathology) equipped

with UM-10 membranes.
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4.2 The Synthesis of FEM and FEM-d,

The general scheme for the synthesis of FEM and FEM-d,
_is shown in Figure 83 . All relevant data for both maleimides

including the intermediate maleamic¢ acids is given in_tab]el?.

4.2.1 N-2,2,2-Trifluoromaleamic Acid, 21a

Lithium aluminum hydirde (LAH, Aldrich, 2 gm, 47.5mMoles)
was placed in an bvgn dried 500 ml1 3 neck round bottom f]gsk
equipped with condenser, magnetic stirrer bar and drying éi‘
tube. Anhydrous diethylether {150 ml) was slowly added to
the sitirring LAH powder while keeping the solution at 0°C
with an ice-water bath. An efhera]'so]ution of trifluoro-
acetamide {Aldrich, 5.37 gm, 47.5mMoles) in 50 ml ether was
added dropwise to the stirring LAH/ether mixture with tﬁe aid
of a dropping funnel at a rate of approximately 1 drop/second.
After all of the trif]udroacetamide solution had been added,
the m%xture was allowed to warm up to room temperature anﬂ
was stirred overnight. The water condenser was then replaced
by a dry-ice acetone condenser, the reaction mixture cooled
to 0°C with an dce water bafh and a 5% NaOH sclution wés
added to the reaction mixture dropwise witﬁ a syringe until
no further effervescence occurred and a white granular
precipitate remained. '"The resulitant slurry was then poured
into 2 500 m1 round bottom flask and the volatiles removed

by vacuum transfer to a clean vessel. 5he distiliate

4
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Figure - 53
Synthesi§ of FEM and FEM-d?

T
CF3CNH2

LiAlHg (-Li'AlD4) /Et,0

b

CFSCHZ(DQ)N Ho

HC

CR,CHy (Do )NHCI (61-63 %) 2llab
fi, [§>

o
I/

{ NHCH, (D,) CF, (71-74 %) Zlab

CH
\\

o _
l AC2O/NCIOAC
O
I

\ NCH, (D)) CF,  (57-63%)22ab
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was allowed to‘warm‘to'm SOC;;dried over Na2504, and
saturated with HC1 gas until no further precipitation -
occurred. N—2u2,2-trifiuorqethylamine hydrochﬂoride 20 was

filtered and dried over oné'iﬂ vacuo until no decrease in

weigh;‘was observed. 'Tﬁe hydrochloride salt ggawas then
sublimed onto am jce-water cold-finger at 0.1 mm using a
100°C 0i1 bath, to yield 4.05gm (30mMoles, 62.1%) of white

crystals m.p. 218-220°C,1it. 220-222°C); Q0MHz 'H-NMR (D,0)

5 4.20 (q, d5_p = 8.80 Hz). 2,2,2-trifluoroethylanmoniumchloride

@Qﬂ)f4.009m,'29.5mMo1es) was placed in a dry 300ml round

bottom flask equipped with magnetic stirrer bar,'cqndehser
and drying tube. CHC]3'(75m1) was added and the stirring
mixture cooled to 0%C in an ice-water bath. Triethy]aminé
(4.1m1,1equiv.) which had previcusly been dried over LiATH,
was added slowly to the stirring mixture and the solution
allowed to warm up to room temperature and stirred for a
Turther half'hour. The mixture was then poured into a clean
dry 250mi round bottom flask and the volatiles collected by
vacuum transfer. A 60 MH:z lH-NMR spectrum (DZO) of the
remaining solid residue showed that it was indeed triethyl-
ammonium hydrochloride (8 1.31t, 3.22q with a rel. ratio of \
3:2). The distillate was allowed to warm up to ~ 59C, dried
over NaZSO# and transferred to a 250ml 3-neck round bottpm

A
tiask equipped with condenser, magnetic stirrer bar and

“ —e
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drying tube and the soiution coiled to @ 0°C in an ige-'
water‘bath; A solution of maleic anhydride (2.89m; 28.6
‘mMoiés, 0.98 equiv.) was added ‘dropwise to the stirred
amine solution via the dropping fupnel. A white, floculant
precfpit&te formed immedi;fe1y;\after all of the ma]éic'
énhydriﬁe had been added, .the mixture was allowed to stir
for a further three hours at room‘temperafure; The
"prec%pitate was then filtered, washed with a minimal volume
of co]d-ether (v2ml1) and dried in vacuo over PZOS‘ The
N—é,Z,Z-trgfIuoromaTeamiq acid 2lawas then sublimed onto an

ice-water cold finger at 80°¢C at 0.2mm affording 4.23gm

of a white solid. (Yield = 74%).

4.2.2 N—2,2,2-TrifTuoroethx1ma1eimide (FEM), 22a

A dry 50m1 3-neck round bottom flask equipped with
condenser, drying tube .and magnetic stirrer bar was charged
with the above maleamic acid (2ia). After the addition of
flame-dried séﬁium acetate (1.88gm, 1 equiv.) and acetic
anhydride thézgixture was heated in an 85°C o0il bath for
45 minﬁteq with stirring and then allowed to cool to room
temperature. After‘the addition of the pale brown reaction
mixture to an ice cold 100mM sodium phosphate buffer (pH 7.4,
ESOm]) the mixture was stirred vigorously for 10 minute;,

resulting in the separation of a-pale. brown solid. The

aqueous mixture was then extracted with chioroform (3 X 180m1)

k-
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and the combined chioroform extfacts washed:wgth‘saturated
brine (2 X 200 ml). The chloroform layer was then dried over
Na,S0,, and evaporated under reduced pressure to afford a |
light brown crystalline solid. The crude material was
sublimed twice at 55°C onto an ice;water cold finber
coﬁdenser at O.imm to yield FEM 22aas a white crystalline
so1%d (2.35gm, 62.6% yield).
-4.2.3 EEM-d,.22b 7 )
The synthesis of FEM-d, was carried out in the same’
way as tﬁat'df FEM except that Tithium aluminum-deuteride
{(LAD, Merck, Sharp-ana Dohme_l.é am) was used to reduce
trifluoro acetamide (5.2 gm, mMoles) to 2,2,2~trifluoro-
l,f;djdeutgfoethylamine. The yields and physical data for
2,2,2-trif1uoro-l,1-dideuteroe;hy1$mmonium Eh]oride(ggg)
NF2,2,2-trif1uoro—l,l—dideuteroethyimaleiamic acid (21lh) and
N-2;2,2-trif1uoro—l,1-dideuteroethylma181mide(FEM-dZ) (22b) are

given in Table 17 .
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. | with FEM

'Kinetﬁc studies were performed under pseudo-first
.ordér'cdnditions where the thiol ﬁoncéntrqtions were usually
25-fold greater than FEM. The thiols reacted with FEM were
S—mercaptoetﬁand1, EQCQSteine. N—acetyi—g—cysteine and

glutathione.

bs 2t 30.0°¢C

&.3.1 pH Dependance of k
.‘ " The génera]rprbcedure for the preparation of the thiol
solutions was as follows: Dibasic sodium phosphate, NaH2P04
and thiol stéék solutions were prebared by dissolving the
appropriate amount of each so that phosphate and thiol
concent;ationsx after aliquots were withdrawn and adjusted

to the appropriate pH and.volume, were 100 and éBmM,
respectively. FEM solutions (» 1mM) were prepared by
’dissolving ~ 9 mg of the maleimide in 50ml distilled water.
‘The ;oncentrations of REM solutfons were determined exactly
‘by-taking absorbance reading; at 276nm (L=476M-lcm'l). In
order to determine the pH of the actual reaction mixture

being observed by 4he stoppetd flow technique, the pH of

soiutions contadning an eQUivaleht volume thiol solution
and/or an equivaient volume of borate buffer or H20 were
monitored.” It was found that pHs of these mixtures dtd not

differ nor did they change on geing from room temperature
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(25°C) to 30°C. Pridr to beginning the stopped flow
exﬁerimen;s FEM and thiol solutions were'degassed both by
stirring under reduced pressqre usiﬁg a wéter aspirator and
bubbling thoroughly with nitrégen gas. This ensured that
oxidétion-of the su]fhydryT groups to disulfides wés much
‘less likely.  No fewgr thap 1Okc')bs values were determined.
per pi value studied. The average values of kobsl(Eobé)

and t, (€h) + 1 standard deviation (S.D.) for each thiol/pH
lstudied weré calculated.

4

1.3.2 Determination of kapp at pH 6.65

"The general procedure for the preparation of thiol
~solutions was as follows: varying amoﬁnts of thiol and a.
constgnt amount of NaHZPb4 were dissolved in 20ml HZO and
adjusted to pE 6.50. The final volume was then adjusted to
25m1 to afford a final nhosphate concentration for 100mM.
when‘al?huots (1m1} of thiol solutions at pH 6.50 and FEM
solutions {1lmM} were mixed with the phosohate buffer on im]

H.0, the pH of both mixtures were faund to be €.65 {+.02). Thus all

2
determinations are reported for pH 6.65. 8411 thiol and FEM
soluticns were degassed as described in part 4.3.1. No fewer
than 10 kobs vaiues were determined for eech set of

conditions.
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4.3.3 Determination of Apparent Activation Parameters for

the Reaction of FEM with Thiols at pH 6.65

Stock solutions of IOOmM NaH2P04.and'26mM th{o1 were
prepared and dega;sed as described above. The pH of phe
thiol stock salutions when diluted by a half with water or
with 1mM FEM wefe found to independent of temperature over
the temperature range used in these experiments. Temperatures
were controlled to + 0.1°C. The errors were determined using
2 propagation of errors analysis.?2¢l

3.3.4 Kinetic Study of FEM Hydrolysis at 30.0°

_To ensure that FEM hydrolysis was being observed in
the pH éange studied, approximately 7mg of FEleas dissolved
in 5ml1 100mM pH 10.0 borate buffer and allowed to stir for
20 minutes. The Solution was then.acidified to pH 2.0 with
10% HC1 and én aliquot ehromatographed on a silica gel thin
layer chromatography plate along with authentic samplies of
FEM 22a and N—Z,2,2—trifluoroethy?ma]eamic acid 21a (ch
solvent: 30% MeOH/CHCI3 containing 1.5 drobs/m] of acetic
acid). - The TLC plate showed one spot by U.V. corresponding
to N-2,2,2-trifluoroethylmaleamic acid. The kinetic studies
were performed as foI1owsf_ *Boric acid.(4.3;gm,
70.6mMoles) was dissolved in H20 (120m1) and six 20ml
aliquots withdrawn. ©£fach aliquot was adjusted to the - Eg’

desired pH with NaOH and the final volume adjusted to 25m}
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with HéO. The pHs of these solutions were checkec after
standardization of "the pH meter with a staqdard pH 10.00

