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ABSTRACT 

A new radioactively labeled guanidinating kg& has been 

synthesized by a single-step react ion using [ ' 4~ 1 thiourea and 
1 4  2-bromoethane sulfonate. The reagent, 2-S-f Clthiuro 

ethane sulfonate, reacts with membrane proteins under 

relatively mild labeling conditions, converting the 

c-amino groups of lysine residues to labeled homoarginine 

residues. The resulting homoarginine residues act as new 

cleavage sites for trypsin, but at a rather slow rate of 

hyrolysis. Model studies have shown that the reagent also 

reacts with the ~Iterminal amino group and any cysteine 

sulfhydryl groups, but not with tyrosine; histidine, or serine 

residues. The cysteine residues are converted to thiuronium 

ions, thereby labilizing the adjacent peptide bond towards 

acid cleavage. Hence, the reagent may also be used as a 

cysteine-specific protein cleavage reagent. The reagent has 

been shown to be impermeable to the intracytoplasmic membranes 

of R h o d o b a c t e r  s p h a e r o i d e s :  when cytoplasmic-side-out 

chromatophores were treated with the reagent, it reacted with 

all four of the light-harvesting proteins, all of which have 

one or more lysine residue(s1 on the N-terminal sides of their 

hydrophobic regions. However, when periplasmic-side-out 

vesicles, purified by cytochrome c affinity chromatography, 

were treated with the guanidinating reagent, three of the 

light-harvesting proteins (~850a, B850P, and ~ 8 7 0 P )  were not 

i i i 



labeled. The only light-harvesting protein to be labeled 

(B870a) is the only one of the four to have a lysine residue 

on the C-terminaleside of its hydrophobic region. The labeked 
3 

B870a polypeptides from the treatment of both the 
f 

cytoplasmic-side-out chromatophores and the 

periplasmic-side-out membrane vesicles have been purified, 

digested with trypsin, and the resulting peptide fragments 

have been analyzed for radioactivity. The results have 

confirmed the asymmetric orientation of the light-harvesting 

proteins of R. s p h a e r o i d e s ,  with their N-terminal residues 

only on the cytoplasmic side and C-terminal residues only on 

the periplasmic side of the intracytoplasmic membrane. They 

have also demonstrated the effectiveness of the labeling 

reagent for future membrane-protein orientation studies. 
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CHAPTER 1 

INTRODUCTION 

1 , I  Membrane-Protein Labelinq Reagents 

The use of covalent labeling procedures, which are 

specific to various amino acid side chains of proteins which 

are exposed on the external cell surface, has yielded valuable 

information on the arrangement of proteins within cells. The 

covalent bond enables the protein to remain labelled during 

subsequent analysis under strong dissociating conditions such 

as SDS-PAGE. 
s 

The usual experimental approach in a surface labeling 

study is to react intact cells or sealed membrane vesicles 

(with homogenous single-sided orientation) with a radioactive 

labeling reagent and remove excess reagent by washing. The 

membrane is then dissolved in SDS, and proteins are separated 

using SDS-PAGE. Gels are then analysed for radioactivity (by 

sectioning and counting, or by autoradiography) and stained 

for protein. The protein bands coinciding with the labeled 
( ' \  

peaks are then (presumably) the only proteins which have 

accessible reactive amino acid side chains exposed at the 
i 

outer surface of the membrane prepration under study. 

I n  the case of intact cells, membrane proteins which react 

with the label are, by definition, exposed at least partly on 



'the "outside" surface of the cell membrane, while proteins 

which fail to react are exposed only on the inside surface or 

are buried within the membrane. It is quite possible, however, 

that certain proteins which are on the outer surface fail to 

react with the label because of their intrinsic properties. 

Therefore, only positive results can be interpreted correctly. 

There are several ways by which. proteins can be "tagged" 

by radioactive surface labels. Proteins can be labeled either 

enzymatically or non-enzymatically. Radioiodination 

tyrosine or histidine residues of the membrane proteins of red 

blood cells is one such example of'enzymatic modification. 