(+ .01) buffer. Tﬁe final concentration-of the borate buffers
was 500mM. FEM so}utiéns (1mM) Qere prepared by dissolving

~ 9mg of the ma2leimide in 50m1 distilled water. The
-concentrations-ﬁf thé FEM solutions were determined exactiy

by taking absorbance readingé at 276mm (e = 476 M_lcm-l). .
The pH of solutions containing i/ an equivalent volume of
porate buffer and FEM and ii/ an equivglent volume of borate
buffer of HZO were monitored. [t was found that the pﬁs of
these mixtures did not differ nor did they change on going
from rdOm temperature (25°C) to 3Q°t. Both.the FEM and

bdrate buffer sin%ions were degassed under reduced pressure
with the aid of a water aspirator prior to loading into the
syringes ot the stopped-flow instrument. No fewer than five
(kobs)'déterminations were carried out per pH value studied.
Average k.
for each pH studied.

and half-life t, values + 1 5.D. were calculated

4.3.5 Kinetic Study of the Reaction of FEM with L-Lysine.

L.:_Lzsine_
Boric acid (4.367gm, 70.2mMoles) and L-lysine HCL

(0.822gm, 24.51mMoles) wére dissolived in 120mi HZO' Aliquots

(4 X 20ml) were withdrawn ancd adjusted 'tc the desired pH using
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1M NaOH. The borate-tysine solutions were adjustéﬂ to a

final concentration of borate aqﬁ L-lysine were 500 and 30mM
respectively. The actual pHK determination of mixture observed B
by the stopped-fiow technigque as well as the preparation of

FEM solutions and subsequent degassing were performed as

described in 4.2.1.

i-Histidine and L-Serine

fhe'pkocédure used was identical to that described for
L-lysine gnly that 0.86gm, (4.50mMoles) L-histidine-HC1 or .62gm

(4.50mMoles) L-serine-HCI were used.

c 4.4 Characterization of FEM-Thiol Adducts

-

The adducts of glutathione, L-cysteine and N-acetyl-

S

L-cysteineconsist of mixtures of diasteriomers whereas the
r-mercaptethaqoi'adduct is racemigi No attempts we}e made
10 separate the diastereomeric products. Due to the
complexity of the lH—NHR spectra of these adducts, all

1H-NMR data is presented separately in Table 18. For all’ B

FEM-thiol adducts, 2-0 J-correlated (COSY) spectra were

obtained at 250MHz in order to aid in the spectral assignments. .

The following parameters were used in the 20 NMR spectra: 4K

LY

data points in the s, dimension., 200 acquisitions in the t1

dimension with a resolution of &4 Hz/data point and 16 Hz/date
point for the observed transform of a 2K X 512 matrix.

Spectra were subsequently simulated using an 1TRCAL and

P
1%
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Spectral addition (SA} program on a Ni;olet 1180 FTIR
iﬁstrument with RMS errors no greapef than 0.26%. - It is
important ta noté.;hat the resoriances are not assigned to a
specific stereoisamer but are designafed as a,b,c...-or a',
b',.c'... to denote different sets of coupied nuclei.
Preparations and characteéizations'of FEM-thiol adducts are .
given in the following subsections. All other data for eacﬁ
adduct is reported in Table 189.

L-cysteine-FEM Adduct , 23

L-cysteine (13.5mg, O0.1lmMoles) was diSsolved in

distilled, deionized and degagﬁed ;EZQr resﬁ?ting.in a pH

3.0 so]utf%n. A constant stream of N2 bubbles was maintained
through the thiol solutioh and a solution of FEM (20mg, equiv)
in 0.5m] acetone added. The solutién was stirred for 5 hours
during which small aliquots were spotted on a TLC plate *
{along wi:% L-cysteine and FEM) and chromatographed using
n-butanol/acetic acid/HZO = 80/20/20 (v/v/v); the TLC plates’
were visualized using either 12 vapor or nitroprusside spray.
When there appeared to be no evidence for starting materials,
the»aque0us spoivent of the reaction mixture was removed under
vacuum. The resulting white solid was recrystallized in a
minimal volume of acetore/H,0 = 1/1 (v[vj to yield 23.4mu of
a white crystalline solid, m.p. 192 dec. 90MKE = lH—NMR of

recrystallized and crude material appeared identical to that
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of the crude product.

5) adducts

G]dtathione(gf) and N-acetyl-L-cysteine FEM (
were prepared and purified.in the same way exceptinlﬁhé case of
Q—acetyl-g;cysteiﬂe where CHCI3/Me0H =-{1/1. v/v) was usgd
as the recrystél]izat{on solvent, o

s-Mercaptoethanol-FEM Adduct 26

A-pH 6.65 1.28mM solution of 3-ME (100ml1) was reacted
with FEM for 10 min. under N2 afmosphere. The solution was .
then extracted with CHC13 (lbml, BX) and thé combined
. chloroform extracts dried over anhydrous Na2504 (m'lgm).'The.
orgaﬁic solvent was then removed under reduced pressure and
resultant c010ur1ess.oi1 chfbmatograﬁhed.on a Merck Size B
sitica gel column using 5% MéOH/CHCi3 as the eluting so]venf.
The progress of the chromatograpﬁy was monitored using @
Biorad Model 1300 U.V. monitor and sensor and fractidns
collected using a Gilson microfractionator. Fﬁacf{6n§
containing the desired adduct were combined and the organic
solvent removed under reduced pressure. The o0il c¢rystallized
to a wﬂite solid on cooling. VYield 23mg (61.2ﬁ) m.D. 62-63°¢C

lH-NMR - see Table 18 .

4.5 Purification of Defatted Mercaptalbumin Monomer

Fraction V BSA (6gm, Sigma Lot #1276-064) was charcoal
defatted according to the procedure of Cﬁen?OIThe protein

(6gm) was dissolved in 60ml distilled deionized and degassed



pH 7.0, 50mM sodium phosphate buffer for 24 hours at 4%¢
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water and with 6gm of activated charcoal. The pH of the
solution was lowered to 3.0‘with 0.1M HC1 and the mixture
stirred in an ite water bath for ljhour under N2 atmosphere.
The solution was quickly filtered through a celite bed under
N2 pressure, made 50mM in sodium phosphate éhd adjusted _to
pH 7.0 with IN NaOH. The protein solution was theg filtered
and 1oadgd onto a DEAE-Sephadex A-50 solumn (48 X 3.31lcm)
containing gel which had.been previously equilibrated in .
prior to packing of the column. A linear phosphate gradient
eiution was performed according to thé procedure of Janatové?l
Two sodium phosphate solutions (1570ml 50mM and 1570m)
léSmM phosphate) were used to generate the desired linear |
gradient (2.5 X 10-?ﬂlmi).. Fractions (Sml)’weFe collected

using & Gilson microfractionator and a constant flow rate of

éo

30m1/hour was maintained using & column head height of
2 2.5ft. 'Opticaﬁ density (0.D.) measurements at 279nm were

performed on every fifth fraciion. A typical plot of O.U.280

vs. Tube # is shown in Figure 54 Sulfhydryl assays on the |

fractions were performed using Ellman’s reagent,S,Sl-
D .

Dith?bbis(z-nitrobenzoic acid)(DTNB?QS To G.5m1 of protein

solution and 0.5m1 4mM DTNS - 3.0ml pH 8.0G, 500mM.sodium
phosphate - 2M Urea buffer and taking 0.[’;.4‘_2 measurements

of the above mixture subsequent %to using the appropriate
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reference gélution(OJSmi 4mM DTNB + 3.5ml pH 8.00, 500mM

sodium phosphate-2M Urea buffer). An extinction coefficient of
13,600 vlem™? was used for the TNB anion. These measurements
were performed in triplicate and SH assays were reproducible
w1th1n an error of + 1%. Fractions corresponding to high sulfhydryl
content (NSO%)(Fig'57Tube'#95-125) were pooled, made 50mM in
sodium thioglycolate and adjusted to pH 5.60. After 24 hours,
3ml of the BEA/Ehiog?}colate‘ang chromatographed oﬁ a 20 X -
l.7¢cm Seﬁhadex G-25 column using a dégasSed pH 6.5 50mM sodium’
phosphate. Thg progress of the chromatography was monitored
dsing a Bio-Rad 1300 model fiow cél] and a_U.V. sensor.

Protein concentrations in protein-containing fractions were

. r. . * — -
detemined at 279nm (lcm pathlength cell, ¢ = 4.37 X 10 Gyt

cm_l); thiol concentfations were determined'using the method

of El1man. The-thfog]yco?ate-réduced protein fkactidns were

found to have 0.98 (* 0.0i)mole SH per mole protein. Prior

to labelling the BSA SUTfhydryf group, the BSA/thioglycglate
solutions were concentrated to approximately 10ml using both

a 12 and 5Cml Amicon Ultrafiltration apparatus fitt;é\wiih_____ﬂ___.

UM-10 membranes as a final protein concentration of about

64 mg/ml.

2
JhelBSA-thioglyco1ate concentrate above was

4.5.1 Preparation of BSA-FEM-d

chromatographed on a 81 X 2.55cm Sephadex §-25 column using

a pH 6.5, 50mM sodium phosphate buffer and column head height
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of ~ 1 meter. A constant stream of N, Bubbles.wgs maintained
in the maim solvent reservoir to ensure that no oxidation of
mercaptalbumin took place on thé column. SH analyses weré
_performed in duplicate on every third fracpion collected and‘
the SH Eontents found to be 98(+ 1%). FEM-d2 {(20mg, O.llmmoles)
was dissolved in the mercaptalbunin solution and the

mixture stirred in an ﬂz.atmosphere for approximately 20
minutes. The pH of the solution was brought-down to 3.30

by the dropwise addition of 0.1M HCl and a 5m] aliguot
chromatographed on a Sephadex G-25 column (20 X 1.5cm).
Su]fhydryl_assays on the isolatea protein fractions showed
the absence of any profein suighydryl group:- The remaining

BSA/FEM-d, solution was dia?yzed against 22 of pH 3.00 50mM

2
sodium phosphate 0.1M KC1 buffer for‘dshr. at 2°C. After

dia?yéis, the BSA-FEM-d .so1ution was concentrated by ultra-

2
fiitration to ~ 10m]l where an 0.0.279 reading of a 100-fold di-

luted sampie of the modified protein gave & concentration of 1.17
mM. Tt was found that BSA-FEM-d2 could not be concentrated
beyond 1.17mM at pH 3.00 withogt geTatibn and/or precipitatioﬁ

of the gprotein.

475.2 'Preparation of Acetamide-B3A

A sample of mercaptalbumin prepared by the method
described in Section 4.5 was treated with a 10-fold excess

of iodoacetamide a pH 7.60 for 1 hour under the conditions

-r
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where the SH group is modified éxclusively. A 3ml sample
of this solution was_chhomatographed on a small Sephadex G-25
column (25 X 1.7cm} and the isolaped protéin fra;tions assayéd
for sulfhydryl content using DTNB. No remaining free.
sulfhydryl groups were found. The remaining BSA-%fodoacetamide
sampie was dialyzed against 27 pH 3,65 50mM sodium phbsphate-
G.1M KC1 buffer for 48hr. at ZOC.‘ The protein solution wés

then concentrated to ~ 1.1mM by ultrafiltration.

4.5.3 Preparation of BSA-TFP

MefcaptaTbumin monomer was preparzt as described
previously (4.3). On isotati®n of the thioglycolate ‘reduced
BSA mqnomér, the protein sélution (.15mM) was adjgsted to pH
7 .00 and treated with l-bromo-3,3,3-trifluoropropanone {Br-
TEP, Aldrich) (100ul, 3x excess} for lhr. as described by
the method of Zurawski}zo A Sml aliquot of the reaction
mixture Qas chromato@raphed'on a Sephadex G-2% column (20 X
1.5cm); sulfhydryl assays of the protein fractions revealed
the absence of protein sulfhydryl groups. A second sample
of BSA-TFP was prepared using different conditions for the
reaction betw?en BSA and Br-TFP; 20 mirn at pH b.50. Again,
shifhydry] assays on a choomatographed aliguot of the reécLiOn
mixture revealed the absence of su]fhyo;y! groups. Both 8SA/
Br-TFP sclutionsTwere dialyzed zgainst 2' pH 3.0C 5CmM Sodium

ohosphate -0.1IM KC1 buffer for 48 hours ot e fhe protein

—
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solutions were then concentrated by ultrafiltration to a

final concentration of iy ImM.

4.5.4 Treatment of BSA-FEM-d, with trifluoropropanone

A 10ml 1mM BSA-FEM-d., solution was .treated with a 3-

2
fold excess of Br-TFP (150ul) at pH 7.00 for- 1 hr. The phH

of the solution was adjusted to 3.00 using 0.1M HCl and
subsequently dialyzed against 22 pH 3.00 5S0mM sodium phosphate
-0.1M KC1 for 48hr. The protein soiution was then concentrated

to o 1mM by ultrafiltration.

4.5.5 Fluorescence Measurements

Protein solutions were prepared by taking 100ul of
either ~1.0mM BSA-FEM-d,, BSA-TFP or freshly prepared
mercaptalbumin to A.Omllof 50mM -0.1M KC1 solﬁtions qf
varying pH. -The pH of the protein solutions were noted and
the sofutions degassed by gentiy b]owing'N2 over the solution
curface. A1l filuorimetric work was performed within 2 hours
of the preparation of the protein samples. BSA, BSA-FEM-d,
and BSA-TFP sclutions with an O.D.279 value of 0.128 at pH
6.0 were found to have the same absolute fiuorescence (% 25)

at 343mm for the same instrumental sensitivity settings.

—

Also, the absolute fluorescence at 343mm of these same
protein solbtions diluted by 1/2 and 1/3 were 1/2 and 1/3

respectively at pK 6.0 indicating that fluorescence varied-
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linearly with concentrétion over this concentration range
studied. The meter multiplier response at i emmission = 343
nm was monitored fpr each protein solution of varying pH and
the relative fluorescence 343nm plotted as a function of pH
(Figure 28b). The final readings at pHs 5.90, 6.00 and 6.11
were set at-lOO% and all other readings expressed relative
to them. Contributions from the tyrosine fluorescence .
appear to be neglibible since the measured widths at Haif-
height for all fluorescence spectra at vériOus pHs remain

the same. No corrections were made for light scattering.

4,5.6 Circular Dichroism Spectra

BSAy B8SA-FEM-d., and BSA-FTP (1mM) solutions were

2

- prepered as described in parts 4.3, 4.3.1, and 4.3.3. 100ul

of protein solution was added to 4ml of 0.iM K{I solutions
of varying pH and the protein concentrations determined by

0.0 mea3uremehts.[6j269 values were obtained from the

279
difference of the measured ellipicity ¢ from p]ots‘of Y564
ié wavelength (a) from 320 to 230nm for 0.1M KC1 end protein
solutions and converted to 1% i,c, values. lcm pathiength
cells were used. The errors’in these measurements are
a§5umed to be + the.pen deflection {(noise) in = xs 4+ plots.

Measurements below 230nm were not possible due to the

inherent baseline instability of the instrument.

-~
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19

4.5.7 84.66 and 235.36 MHz “F-NMR Spectra

BS:B«-f-'El"i-‘d_2 or BSA-TFP solutions (~2ml) were placed in
a 10mm 0.D. NMR tube and the pH of the protein solutibn
adjusted as desired by adding 1M NaQOKH or 1N HC1 dfopwise.
19F-NMR spectra were processed and recorded after approxi--

mately 8,000 acquisitions. Signai-to-noise ratios of the

largest peaks <in the spectra varied between 16:1 and 23:1.
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4.6 Synthesis of Monofluoro, Fonodeutero DMPC's

4.6.1.tonoethy) Acid Esters (10a-c)

A1l monoethyl acid esters were Synthesized according to
the procedure of gones et 61_206 The synthesis of mona-
ethylsuccinate, 10a, is typical .and is described below. - All

speefra] data for the 'monoacid esters l10a-c¢ iﬁ‘gﬁven in Table

20 .

Monoethylsuccinate 10a

Succinic acid (Aldrich, 4pgm, 0.34moles), diethyl suc-
cinate (Aldrich, 34.4gh, 0.17moles), di-n-butyl ether (16ml)
and concentrated HC1 (8.4m1) were refluxed for 0.5hr. in a
250m1 round bottom fiask fitted.with condenser and drying
tube. *Ethanol} (95%, §.4m1) was added through the top -of the
condenser and the mixture refluxed for a ¥urther 2hr.  After
a2 second additicn of 95% ethanol {(6.8mi) the mixture was
refluxed for 15 hrs, then aTT&wed to ccol to room tem;eraturgi
The reaction mixture was then placed in a 65°C oil bath and
a vacuum distillation peyformed using aspirator ﬁfe55ure to
remove dibutylether, ethanol and water. On coofing to room
temperature the mixture ;as poured into 300ml of diethy]
éthergénd allowed to stand for 1hr. The precipitated
succinic acid (~7gm) was removed by filtration, the-etﬂereal

solution extracted with sodium bicarbonate {(0.4M, 400ml,

3x) and the washings combined and acidified with HCI.
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The acidic solution was then extracted with diethyl ether
‘

(600m1, 3X} and the combined ether extracts dried over Na2504
and the ether subsequently removed under reduced pressure.
Monoethyl succinate was then purified by fractional

distillation in vacuo to yield a single component that

distiiled at 87-90°C at 0.5mm Hg. VYield = 26.7gm (55%).

Both monoethyl suberate 10b and monocethyl 1,12-dido-

decanoate 10c were synthesized by the same procedure used to

obtain monoethyl succinate with the following modifications:

the reaction mixtures were refluxed for 2hr. after the-second

addition of 955 ethanol. "Suberic acid {57.9gm, .KB{EOIeSJ i

or l.12-adidodecanoic acid (81.7gm, .35 moles) along'hith e
S

0.5 equivaients of their corresponding diethyl esters

were used in the synthesis of 10b and 10¢ respectively. The

molar ratios Of 957 ethanol HCI and di-n-butylether used

were the same as for the synthesys of 1l0a.
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4.6.2 Monoethylestei Acid Chlorides, lla-c

Monoethyl esters l0a-cwere converted into their

corresponding acid .chlorides by the same general proceciure.zo9 |
These esters l0a-cwere each placed in a dry 100ml 3-neck }ound
bottom f]ésk equipped with & c0ndeﬁser.. The amounts used
were 112gm (.082moles), 17gm (.084moles) and 16.0gm (.062moles)
of 10a, b and ¢ respectively. Thiony]l chioride (1.2 equiv.)
was added and the mixture warmed iﬁ é 72°C 031 bath for ~ 1
hour. The progress of the reaction was monitored by removing
an aliquot { lm]b of the reaction mixture and running'a 90
MHzllH—NMR spect;ﬁmv-’{he reaction was Jjudged to be complete
-when the intensity of the COOH'%esoﬁéﬁCe(%llppm) was constant.
Excess thionyl chIorige as well as 502 and HC1 biprodGucts were
removed under reduced pressure using a rotaryevaporator. Acid

chiorides lla-cwere purified by fractional distillation in

"vacuoc. Data for acig chioridella-c is given in Table 21.
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4.6.3 Preparation of Alkv]l Grignards, 12a-c : \\H;

‘Decyl (12a); hexyl (12b) and ethyl (12c) magnesium bromides

{Figure 14) were prepared by the same general method.zog— A
typical preparation is described for ethylmagnesium bromide.

-

Magnesium turnings {(3.69 gm, .l152Zmol) and 50 ml of dry ether and
were placed in a 500 ml 3-neck round bottom flask and equipped -
with condenser and a dry nitrogen flushing system. To this
stirred mixture was added a qoiutiOn of ethyl bromide (11.1 ml,
.17mole)} in 250 ml dry.ethen dropwise with the aid of a dropping
funnel. When no further reaction was evident, the ethereal
lsolution was quickly decanted into a 250ml graduated cyclinder fgr
volune measuremenf~(190 ml}, pouréd.into a clean dry reagent :
bottle and the bottle sealed with a rubber sgptﬁm after flowing N2
gas over the Grignard solution.

The molarity of the Grignard solution was determined using
the pfocedure of Watson.zlo Tetrahydrofuran (5ml)- was placed iﬁ a.
50 ml 3-neck round bottom flask along with = sma}l crystal of 1,
10 phenanthrolines.HZO. Twe necks of the round bottom flask were
‘sealed with'}ubber septa and the third (middle) neck fitted with a
septum which itself was fitted ;ith 5ml biuret. The biuret was
filled with 0.502Mrsec-butanol in xylene. Approximately 2ml of
the ethyl Grignard seolution was injected into the stir;ing THF

solution resulting in & "wine red" solution. The THF sclution was

subsequently titrated with the sec-butanocl/xylene mixture to a
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pale yellow end-point and 1.00ml aliquots of the Grignard solution

were injected and titrated until titration volumes were

-

reproducible to 0.01 .ml. The concentration of ethylmagnesium

bromide was found to be 0.5486M (75% yield). The yields of hexyl

(12b) and decyl (12a) Grignards were found to be 66 and 69%

respectively.