Phillips and Morrison (85) introduced the technique of 
D 

iodinating cell surfaces with lactoperoxidase. Two iodine 

radionucleotides, 1 2 5 ~  and ' 3 ' ~ ,  are available (at low cost) 
h 

and thus allow high-specific-activity labeling. Hydrogen 

peroxide is required when lactoperoxidase is used. Its 

concentration must be kept minimal since peroxides may cause 

cellular damage. The major disadvantage of enzyme-mediated 

labeling derivesS.from the large size of the catalyst; only 

those react ivb tyrosine and histidine residues accessible to a 

30-40 nm diameter enzyme will be labeled ( 4 3 ) .  Thus the8extent 

of labeling will depend upon the relative exposure of reactive 

residues on the external surface, with less-accessible or 

sterically hindered residues being missed although still 

located at the suface. However, the large size of the enzyme 



has one advantage: i't is less likely to be permea,ble to the 

membrane and thus only labeling the external surface of the 

membrane. 
-3 

The most common non-enzymatic modification occurs with 

unprotonated amino groups and many of the resulting 

derivatives constitute the most stable covalent bonds. Side. 

reaction with sulfhydryl, imidazole or tyrosine phenol . . r  

residues may also accur, but the bonds thus formed are less 

stable and may hydrolyze even at pH 7.4 (68). The list of 

aminoacid modifying reagents is almost endless; Hubbard and 

Cohn (43) have reviewed it in great detail and many more have 

been developed since 1976. Only reagents used to labe,l lysine 

side chains will be emphasized in the following discussion. 

Guanidination was used by Greenstein in 1935 to modify 

lysine (as a free amino acid) to homoarginine by the use of 

0-methylisourea (37). 0-Methylisourea, when used to label 

human serum albumin,, gave a crystallizable derivative of 

greatly reduced solubility (44). Over the ensuing 50 years,' 

the guanidination of a large number of proteins has been 

accomplished with this reagent almost exclusively. 

. --S-Methylisothiourea has also been used as a guanidinating 

reagent (95), but it is much less reactive than 

0-methylisourea ( 4 4 ) .  Although 0-methylisourea is fairly 

- specific, and rea-cts with the e-amino groups of lysyl residues 

( 1 7 ) ,  it is rather unstable in aqueous systems. Other 



disadvantages are that it requires longer incubation times 

(4-6 days at 0-4OC) and a high pH of 10-11 (55,681. 

Recently , 0-methy 1- [ 3~ I isourea has been prepared and used 
to [ 3~]guanidinate cytbchrome c from various sources. The 

extent of reaction wag monitored using 1 3 ~ - ~ ~ ~  (53,100). 

Amidination using ~-'eth~l acetamidate (128) has also been used ' 

to modify lysine residues of proteins to 

e-acetamido-derivatives. Although the reaction requires much . 

less time than.0-methylisourea and may be carried out at a 
4. " 

lower pH of 8-9, the product is partially destroyed during 

acid hydrolysis. Furxermore,,the reagent is permeant to 

membranes and, therefore, has limited use as a surface 

labeling reagent. 

Whitely and Berg synthesized both 3 ~ -  and 14c-labeled 

isethionyl acetamidate and N-echyl acetamidate imidoesters and - 

used'them to study the localization of membrane proteins in 

human erythrocyte membranes (124). While N-ethyl acetamidate 

labels both surfaces of red blood cell membrane, isethionyl 

acetamidate, being a zwitterion, is impermeable to membranes 

and only labels the outer surface. 

A variety of other lysine-specific labeling reagents have 

been employed for the modification of soluble proteins (65), 

or for the localization of membrane proteins (43). In an 

earlier report from our laboratory, pyridoxal phosphate plus' 



K B ~ H  was used to study the localization of membrane 
4 

. in the intracytoplasmic membrane of R h o d o b a c t  e r  s p h a e r o i  d e s  - 
( 3 2 ) .  We have now synthesized an effective lysine 

guanidinating reagent, 

Equation #1 

1 4  
2 - S - (  Clthiuronium ethane sulfonat e, which is synthesized in 

a single step reaction (cf. Equation 1 )  from which the product 

is easily crystallized. The reagent combines the advantage of 

0-methylisourea, by yielding the more stable product, 

homoarginine (cf. Equation 2 ) ,  with those of N-ethyl 

acetamidate, by reacting in much shorter time (1-2h) and at 

milder conditions (pH 9.6 and temp. 30-37•‹C) (cf. Equation 2 ) .  