N Y

4.6.4 Ethvl-oxo~-mvristates, ld4a-c o -

Ethyl 4-oxe, 8-oxo or l2-oxo-myristates (l4s-1l4c,

respectively, Figure 14), were pr€pared by the same general

2086

method. A typical procedure is described for ethwl

12-oxo-myristate. Freshly fused and powdered zinc chloridp
(12.6gm, mole) was placed in a dry 3-neck 500ml ﬁgund bottom flask
equippe@ w{th con&enser,_stirrer bar and stopéer. Whilc'keeping
the powder stirring under dry Nz atmo%yhere; 140m) of a O.SQBM (1‘
equiv.) ethyl Grignard 12c solution was added dropwisec with the
aid of =a droﬁping funnel. Aftef tbe.initial vigorous reaction,
the mixture was refluxea for 2 hr. during which time the solut;on
became milky white colour. The magnetic stirring apparatus .was
’then replaced with a me;hanicai gtirrer and a solution of Ing (1
equiv.) of monoethyl*l. 12—didodecanoatg acid chloride (llé) made
up to 40ml with dry benzene, was add=ed dropﬁisc to the stirring
ethyl ziné chloride solution. The mixture was réfluxcar}or é hr.

during which time the solution became increasingly viscous and

difficult to stir. After allowing the mixture to cool tg room

-
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‘temperature, it was poured into a solution of 0.4M sodium
biéarbonate and stirred vigorously for 1/2 hr. The ziné and
magnesium salts were removed by filtration and washed with dibt?yl
ether (100ml, 2x). The combined ether wusﬁings dried over
anhvdrous sodium sulfate, and the ether removed under reduccd-
pressure. The resultant clear colourless oil subjecgcd to
fractional distillation in vacuo. A fraction which'distiled at
179-134°C at 0.02 mm was collected and became a white crystalline
solid on cooling.

In & similar. manner n-decyl {(l12a) and n-hexyl, (12b) Grignard
~

solutions were converted to their corresponding alkyl zinc

chlorides (13a and b respectively, Figure 14) where upon they were

treated with 1 equivalent of the requisite monoester acid

chloride. Reaction of the decyl reagent 13a with monoethyvl

succinic acid chloride lla gsave the 4~oxo-myristate (lda) whereas

the hexyl reagent (13b) on reaction with l1b gave the

~ - N —r— . .
S-oxo-uvristate. Data for ketoesters l4a-¢ is given in Table 22.

-

1.6.5 Attempted Svnthesis of Gem~Difluorcethvli-Mvristates l19a-c¢

211 :
Contrary to reports by Cross, 1 the attempts to fluorinate

ketoesters lia-c, (Figure 14) using diethyyaminosulfur trifluoride
(DAST, Aldrich) afforded none of the desired gem-difluoroesters
15a-c {Figure 14)}. For example, ethyl l12-oxo-myristate (0.5 gm,

1.83 mMole) was mixed with DAST (.223 ml, 1 equiv.) in a variety
-
{

.~
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of solvents (CCI CHCI?, CHCl,, benzene and tcluene) under‘dry N

4’ 2
atmosphere and allowed to stir for Shr. The reaction was mpnitored
by taking an aliquot o}.the mixture (0.2 ml) and qucnching'with
0.4M sodium biénrbonatg. The solution was extracted wi..t‘h CHC13
{1lml, 3X) and the combined orgﬁnic washings dried with Nazsoq.

The chloroform was removed under reduced pressurc and the resul-
tant pale yellow solid taken‘ug in 0.5ml CDC13. A lH—NMR spectrum

was identical to ethvl, 12-oxomvristate (lde). The same CDCl3
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g .

solution was spotted on a silice gel TLC plate along with llc

and chromatographed using 3.52 ethyl acetate/hexane as the
. 4+
solvent. The plate when developed with 0.4M-Ce /HZSO4
spray -Ffollowed by charring showed no new products.
’ )

The temperature of the reacfion mixture was elevated

-

¥~

[0 J - - . .
by 10°Cincrements every Zhr., while monitoring the reaction

hy lH—NHR and TLC as prqvious]y described. No new products

were evident. The reaction mixtures were heated eventually
to the solvent boiling points each time resulting in black,
tar-1ike products. After guenching the reaction @mixture with

10mY of 0.4M bicarbonate followed“by extrection with CHCII,
. ~

(10ml., 3x)., drying the organic extracts over NaASO4 and
removal of CHCls'under reduced pressuyre., [mass recoveries ov

organic materials never exceedead 5.. Again., none of the

doesired gem-difluygro-esters were evident by ceither TLO or

0

H-NMR. .

To ensuyre thitﬂ;h; DAST reagent was 07 good gquaiity,
the fluerination of nenzaldehnvde o ., :-difluorotoiuene under
cenditions described by Nidd]etonzlz was attempted. C(Crude

benzaldehyde was purified by washing witn 0.3 sodium
bicarbonate, drying over NaZSO, and distillation in vacuo
4 ln vecuv

over sodium carbonate. 3Senzaldehvde {-1.73agm. l6.3mmoie) was



added dropwise with the aid of a dropping funnel to a stirred ——
solution of DAST {2ml, 1 equiv.) in 10m) of dry CH,Cl, in o
. 50m1 rgund.bottom flask fitted with condenser and N, flush.

After 1 1/2 hr. a 0.5ml aliquot of the reaction mMixiure wds

quenched with yl hT 0.1M sodium carbonate and washed with™
CHC1, (1ml, 2x). After -drying over Na.SU,. CHC]s‘wds removed
under reduced pressure and the resultant pale brown o0il taken
up in ~1lml CDC13. a2 comparison of the integrat ratios of the
CHO resonance to the aromatic protoﬁs showéd_that the reaction
had gone to75% completion. An lH-NMR analysis of an aliquot

taken 2 1/2 hr. later showed that the reaction had not gone

bevond 750 completion.
The mixture was then washed into 0.4M sodium carbonate
and extracted with CHCN (30mi, 3x). The CHCE;'extracts weare

gried over Na.S0, 2nd the organic solvent removed under

reduced pressure resulting in 1.20gm o7 « pale brown o0il or ’
though the oil was'ne;er purifiea, a

rum showed only a doublet at -110 ppﬁ

{"J, ¢ J3Hz) indicating the presence of the di7luoro
functicnality., Analysis of the crude product by siiica gel

TLC usineg 10 ethvl acetate/hexane followed by H.50, spray

and charring showed 2 majcr new component (RY = 0.82) and

E

b—r

starting material (Rf = 0.22) in an estimeted ratioc of 3 tc
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4.6.6 Ethyl, hydroxv,deutero Myristates, 27a.,b

Sod}hm borodeuteride (MSD, 2.5gm, 44mMoles} and 10mi
of absolute ethanol were placed in a clean dry 50ml 3-neck
round bottom flask fitted with condenser and drying tube. The
solution was cooled in an ice-water bath and a solution of -
ethyl S-qxoayristate (EEE) (12gm, 44mMole) in 20ml absolute
ethanol added dropwise with the aid of a dropping funnel. The
progress of the reduction was monftored by taking aliquots
(~ 0.1@1), quenching with 10% HC1 and washing with ~1Iml CHC]S.
The CHCI3 wash was then spotted on a sflica gel TLC plate
along with 'starting material, chromatographed using 30% ether/
hexane and the TLC plate was developed by charring. After lhr,
only a singie'new component with an Rf = 0.38 was observed

compared to ethyl S-oxomyristate 14b with an Rf=0.6S8. The

reduction mixture was then gquenched by the addition of 10%

HC1 until no furthef effervescence occurred. A further 20ml

of HéO was added and.a clear colorless oil separated. The
501u£ion was then extracted with CHCI3 {50ml, 3x) and the
organic washings dried with Na2504. Chloroform was then
removed under reduced pressure and the resultant oil subjected
to fractional distillation to vield ethyl S-hyvdroxy-&-deutero-
myristate 272 a2s a clear colourless 0il which distilled at 145-

1 C

£
0

C at .00%mm.

ot
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Similarily, ethyl l12-oxomyristate l4c (10gm, 36.6 mMole)
v o -
was treated with 1 equiv. of sodium borodeuteride with the

following modification: the reaction was carried out at room

tempertature because of the inherent insolubility of the

ketoester in ethanél at 0°C. Etﬁy! 12fhydroxy-12-deutero—
myristate 27b distilled as a clear colourless coil at 144-145°C
and 0. lmm which-solidified on cdbling {m.p. 33-34). Daén for
deutero alcohols gig and b are given in Table 23.
. In the reduction of ethyl d4-oxomyristate ld4a, rapid
lactone formation could not be avoided whether using. 10% HCi.
0.1M sodium ascetate (pH 6.50) or 0.1M scodium borate.(pH 9.50) in
the work-up procedure (Figure 43, Scheme 1). All three
procedures resulted in the formation of a p;oduct whose 1H—NMR
spectra showed a_multiplet between 0.7 and 1.7 ppm (23H) and .
multiplet at 2.20 (ZH). The 1.RH. spectrum showed a single
carbonyl stretch at 1":"':'2cm_l indicating lactcne formation.
Alternatively, sttempts to hyvdrolvze the lactone in
NaOEt /HOEt or KOH/MeOH or hydrdlysis of l4a (Figure 43, Scheme
1), to the corresponding acid prior to the reduction afforded

tar-like mixtures which showed no less t‘in six spots by TLC

{using 30% Et,0’hexane as the mobile phase).
- AN
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thy! fluorodeuteromyristates, 28a.b

—_— e e s - —_— -

-

A solution of "DAST (4.6m), 36.o0mMole)} was ddded‘to 2uom]
of CH,Cl, {distillec over D,OS) in a c¢lean dry 50ml, 3-nechk
round bottom fiaék fitted with a magnetic stirrer bar and

-

stoppers. This operation was carried out in a dry N, glove

—1

bag to avoid atmospheric moisture. he sojution was quickly

removed from the glove bag and ritted with a condenser

3

equipped with @ dry N. flush. The CH.Cl, solution was then

-

~e0. . . .
cooied to -75°C in a drv-ice acetone bath and a solution or

10gm {1 equiv.) of ethyl S-nvdroay-S-deutero myristate o270
made up to 30mi in CH~C1. added dropwise (with the aic o7 &
dropping funneld to the stirred DAST solution. The miature
was allowed to cool to room temperature and a Iml aliguot
gquanched with vlml 0.{M sodium carbonate. The organic iayver
w2s spotted on 2 silica el TLC plate along with J7a anag
chromatographed in 3.5, etnvi acetate hexane (v, v). Visual-
izetion of the TLC plate Hyv charring showed nearly n¢ startiinu
material, (Rf = .08} and w0 spots Q7Y egqual intensily (Ri -
41 oané L32).  The reaction mizture was then quenched by tne

slow addition tc 1@Uml oY O.lﬁ sacdiumr carbonate while strr-ing
until no further bubbiing cccurrea. The mixture wes lnen
extracted with CHCI. (1duml, 3x 0 and the combined arganic
washings_dried over Na.5C.. The organic scrvent was remnoved

uncder reduced pressure and 00 resLLlant Daie veilCw
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purified by passtng it down a silicga ge{ column {30 X 3.5 cm,
200-400 mesh) using 0.5z2 ethy}‘;cetate/hexane as thé eluting
‘solvent. Fractions at 650 drops/frdction we}e collected using
2 Gilson microfractionator and the progregs of the chromato-
graphy momitored by spotting every 5th rfraction on a silica
TLC plate along with & sample of unchromatographed material

and running the plate in 3.5¢ ethyl acetate/hexane followed

11 fragtions showing spots

ps)

by visualization by charring.

with the RY values of .32 and .41 were pooled separately and

the organic solvents removed under reduced pressure.  Fractions
. > ~— -

containing both materials were pooled. rechromatographed, and

pooled with the provious fractions showing either RY = (37 or
<1 magerial. An TH-NMR o7 undistilled material which had a
o - e ~n - 2
Sincire spol at Ry = .32 snowed 2 doublet 2t d.<Inppm o JDF =
o me | T » .
FAANCE EE B An “F=NMR spectrum (85.00MEZ} showed a2 single
resonance at -181.23ppm with Y*k = 80HZ. In <ontrasct. the
ALK
THoNMR spegtrum of RP = (381 material showee & single
- a CIY A ‘ . 19 _ ~

resonadnce 30 5.38ppe and FaNMR spectirum showed no F-NMR

.osuggestiag that it was an unsaturatec binroduct of

: ce - 120 wwun : : ’
the reaction or UAST with 274, C-NMR snectra of this lauter
material showea signals at +1Z0ppm. The RV = .37 material weas

ation 1n vagus to give

ear, colouriess

0. which dists
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The same procedure was used in the synthesis and
purification of ethyl 12-fluoro-1Z-deuteromyristate 28b using
27b (Sgm. 29.3 mole) and 1 equivalent of DAST.. Again, analysis
of the reaction mixture by TLC (using 3.5% ethyl acetate/hexane)
showed 2 major products - one with Rf - .32, the desired product,
‘the other. Rf.= .41 material, &the unsaturated bi-product{(s).

Data for fluorodeuteromyristates 28a and 28b is given in Table 24.

4.6.8 Gas ChrOmatoqraphTEMXnaIvses'of 28a and 28b

a——_

Gas chromatographic analyses were performed as described

in Section &4.1. Samples of either 28a or 28b {5mg) or the
unsaturated biproducts from the synthesis 282 or’'b (4.6.7) were

(@)
-1,

dissolved in ~200u] CHC}s. Area analvses the peaks ot the

chromatograms of the isothermal runs showed that 28a or 28b were

ne less than 96.8% pure (ret. time = 10.2 min.) with the only

impurities being the unsaturated ethyl mvristates (ret. time

T.0 min.)

4

(o)
ja)

s

Fluorodeutero Fatty Acids., 29a and 28b

m

thvl 8-fluoro-S-deuteromyristate (4.40gm, 1omMole) Z8a or

12-fFluoro-12-deutero myristate 28b (2.55¢m, ¢3mmoles) were disclved

n 50ml of a methanolic KOH solution (2gm 1in 50ml) and retluxed
over a steam -bath under &, atmosphere for 1 1/2 hrs. The reac-

cign mixture was acidified with 104 HC1 and extracted with CHCT .
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{SOml. 3X). The combined chloroform extracts were dried over

NaZSO4 and chloroform removed under reduced pressure to’'yield
white crystalline solids. The solids were recrystallized from

a minimal volume of acetone/water - 1/1 = (v/v}, filtered and

/
dried in vacuo over P905. The mother liquor was concentrated

-

and subjected to further recrystallizaticn. ©Tata for the fluoro-

deutero fatty acids 2%a and 2%b 1is given in Table 25.

4.5.10 Fluorcdeuteromgvristic anhydrides.30a.b

§-F.S5-D (3.55gm. 1.4mMole) 28a or 12-F,12-D myristic
2cids (2.10gm. 8.50mMole)28b were dissolved in dry CC1, (25m1)

and pl

o)

ce in a dry 50mi 3-neck round bottom flask equipped

with condenser and N, flush. Ed this stirred mixture, a

seluticon of dicyclohexglcarbodi\ﬂide (DCC, % equiv.) iﬁ 10ml

CCl., was added and a white precipitate formed almost immediately.
The soiuticn was allowed to stir for 15hr. and the dicyclo-
hexylurea precipitate filtered with the aid of aspirator
pressure. The ¥iltered CC1, sojution was concentrated in vacuo
and the resultant white solid residue recrystallized from a
minimal volume of dryv acetcne. The mother liguor was concent-

rated and recrvstailizecd two more times and the white crystalline

precipiates pecied. Data for both anhyvdrides 30a and 30b are

civen in Tabdble &
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4.6.11 Cadmium Chloride Complex of L-u Glycerophosphoryl

choline, 18

Phosphatidylcholines were isolated frqm crude egg yolk
lecithins using the procedure of Singieton_zlf_ Egg yolk
lecithins (25mg, Sigma Type XE, Lot #89C-7560) were-dissolved
%n 500ml of CHC13. The yellow solution was loaded onto an
alumina column (20-80 mesh, 89 x 4.3cm) previously equilibrated
Wwitn CHCIS. A further 400ml of CHC]3 was passed down the

column while adjusting the Tlow rate to ~10ml/mir. Twa solvent

systems were used in the chromatographic separation, CHCTS/

MeOK = §/1 (v/v) and CHCT;/EtOR/H,0 = 2/5/2 (v/v/v). The
fractions collected are described in Table 27. Fractions were
spotted in triplicate on three silica gel plates along with
dimyristoylphosphatidylcholine and its corresponding lysophos-
pholipid. TLC plates were run in fripTicate in CHC14/MeQH/H,O =
65/25/4 {(v/v/v) and visualized with etther 12, ninhydrin spray for
the detection of pnosphatidylethanolamines or molybdate apray,m4
for the detection of phosphates. Fractions 6-12 inc]uéive which
contained the agesired 1ipids were pooled and the soivent re-
moved under recduced pressure to vield 14gm of crude phosphatidyl-
choLine.

L-a-glvcerophosphorylcholine (GPC) was prepared by the

215

method of Brockeroff. The crude cholines were suspended 1n
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100m1 of diethyl ether and stirred vigorously qhi]e 13m1 6%
25% tetrabutylammonium hydroxide in methanol added.
Immediately, a clear brown solution formed and a grey
gelatinous precipitate settled to the bottom of the flask.
The solution was stirred for a further lhr., the ether layer
decanted and the precipitate washed with ether {(10ml, 2x).
After dissolving the precipiate in ~3mil methanol, the crude
glycerophosphorylchoiine was reprecipitated by addition of
100m1 of ether. The procedure was repeated twice more and
the precipitate dried in vacuo over P205 resu1tin; ;ﬁ 5.919m
of L-d-gTycero—phosphoryTcholine'HZO (cD = 54.3° 1it, 54.5%).
GPC(3.10gm) as dissolved in 20m] of S80% ethanol and
added dropwise to a stirringsclution of 5gm CdCIé in bml 90%
18 (Figure 14) “ormed as a white precipitate

EtOH. (GPC),(CdCi

2 23 _
instantaneousiy ‘and the solution was placed in a 4% fridge
overnight for further crystallization. The précipitate was
filtered, washed with 95% EtOH and dried in vacuoc over P205
to a constant weight. VYield,5.02gm (91%); m.p. 165-166"1it.

158°¢.

S

4.6.12 Synthesis of DMPC 31, F-8-D 3-0MPC and F-12 D-12 DMPC

{32a and b}

- —

(GPC)Z(CdC12)3 18 was drigd e;;ensive]y in vacuo in a

drying pisto) at 65°C then dissclved in dry DMSO (.612gm"in .5ml)

-
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a 50ml rou::‘gaﬁiom flask equipped with condenser and Nz'f]ush.
The solution was warmed to 50°C in an 0il bath and a solution
of myristic anhydride (2.02¢gm, 4.60mMo1e)‘and 4-pyrroilidin-
opyridine (0.654gm, 1 éQU%v.) in 2ml of dry benzene added to
the DMSO solutionand allowed to stir?lsperiodica11y (~1lhr.)

an aquuqt was spotted on a TLC plate along with authentic

OMPC ana Starting materials, the plate run‘in CHCT3/Me0H/H20 =
65/25/4 (v/v/v) and the p]ate'visua1ized.with Mo spray followed
by charring. When the reaction was judged complete after ~5
hr. the mixture was poured -into %2051 HZO/MeOH = 1/1 (v/v)

“and stirred for ~lhr. under a stream of nitrogen. When the
solvent nad nearly evaporated, the mixture was redissolvéd in

a minimal amount of CHCTB/MeOH = 5/3 (v/v) and loaded onto a
silica gel column (200-400 mesh, 32 X 3.7cm) previously
equilibrated with tHCi3/He0H = 9/v/(v/v). Three soivent elution
systems were used in the order:-CHCi3/Me0H = 9/1, CHCI3/Me0H

= 7/3 and CHCI3/MeOH/H20 = 65/2?/4. Fractions (650 drops/
fraction) were collected usiﬁg ; Gilson microfractionator and
the eluting solvent changed every 80 fractions. Myristic acid
and CdC'I2 were collected in the first 80 fractions and &4-pyrroll-
idinopyridine in the second. DMPC was collected in the third
sef of 80 fractions using CHC13/MeOH/H20 = 65/25/4 as the
eluting solvent. Fractions containing DMPC3: were removed.and

concentrated under reduced pressure. The crude DMPC was
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dissolved in 26m] CHC15 and filtered HyoO 1701 and 200ml of
hexane ‘added in that order and the solution allowed to stand
for 48hrs. at 0°C and the DHPC'coi]ected by filtration. After
a sec¢ond recrystal]izatién DMPC was dried extensiveiy over

P,0g in vacuo.