I t  is also charged like isethionyl acetamidate and is thus 

impermeable to biomembranes and can be used for membrane 

protein localization studies. 



In addition to reacting with lysyl residues, the reagent 

also reacts with cysteinyl residues, 

Equation #2 

I 

SCH2 CH2 SO3 + H2N (CH2),R - 
(lysyl-residues) 

converting them to thiouronium aerivatives rather than leading 

to alkylation as with 0-methylisourea ( 4 5 ) .  C 

1.2 ~abeling the Intracytoplasmic Membranes of R h o d o b a e t  e r  

s p h a e r o i  d e s .  

1 . 2 . 1  I n t r o d u c t i o n  

The non-sulfur purple photosynthetic bacterium R. 

s p h a e r o i d e s  provides a model system to study photosynthesis. 

The gram negative bacterium can be grown both phototrophically 

and chemoheterotrophically. In the presence of oxygen, growth 

is by aerobic respiration. When oxygen is removed, a series of 

events is ,triggered which, through a process of invagination, 



- 
results in the differentiation of the cytoplasmic membrane 

into a specialized domain, constituting the photosynthetic 

int~acytoplasmic membrane system (ICM). The inducible ICM is 

physically continuous with (39,761, but structurally and 

functionally distinct from the cytoplasmic membrane. This 

membrane system houses all of the components of the 

photosynthetic apparatus (79). Although its continuity with 

the cell membrane has been questioned ( 4 2 , 5 8 ) ,  a consensus 

remains in favour of a continuous model. The invaginations 

formed under low light intensities can be separated from the 

cytopl#smic membrane by mechanical breakage of thc cells with 

a high pressure cell such as a French press (79). The 

resulting vesicles (termed "chromatophores") have an 

"inside-out" (i.e. cytoplasmic-side-out) orientation. Vesicles 

of an orientation opposite to that of chromatophores (110)- 

(i.e. "right-side-outw or periplasmic-side-out orientation) 

are prepared by lysis of spheroplasts obtained from bacteria 

grown under high light intensity (39). The ability to obtain 

vesicles of either orientation make these bacteria ideal 

models for a variau-of biochemical localization techniques, 

such as enzyme digesion or labeling studies. 

Photosynthesis in R. s p h a e r o i d e s  begins with the 

absorption of light energy (photons) by Bchl and carotenoid 

pigment molecules bound to polypeptides within the antenna or 

light-harvesting complex (116). The effect is the creation of 



mobile electronic singlet states, called "excitons" (57). The 

photosynthetic apparatus is organized such that these excitons 

are channeled down to the reaction center complex. The process 

of the chemical trapping of the light energy is a result of 

the rapid formation of separated charged radicals. A special 

Bchl pair donates an electron to a bacteriopheophytin molecule 

(passing a voyeur Bchl molecule in the process) and leaving a 
- 

positive charge on the special pair. From the 

bacteriopheophytin, the electron transfers to a quinone ( Q A )  

molecule (76). From QA the electron passes to the second 

quinone molecule (QB) at the end of another chain of 

prosthetic molecules Ca chain along which electrons are not 

conducted). The charge on the special pair is neutralised by 

electron donation from a cytochrome c2 molecule. The entire 

process of electron flow is repeated once again, resulting in 

QB acquiring another electron and the Bchl pair accepting 

another electron from a second cytochrome c 2  molecule.+ Thus, a 
-, 

positive charge is created on the periplasrnic side and a 

negative charge on the cytoplasmic side, This charge 

separation represents stored energy which may be used to 
- 

produce ATP, or to supply the energy for the reduction of NAD' 

by succinate. 

The antenna and reaction center complexes are 

multimolecular systems present within the photosythetic 

membrane; together they constitute a photosynthetic unit. The 



pigments are maintained in their correct position, orientation 

and separation within the rembrane by specific binding by the 

polypeptides. The complexes can thus attain the specific 

environments which determine their particular spectral and 
- photochemical properties. 

r 
-4. 