Similarily. F-C-DB-C and F-12-0-12 DMPC (32a.b) were pre--
pared fron F-u-F-4-{2.20gm) and F-12-D-12-myristic enhydride
k].ZOgm) respectively, using the same molar ratios of (GPC)2
(CdC]2)3 and 4-pyrrollidinopyridine as in the synthesis:of

_DwpC. F-8,D-8- and F-]2-D-12-myri§tic acid (29a and b) were re-
covered in the silic gel purification of the fiuorodeutero DMPC's.

Data for DMPC, F-8-D-§- and F-12-D-12- OMPC is given in Table 28.

A1l DMP(C's were assayed for purity by G.C. analysis
after hydrolysis. F-8, D—8—,|F-12,D-12 DMPC or DMPC (30mg)
were dissolved in ~50mi 1M methanolic¢ NaQH and refluxed under
Né atmosphere over a steam bath for lhr. The solution was
acidified and extracted with CHCly (50ml, 3x)}. The chloroform
extracts were then dried over Na2504 and the solvent removed
under reduced pressure. The resultant white solids (~20mg)
myristic acid, and 282 and b were placed in separate reactivials
and tfeated with ~200m1 of Ethyl1-8 (Pierce). Approximately 2Zul
of thesg solutions were injected and analyzed by G.C. in

exactly the same way as described in Section 4.1. OiMF
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.- R
solutions of unsaturated fatty acid ester biproducts from the

synthesis of ethyl fluorodeuteromyristates {Section 4.6.2) were also
injected as standards. Repeatéd injekliOns and analysis showed that
both 8-F,8-D and 12-F 12-D-DMPC hydrolysates had greater than

98.7% fluorodeutero fatty acids with the only impurities being

the unsaturated fatty . acids. Likewise, the hydrolysate of

synthetic DMPC showed a single component {ret. time = 9.1 min.)
which correspondeé to ethyl myristate and a‘purity of §¢.5%.
Differentjal scanning calorimetry (DSC) scans and 2H "quad

echo" spectra were obtained for each phespholipid as

described in Section 4.1

4.7  Preparation of Lipophilin-FEM-g,

-

The following solvents were investigated as candidates
for the reaction media for the modification of lipophilin with
FEF—dZ: LHC13.
“acetyl-L-cysteine methyl ester (10mg; was dissolved in each

2-chlorcethanel, and CE,Ci,. In each case N-

solvent (~20ml), mixed with FEN-d2 (iumyg., 1 equiv.) and stirred
under N% gtmosphere at room temperature. Lvory hour, aliguots
of the reaction mixture were spotted on a silice gel,TLC plate
along with starting materials and chromatograpned us;ng 5.

MeOH/CHCI3. No new products were apparent afte} v&gua]1zat1on

of the plate by 12, nitroprusside spray or charring. Catalytic

amounts of triethylamine (0.1 -1 equiv.)} were added to the



197

reaction mixtures and still no reactions were apparent on
examination of the TLC plates. The failure to observé
m;dification of thiol group in any of these solvents in which
Jipophilin is readily soluble, prompted us to prepare the
water -solubilized form of the protein and subsequently modify
thiol groups under these conditions. From our previous
kinetﬁc investigations ( Section 3.2 ) it was shown that
in aqueous media, thiol modification was rapid and specific.
Lipophilin(300mg) was a kind of gift from Dr. M.A.
Moscarello (University of Torop:o, Sick Children's Hospital).
The protein {(230mg} was dissolved in ZOOmI of freshl}
distilled and degassed 2-chloroethanol. The solution was
sonicated, filtered through glass woo! and then dialyzed
against . 4L of disti]]e@—deioniéed water fﬁr 24hr. while
maintaining a confinous Stream of N2 bubbfes through the
dialysis medium. During this time, the diaiygis medium was
changed twice. Sampies of undialyzed lipophilin, 2.5mg,
were dissolved in either 5ml of 2-chloroethanol or 2-chloro-
ethanol -1% SOS for subsequent SH analysis®’® 0.D.,54
measurements of each solution were used to determine protein
concentration. 0.9ml aliquots of the protein solution were
treated with 0.dml of 10mM DTNB and then 0.1ml of 2M triethyl-

amine, both in 2-chloroethanol. Absorbance readings at 412

nm were followed over a period of lhr. during which a maximum
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v
was reached followed by a slow linear decrease. The true
reading was obtained by extrapolation to zero time. An
extinction coefficient of 14,500 M Yecm™ D was used for the
TNB anion in Z2-chloroethanol.  The aqueous protein scliution
was subsequently tréated with 30mg FEH-d2 and stirred for
lhr. The solution was subsequently dialyzed against wgler
(42) for 24hr. at 4°C while maintaining a.constant flow of
nitrogen “in the diaiysis 5edium. The FEM-d2 treated protein
solution was then freeze-dried and 225mg (63%) of the protein
recoveréd. Sulfhydryl assays on the freeze dried pro;ein preQ
treath yith FEMgdZ, and a protein sample which had not been
treatéd with FEM-d2 but dialyzed and freeze dried in the same
manner were performed in 2-chloroethanol and 2-chloroethanol
-1%SDS as described previously.

A small a1{quot of the Tycphilized sample (15mg) was
dissolved in a minimal amount of Z2-chloroethanol and chromato-
graphed éown a Sephadex LH-20 column (23 X 2.2cm).using CHClS/

MeOH = 1/1 (v/v) as the eluting solvent. A single fraction

in vacuo resulting

was observed and the solvent was remove

d
. . 1¢ i
in 13.8mg (94% recovery) of protein. ~“F-nmr spectra of 10mg

of chroﬁatographed or unchromatographed protein ( in 1 m} of

' g
2-chloroethanol) after 50,000 scans showed a single l‘F

resonance at -6%.21 ppm with a singal tc noise ratio of

7.5/1 (+ :2). In contrast, 19 amr spectra of varying
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‘amounts of FEM-d, in'either 2-chloroethanol or 2-chloro-
ethanol containing FEM--d2 modified protein showed FEM-d2 a
single narrow resonance at -70.21 ppm. This indicated that
it was unlikely that FEM—d2 was non-covalentliy bound to the
nprotein.

4.8 Preparation of protein/fluorophosphilipid mixtures

Lipophilin or lipophilin-FEM-d, fluorophospholipid comp-

lexes were prepared by the procedure of Gagnon.167 The desired

amount of protein was dissolved in »~ 3m1_0% 2-chloroethanol

along with a constant amount of fluoro 1ipid 32a or b and

dialyzed into distilled deionized degassed water at 4°C for 24hrs.
Three changes of the dialysis medium were performed

during this time. The aqueous Suspensions were then freeze-

dried in tared 10mm NMR tubes and total mass recoveries were

never less than 93%. The amount of phospholipid present in the

protein/lipid complex was determined by the procedure of Bart-

1ett,217 for determining phosphates (Appendix II). Analysis of

lipophilin or 1ip-FEM-d2 alone showed no phsophate. Protein

concentraticns were determined by 0.0.279 measurements of a

~1mg sample of protein/phosphoiipid dissolved in Iml of 2-

chloroethancl (c=4.31 x ]O4M'Icm'1), and corrected for any

residual absorbance of the fluoro lipid which never exceeded

. . i¢ .
2% of that of the protein. Prior to F-NMR studies, the
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-~

freeze-dried protein - phdspho]ipid mixtures were suspended in

-

2m)l of pH 7.4.5mM NaCl, ZmM Hepes Burfer.

a.ev YRonMr studies

1gF—NMR spectra were obtained at 235.30MHz and various

temperatures usina the following spectral parameters: Sweep

1]

il

Width 62,500Kz, Qffset 70,000Hx, Pulse width = 25us (tip

) 1.00,

1t

e0

angle . delay time 10us. ling broadening
aguisitiontime = 0.2s and resolution of 3.85 Hu/pt. Trifluase-

a

L]
4]
rt
[#¥]

te (-75.95Gppm) was used as an external reference and all
moasured chemical shifts were reproducible to within + 1 data
pogint. The-probe temperature was measured using 2 Gi]soﬁ'g§i

thermocoupie with digital readout.

[
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Appendix i

5.1 Plane vs. Circularily Polarized Light

. An electromagnetic wave is charactecrized by the‘
orientation of its component electric and magnetic fields.
Plane polarized rediation shown in Figure 55 below has its
eléctric and magnetic field vectors (denoted by E and H

respectively) perpehdicular to on% another in the z and v

Figure 55 (Taken from Ref. 10)

direction and to the direction of propogation, the x axis.
However, circularily polarized light has rotating electric and
magnetic fields (perpendicular to one another). This is

represented in Figure 56 below (only E is shown)lo
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Tisure 36 (Taken from Ref. 10)

An observed at point P would see a field rotating in a clockwise
direction with respect to thé direction of propogation. CPL can
be either fight handed or left handed depending on the sense of
rotation with respect to the direction of propogation. IT left
and right c¢ircularily polarized waves ofrequal anplitude ére

combined the vector addition of the fields will result in plane

polarized light as shown below in Figure 57.

H

-

and‘EP denote the electric
AS

eld components of left handed and
right handed circularity polarized
light respectively.

Figure 37
If the two circularily polarized components are of unegual
amplitude, which is the case for optically active compounds, the

result is elliptically polarized light shown below in Figure 58.



Figure 58
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This leads to the observed phenomenon of circular dichroism

(CB). At a2 given wavelength, the
the difference in the'exitinction
right circularily polarized 1light

Similarly, optically_active
called optical rotation, in which

when passed through the optically

CD 1s dedined as de¢ = eL—eR.

cééfficiqnts for left end

respectively (LCL and RCL).

_compounds display a phenomenon

the plane of polarized light

active sample has its plane of

polarization rotated as shown in Figure 59 below.

B\ lacident

Sample cell
N4
B
(taken from. TN
Ref. 10) B

Figure 59

Emergent
hght
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The variation of a with changing wavelength is called
Ogtical Rotary Dispersion (ORD) .

To obtain a CD spectrum, elipticities are measured and
plotted over a range of wavelengths, (200-350am). The mcusured
elligticifies are related to the sample concentration. The
depeﬁ&gnce of the shape of the CD curve on confermation is
illustréted by Figure 60 shown various CD curves for a,p and

-

random_COil conformations for polylysine.

.

80
o
3
£ 60
s
S * (Taken from Ref. 10)
= 29
- e : Random coul ’
°s |
= OF
)
>
2
=

i 1 N t N 1
190 3T 230 250
Wavelength (nm)

Figure 60

Optical rotary dispersions can be used to estimate the relative

percentages of «, B or random coil structure in 2 polypeptide.

/—
The molar rotation m' is defined as:
S
Eqn. 17 mt o= (a) 23_”
(n +2) 100
where « = observed angle of rotation

n = refractive index of the medium

- M = solute molecular weight
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The wavelength and conformational dependance of m' is given by

the Moffit equation

2
Eqn. 18 : (m*) = ao'\o + bvo + ...
A2A2 (A2A2
) o

a_ and b0 are constants referred to as Moffit parameters

band center wavelength

.