1': 2 .  2 R e a c t  i o n  C e n t e r  Pol ypept i d e s  

The reaction center contains three polypeptides referred 

to as the H (heavy), M (medium), and L (light) subunits, 

having apparent Mrls of 28,000, 24,000 and 21,000 daltons (Da) 

respectively, as determined by SDS-PAGE (81). The N-terminal 
! 

sequence of reaction center subunits M and L of R h o d o s p i r i l l u m  

r u b r u m  ( 1 1 1 ) ~  was determined by protein sequencing. The 

complete amino acid sequence of M and L subunits of R. r u b r u m  

(7) and R. s p h a e r o i d e s . ( l 2 5 , 1 2 6 , 1 2 7 )  and of H, M and L 

subunits of R h o d o b a c t  er c a p s u l  at us ( 129) and R h o d o p s e u d o m o n a s  

v i r i d i s  ( 7 1 ~ 7 2 )  have been dete'rmined from their DNA sequences. 

From the derived amino acid sequence, it was concluded that 

the H subunit is a fairly hydrophilic protein with a molecular 

weight of 28,534 Da, The L and M subunits are both very 

hydrophobic proteins with calculated molecular weights of 

31,565 and 34,440 Da. The anomalous SDS-PAGE electrophoretic 

mobility behavior no doubt stems from their hydrophobic 

characteristics. 



Only the L and M subunits are essential in R. s p h a e r o l d s s  

for reaction center activity; the H subunit binds no pigments 

and is not required for electron transfer (30); however, it 

greatly accelerates electron transfer from QA to QB ( 2 4 , 2 5 1 .  

The H subunit might serve as the structural anchor protein 

maintaining the proper association of L and M subunits within 
/ 

the membrane ( 1 8 ) .  The M and L subunits together bind 4 

molecules of Bchl, 2 molecules of bacteriopheophyt in, 1 

molecule - of carotenoid, 2 molecules of ubiquinorie and 1 atom 

I .  2 .  3 T r a n s  v e r s e  T o p o g r a p h y  of R e a c t  i o n  C e n t  e r  P o l  y p e p r  i d e s  
s 

Topographic studies on the RC polypeptides have been done 

by hydrophilic and hydrophobic photoaffinity reagents, as well 

as digestion of proteins exposed on surfaces by 

specific and non-specific proteases. 

antibodies prepared against the purified reaction center 

complex of R .  s p h a e r o i d e s  were used to show the exposure of 

reaction centers in EDTA-washed chromatophores (88). The 

presence of reaction centers on the chromatophore surface has 

also been confirmed using antiserum precwtation (99) and 

absorption studies ( 2 2 ) .  Antibodies prepared against the 

purified H subunit of R, s p h a e r o i d e s  R-26 complexed with 

chromatophores ( 1 1 9 ) ,  while antibodies to the L-M complex 

reacted on both sides,of the dbmbrane (31). Antibodies raised 



against purified H, M and L polypeptides demonstrated the 

presence of H and M subunits on both surfaces, while 

antibodies to L labelled only the periplasmic surface of the 

membrane (51,118). 

Lactoperoxidase-catalysed 1311 (96) and 1 2 5 ~  (133,801 

3 iodination and KB H4/pyridoxal phosphate labeling studies (32) 

showed the exposure of the H subunit on the cytoplasmic side 

of the membrane. Using 125~-iodination ( 8 3 )  alone and in 

combination with enzymatic cleavage (31, H, M, and L 

polypeptides were shown to be exposed asymmetrically on both 

sides of the membrane. Tr-ypsin and proteinase K digested the H 

subunit much faster than both the M and L subunits (34). 

Tadros e t  al. (106) used proteinase K to show that while only 
* 

26-28 N-terminal amino acid residues of the L and M peptides 

were removed from the chromatophore surface, the H subunit was 

completely digested. Hoger and Kaplan (41), using 

cross-linking reagents, showed that HI M and L are in close 

proximity to one another and the cross linking of cytochrome 

cz with L or M subunits indicated that they are both present 

on the periplasmic surface. 

d The polypeptide part embedded in the hydrophobic core of 

the membrane has been investigated. Fluorescamine and 
- - 

dicyclohexylcarbodiimide reacted specifically with subunit M 

of the reaction center (4,132). With iodonaphthyl-1-azide all 

three subunits of the reaction center were labeled (77). 