-2
1l

>
"

a particular wavelength

-

A plot of'(ml)(Az—Az) versus (AZ-Ai)—l gives a straight
line with slope as Ai and intercept boAi. The constants 8 and
bo can be used to estimate thé percentages of a, 8 or random
coil structure sinhce these parameters are different.for each

conformation (Table 29). Table 29 (Taken from Ref. 10)

) ,\frrm”
CD Extremu QRD Exirema Purumerers
, v ’ Wy ; o)
Structure trmt) (=™ dectmele) Lot tdewe m* L decimole T b,
Rundom qorl 237 -2 Qi - 1SN ~ =0l V]
M + 3 190 - 1T
197 -32
1 heliv 22 —in 233 - 1 5,1xu) + N a3
208 ERE 193 - TUN
191 + 77
Antiparallel g ns ~ 1IN hRTY] - LRN) - HK-TO0 8]
IR =32 o3 + Zood

* Depends very much on solvent and amino aod compostion. All values are spproumste and subpect to change.

5.2 Fluorescence Spectroscopyv

Possible decay mechanisms from electronically excited
218

states are shown in Figure 61.
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1SC = intersysten
crossing

IC = internal
crossover

< R = radiationless
decay
T = triplét state
3OS = single state

P

il

Ground late a Se

§
2
£

Figure 61
(Taken from Ref. 218)

Values of radiative lifetimes 7 can be calculated from

1 -9 2 -
Eqn. 19 == 2.9 % 10 "n"v edv
T max,) o
where " n = refractive index of the medium
v max = value in cm_1 at the band maximum
€ = molar absorptivity

o0 - . . .
The Jo ¢ dv term represents the integration under absorption
curve. Fluroescence is defined as emission from a singlet

excited state (Sl) to a ground state SO.
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5.3 Differential Scanning Calorimetry (DSC)

‘DSC allows the direct measurement.-of phase transition -

enthalpies and temperatues of phospholipids. Small amounts of
lipid, typically on the milligram scale are required. The
calorimeters used have two containers - one for the solvent.

(blgnk) and the other for the scelvent and pﬁos;holipid. the,
electrical energy that has to be put in for each cell to
maintain a constaﬁt temperature is measured for a range
temperatures and a typical DSC curve will appear as so:

main transition

<

Endothermic pre-transition

i

Exothermic . N
T A -
TT tenmerature

1 m 2

(___.—..-
'__{..'n-

Figure 62

vH’ is expressed as

2
4RT
m

T, - T

" . _ L 14
Where Tm is the main transition temperature.2 The area under

The Van't Hoff enthalpy H

Eqn. 20 HVH =

the peak of the DSC thermogram may be integrated and the

enghalpy Hcalc obtained which is related to the Van’t Hoff

enthalpy by Eqn. 48.

"
~

Eqn. 21 Hcalc.
Ryg



208

Where ¢ is the co-operativity unit for the phase transition.

5.4 NMR

The angular momentum of a nucieus, e, 1s related to the

spin quantum number I by the relation

Egn. 22 p = It = EE. >
_ 2n
where h = Planck’s constant

The angular momentum vector can be expressed as

-

Egn. 23 . y=ap =1
2n
where + = gyromagnetic ratio of the nucleus

In the nmr experiment, only nuclei with non-zero I values are of
interest. If a nucleus is placed in a magnetic field of

strength Ho' the nuclear magnetic moment w is inclined =t an

angie ¢ relative to the direction of HO (Figure 83).69

Ho T

Figure 63

The interaction of u and Ho creates a torque, L, which acts
perpendicular to the plane containing HO and u and is determined
by the change in angular momentum L, i.e.

bl

Eqn. 24 L = Sg = uxH
dt

du )
dt

and

"
-2
©
"
m
[¢)
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The net result is that y precesses about Ho at an angular

delocity ao‘so
“du

Eqn. 25 —_— T W xu; w = =+ H . )
dt o o o
The larmour precession frequency v, is simply
. .
7 o
2n ' .

A total of 2I _ 1l energy states are possible but for the
sake of‘simplicity the I = 1/2 case will be dealt wiht. Two
possible orientations with respect to the applied field are

possible as shown in Figure 64.

i
<
%

. X e ke
X o S

Figure 64

In dcaling with an ensemble of nuelei in a magnetic field some

will be oriented with or against the field (Figure 85.)
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Figure 65

-

The NMR experiment causes a change in the orientation of some

moments g from the lower to higher enerk} state 1.e, a spin flip
which causes changes in the orientation of u’s. The relative

number o¢f spins in the low and high energy states is given by

the familiar Boltzman distributions:

Eqn. 26 No. in lower state - exp(-4E/kT)

: Noe. in higher state ~
where k is the Boltzman constant and T the temperature. For the
NMR experiment 4E is small. For example, for an Ho ='104 Gauss
(uo = 40 MHz) there are 1 in 105 nucleil more in the lower energy

spin state, therefore NMR is a relatively insensitive technique

due to this small population difference. The energy of any

particular spin state is given by Em = ;:m Ho where m = -1, -I +

1, ...1I. {Figure B66).

(%4



m

m

Figure g6

The energy difference 4E between allowed'transitions (where am =

L]

+1) increases with inceasing the applied field strength Ho. To
induce transitions from low to high energy spin states, a weak
field Hl which precessses at v, along with p-is applied in

the x-y plane (Figure 67).

Figure 67

Typically, Ho {and vo) is kept constant while the
frequency‘oflthe Hl field is varied. This is known as the
FREQUENCY SWEEP mode and the experiment is known as CONTINUQUS
WAVE nmr. .When v = vy the condition for transitions between

energy spin states is met and NMR signals are observed.
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The magnetic field experienéed By a.particular nucleus can

be expressed as H = Ho (l1-0) where ¢ is the shielding factor
—which when rewritten, the Larmour Frequency can be expressed as

v, = %;'Ho (1-¢g). the shielding factor o for various nuclei
depends on the electrénic structure of the molecule and
influenced by factors such as electron densit;, ring currents
etc. whech is covered in deteail elsewhere. Spihlcoupling
interactions between neighboring ouclei iead to multiple nmr

signals due to meodulation of the enErgies'of the spin states.

The chemical shift scale, which is dimensionless is given by & =

vsampiie;eizszzrence x 108. A detailed review of spin coupling

{(J) coupling is given elsewhere‘g2 A sample sﬁectrum of

ethylchloride is shown below.

' J.T as o s . J ab - _'..:1
ﬁ:}%z§:}ﬂzpn ?
a b Jab : Multiplicity of a

l ; or b is 2nl + 1
& n=number of neigh-
N . boring nuclei and

, ’ , : I=1 for ]H

t L# hp———4 {Taken from

k | Ref. 92)

Fiqure 68
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In pulsed NMR experiments all magnetic-homents u are
treated in a rotating frame of reference (rotation at uo) so
they appear stationary and algaebraeicaily added to give_a net
magﬁetization along the z(Ho) axis, to give & net magnefization

Mo along the z axis. (Figure- 69).

Fiqure 69 _

Keep in mind throughout the course of the discussion that Mw +
Mv + Mz, the components of magnetization along each'axis are
important. In the FT NMR experiment, the equillibrium is

disrupted with a burst of radio frequency Bl causing Mo to "tip"

away from the z axis and then return to its equillibrium state

I

when B1 is shut off. (Figure 70)... -



clg -
) 't ' OH.T
7 Ho T / 21 HeT
H] turned Hy turned
_ on > | | — —
- (////// ' -
K////// . X X
X
N

Fiqure 70

Where & = 1H1tp: tp = time of the applied pulse

The relaxation of the components of Md to its equillibrium value

. ‘ N
can be viewed from the = axis as shown above and the x', ¥°

planqc as shown below (Figure 71).

Y' - " Y' - ) Y -~
H: turned 1y turned
> |7
Va . on of f L/
/ e >
. e e . %’! .
’\ X' - X' X'
/ .
4 b -
I
DMy o=l TMxy 200 “Mxy -0
vectors are vectiors are vectors, because
nhase incoherent phase coherent increasingly phase

incoherent

1Y
The return of the M‘, M . M to their equillibrium posilions
hefore the application of an E, field is given by the Bloch

postulates:

7]

Y
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Voltage

. ."&%ﬂ

\\5\\?\‘—¥vfﬁﬁ/;pplfcd off resonance (v—vo)

Eqn.27 % = (M HE_ + M H sinet) - My )
dt yo [ 2 S =T
2
: > dM _ o WM
Eqn. 28. ic. ° v(Msz coswt Mxﬂo; .c;f e
: . . dM . . ) _(M_-M
..Eqn. 29 BT =z -f(MzH1 sinwt + MyHl coswt) zT o) )
, : . 1

e
-

- The solution of these equations predicts the observed line

-\

- shape of Eﬂé.NMR signal which is eithér the normal Lorentzian
N R . .

. . \ -
absorption signal or the dispersion signal.

During the return to equillibrium, the induced voltage in

. -

the x‘*y‘sglane is monitored by a radio frequency coil and the
resultant signal is khown as the free induction decay (FID). A

subsequc t Fourier transformetion of the FID which is in the

time domain tg the desired fréquency-domain gives the desired

NMR spectrum (Figure 72). >

[ .

o ' : ty !

i\ : Fouri | i

I f\ . ng;gigrm o J“—“““}L‘———
L_ — /Lvab_ >y L

AR S

a
Figure 72

-

The linewidth at halfxheight of the nmr signal (V 1/2h) 1is

. \—“"—‘ K -
1/aT*, which equals o~ o
1 1
— L em—
Taa  Tap
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T’a =_natpral 'I‘2 value, T2b is due to inhomogeneitieq from field

wa

The frece induction decay is sampled at various times not

continuocusly during the decay {as shown below).

Where 14 * dwell time and for

N channels ZTvauN = 14

Lo o1 Taequ is .the acquisition time

‘Sampling channels

The spectral resolution R is defined as sweep width/memory size
for example B5000Hz in 4K memory has a resolution of 1.5
Hz/point. . The acquisitiqn time T;;qu is 1/R which for the FT
expériment should be 2.3T2*.

There are several advantages in using FT_cmoﬁared to CW nmr.

a) improvement of signal/noise by reéetition of pulses and
addition ofs FID’s before Fourier transformation -
especially in.the.case of less éensitive nuclei.

b) optimum ffeld homogeneity can be maintained during the
shorter pulse experiment

c) spectra af shaft—lived'species can be obFained

d) measurement of the decaying magnetizétiAn of the
individual spectral lines to yield T1 and T2 values+which

are useful for chemical shift assignments and provide

information about molecular motion

'%ﬁ*
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5.4.1 Dipeolar Interactions

A spinning nucleus with a magnetic moment u will generate
local magnetic fields which other nuclei may interact with
through space (Figure 73).

1L HO
uOZ;Cosw

S}/éiﬁw--ﬁHlocal‘ | b3

internuclear distance

-
1l

permeability constant

L =4
]

Figure

N |
{w

These local field are an the order of 0.2m Tesla where coupling
constants or chemical shifts expressed in field.units are on the
order of pTelsa.92

Suchlinteractions are called dipolar and affect nu;lear
relangion times. Under the c&ndition of isotropic tumbling,
dipolar interacgions will averége cut to zefo whicﬂ"is not the
case forréolids or liquid crystalline solutions. When free

tumbling does not occur and dipolar reluxation mechanisms

because very effective leading to broad nmr lines. It 1s

b

important to note that ' dipolar interactions are "through space”
whereas spin coupling occurs through bonds. Dipolar relaxation

will be maximal for nuclei which are directdy bonded.
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Dipolar interactions constitute the basis of the nuclear
Overhauser effect (NOE). Consider a AX spin system with the
following spin st{uates: C.

<

w’s indicate the possible transition rates between spin states.

the totel nmr signal inensity for nucleus 4 or x will be

’

proporﬁioﬁal difference as given by the quantities NA and Nx.

Eqn. 30 NA = (naa - nga) + {(nag - ngg)
Egn. 31. N, = {(nea - ngp) + (nga - ngg)
On saturation of the x magnetization so that naa = ngg + nga
ngg.
* © -
Eqn. 32 ;% = 1 + :2 E:z - ::) W)
A A 2 “T1A 0

where *¥ and o superscripts denote saturation and presaturation
of % respecitvely. Skipping the mathematical details the

ratio of signal intensities



219

%]

. ~ Y W, - W
Eqn. 33 - 7 1 + Yx (2

0, 2
A A (wZ * "wlA ¥ wo)

which is the observed NOE. For a heteropuclear dipoilar

o)

7]

interaction, the'NOE can'be written as

OAX/RX
‘ o h2 2
where “AX = > Ya g T
8n~ - v (3]
) AX
and Rx =-1/'1‘1x
fr = igotropic correlation time.
' ) T
The maximal NOE is simply 1 + 57— -
o 21A
'VThe NOE experiment is useful in a number of ways. One use
i$ in providing additional sensitivity for 1‘EC—H nmr

experiments; by irradiating all proton frequencies

simultaneously (Broad Band .decéupling) the increase in 130

signals is 1.99 for carbons.bound direétlf,{o protons, and since
the effect is 1/r6 dependant, conformational information can be
obtained.51

5.4:2 Chemical Shift Aniscotiropv

. The magnetic field experience at a nucleus 'is given by:
Hknucleus) = Ho - cHo 4
Aniggé;bpies in o may lead to a mechanism for relaxation, sincé
as ‘the nucleus tumbles in solution, the field at the nucleus is
continualily changing in magnitude.sg The components of this

random tumbling motion at the Larmour frequency can léad to spin

lattice relatation. If ¢ is axially symmetric:
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Eqn. 34 Tl = 15 +“H (e P )rc | \

where o" and o* refer to the components ofthe shielding tensor
parallel and berpendicular te the axis of symmetry. This
predicts that Tl decreases quadrédicaily with increasing
magnetic field. For most molecules this relaxation mechaﬁism if

particulérly importnat for lgF.67

n

5.74.3 19F—dipolar- NMR Spectra

the dipolar coupling constant 4 between two nuclei

labelled as 1 and 2 1is given by:

Eqn. 35 4 = T172HoP
dnr?*2=n
where r = distance between the two nuclei
My = permeability constant
which is on the order of mTesla. 'In the case of lipids with
-CF,~ units along acyl chains, Post et al.,lor have shown that

the well known Carr-Purcell-Meibloom-Gill (CPMG) pulse sequence
i.e., 90°-(180-)n allows the sampling of F .. F dipolar
interactions while neglecting a=ll other interactions such as
heteronuclear dipolar coupling and chemical shift anisotropy.
The obsered dipelar splitting can be related to the ordef

——

parameter S

FF °Y

Eqn. 36 a4 = ISFF'AO
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where 4 is the obsééved splitting and Ao the rigid lattice value
(15.4 KH=z). SFF in turn is defined as 1/2 (3Cos g-1) where & is
the average angle between the F-F vector and the bilayer normal.
\ F;r lipids containing.—CFH— units in'the acryl chains, the

dipolar interactions cntributing to 13

F-NMR linewidths, can be
separated into orientation-independant interchain contributions
Ao and qrientation—dependant interchain contributions Al 5 that

2
. _ (3Cos"8=1)..
Eqn. 37 4 = Ao + dl — s S

where 8 1s the angle between C-F bond and the direction of the

applied‘field, S the drder parametér, and 4 = v1/2h/2'36' CSA

contributions to the {ineshape were estimated as -82.2ppm (from

Teflon) and 41 from samples run at vafying aplied field

sérengths. Trial valueé of 4, and § were incorporated into

computer line;fitting programs 1inYorder to obtéin the best fit
10

to the observed dipo{gr spectra.

5.4.4 2H—quadrupole Echo Spectra

For C—2H tyupe of bends, the dipolar and chemical shift
interactions are much smaller than the quadrupolar interaction.
This in turn dependant on the motion abut the C—2H bornd (Figure
75)54 and is dealt with thoroughly‘by a review by Davis.81

The effect of motion on the electric field gradient and
the appearance of the 2H ner spectra i's demonstrated in Figure
30 whe}e the observed splitting constant 4VQ can be related by:

3 2

Eqn. 38 AVQ =7 € qQ S

~
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| Figuré 75 T

Origins of deuterium
Quadrupoiar Spectra

Zeeman Interaction Effect of Quadrugolar Interaction

~ - _-.-u.\-. l
Deuterium is a quadrupclar nucieus with Energy 3eve1-diagra@ indicates that
I=1. Interaction of the quadurpole moment NMR spectrum of an isolated C-D bond
with the electric field gradient leads in a single crystal would have two
to a perturbution of.the Zeeman levels. lines. Vg, is related to the angle 8

that the~C-D bond makes with the applied
magnetic field, Bo.

Static M

Free Diffusion H

A typical quadrupolar powder : Effect of molecular

nattern which arises because motion on lineshape.
of rendom orientations of

C-0 bends in a sample.
-

(Taken from Ref. 54) .
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where SCD is the order parameter and 3 eng.the static
4 h '

splitting constaﬁt which is ~ 167 Hz for hydrocarbon ;hains“
SCD in turn is given by the relation 1/2(300328—1) where 8 1is
the angle between the bilayer normal and .the €-D bond. |
The quad;uo?ole echo sequence was developed eﬁsentially to
- povercome the limitations of receiver dead time in trying to
observe-a rapidly decaying free induction deca&. For an 2H—nmr
spectruﬁ with a 250KHz width, the receiver dead time must be on
the order of 0.6us which is difficult to obtain. The 'solution

to this problem is to translate this dead time beyond the

recovery time with a pair of 80° pulses separated by a time 7,

)y

Typically, Hl fields on the order of 1.5 x 10

state nmr and subsequently high transmitter powers are required.

(w/2 = 7 - H/Z)n

2 Tesla for solid

5.4.5 2-Dimensiconal NMR

In general, there are two classes of 2D-nmr spectra (a)
. ;

Correlated spectra which are essentially cor}eiation diagranms

between two spectra and (b) Resolved schtra thch séread out
the peaks of a-single spectrum in‘2~Dimensions characterized by
different nmr paraﬁeters.SE’sziss ‘
All two dimensional nmr experiménts involve pulse
sequences 1in waich there are preparation, evolution and

detection periods. A general schematic for a 2-D correlated

spectrum (COSY is given in Figure 76).
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n free induction decays are obtained which differ from one another

by equally spaced increments of 4 and are Fourier Transformed.

»

of each of the n spectra.
points are shown.

Construct a contour plot.

A& transpose is performed by composing an FID of the first point (column}
The FIDs for the first, m-1, 'm and m] and nth

The one dimensional spectrum appears through

the diagonal and the off-diagonal pe2ks indicate J couling between the
: . P

diagonal peaks.

224,

Scheme for performing a 2-0 correlated spectrum (CosSyY)

(Taken from Ref.
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Appendix 11
Phosphate Analysis
Dimyristoylphosphai?dylcholine (DMPC) was dried over

0. in vacuo prior to the preparation of standard samples. -

P29
A stock solution of DMPC (10 mg in 10 ml CHCI3) was prepared
and a]iquotsl(.QZS, .050, .075 and 0.1ml) piaced in separate
volume Ea]ibrated test tuaes and dried under’ a stregm of N2
gas. 'Similarily, solutions of 1 mg/ml of lipophilin or lip-

FEM-d. fluorophospholipid mixtures in 2-chloroethanol were

2
prepared and three 0.1lml aliquots transferred to separate
test-tubes and dried extensively in vacuo. A solution of

. 10N H,S0, (0:5m1) was added to each sample and the mixtures

2
subsequently incubated in a 150°C oven overnight. The next
day, 3 dropé of 30% H202 was aaéed to each test tube and
returned to the oven.for a further 1.5 hours. 1f any of

the samp]gs.were not cléar at this point, 3 meore d%ops of.
30% H202 was added énd the samples returned to phe oven for
a2 further 1!5 hours. A finely ground reéucing mixiure of
15gm Sodium Bisulfite, 0.5 agm sodium sulfite and 0.25 gm
1-amino-2-naphtho1-5ulfonic acid was preparecd and stored in
the dark. A solution of 1.6 gm of the above reducer in 10mi
distilled deionized wafer (DOW! was prepared just prior to

the analysis. The volume of each sample {and standard) weas

brought to 4.0 .wt " using DOW and 0.5m] of 10N H,50, added to
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each tube. A solution of 5% ammofium molybdaLé (0.2w1) was
added to each tube followed by vortexing 2nd addition of 0.2ml
of reducing sdlution; The solutions ﬁé;e then incubated at
100°C for 10 min and on coofing the volume of each test-tube
made up to 5.0m1 with DDW. The test-tubes were then collected
~and absorbance readings taken at 830nm. A plot of 0Dgqq vs
pmoles pHoSphate'(lipid) was constructed for the standard DMPC

~samples. From this p]ot, the 1ipid contents of the prote1n/

phospholipid mixtures were determined.
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