1 1  0' 



3 - ~ r i f l u o r o m e t h y l - 3 - ( m - ~ ' ~ ~ 1  ]iodophenyl)diairin and 

naihthyldiatotri f luoropropionate, two less specific reagents, 

only labeled the two more hydrophobic subuhits of the reaction 

center, L and M (69). 

, 

The analysis of the sequence of the L and M subunits 

according to their hydropathy index suggests that both L and M 

span the membrane five times while H only has one 

membrane-spanning region (125). While the L and M subunits are - 

both soluble in organic solvents (e.g: chloroform-methanol) 

the H subunit is not, due to its less-hydrophobic character. 

So from the above results, i t  can be concluded that all three 

subunits span the membrane and are exposed at both membrane 

surfaces, but that the majority of the H subunit is on the 

cytoplasmic surface. The X-ray crystal structure of the 

reaction center has been determined for both R. v i r i d i  s (26) 

and R. s p h a e r o i d e s  (2) which has confirmed the above findings, 

I .  2 .  4 L i  g h t  - H a r  v e s t  i  n g  P o l  y p e p t  i  d e s  

The antenna or light-harvesting systems of various 

photosynthetic bacteria are composed of pigment-protein 

complexes with different absorption maxima ( 9 , 1 1 6 ) ~  which is 

the basis for heterogenous energy transfer. On the basis of 

their near-infrared absorption maxima, purple photosynthetic 

bacteria are classified into three groups (116): 

a) Group 1 ( e ,  g. R .  r u b r u m ,  and R .  v i r i d i  s )  has one 



complex: B880 (for Bchl 

B1015 (for Bchl b). 

b) Group 2 ( e .  g. R .  s p h a e r o i  d e s  a n d  R. c a p s u l a t  u s )  has 

-€a0 complexes: B870 and B800-850. 

c) Group 3 ( e ,  g. Chrornat  i  nurn v i  n o s u m  and R h o d o b a c t  e r  

a c i d o p h i l a )  has three complexes: B870, B800-820 and 

The efficiency of the light-harvesting antenna varies 

according to the number of B800-850 complexes, as determined 

by environmental conditions (eg. light intensity). In low 

liqht intensity number of B800-850 complexes is higher, as 

opposed to high light intensity. By combining more than one 

type of complex, a specific eoergy transfer system is formed 

within the whole antenna 

(eg. carotenoid - - ->  B800-850 - - - >  B870 - - - >  RC), in case of 

/a: s p h a e r o i  d e s ) .  

Each of these antenna complexes usually contains two 

different types of small polypeptides termed the a- and 

@-subunits. They are the smallest structural units of the 

antenna complexes and non-covalently bind either 1 Bchl 

molecule (a-subunits) or 1-2 Bchl molecules (0-subunits). The 

antenna proteins have been isolated as Bchl-protein complexes 

called holochromes ( 8 6 , 9 2 1  by the use of detergents orsas 

pigment free proteins by the use of organic solvents (115) The 

primary structure of the a- and 0-subunits of many of the 



purple bacteria has been determined e g .  R. r u b r u m  (35), R .  
,- 

r u b r u m  G - 9 '  1 5 6  R .  r u b r u m  S1 (16) R .  v i r i d i s  ( 1 4 ) ,  R .  

c a p s u l a t  u s  (102,103)~ R .  s p h a e r o i  d e s  R 2 6 .  I ( 1  IS), R. 

s p h a e r o i d e s  ( 1  13,114) and R. a c t d o p h i l a  (8). The genes for 

B880a and 0 polypeptides of R. r u b r u m  S 1  (61, R .  s p h a e r o i d e s  

B800-850a and 0 polypeptides (54), R. c a p s  u l  a t  u s  B870a and? 

(129), and B850a and 0 polypeptides (130) have also been 

cloned and their amino acid sequences deduced. The apparent 
* 

molecular weights of these polypeptides as determined by 

SDS-PAGE are 8,000 to 12,000 Da, but were found to have much 

smaller molecular weights of 5,000 to 9,000 Da as determined 

by their amino acid sequences (27). They are all composed of 

50-60 amino acid residues. 

Both a- and p-subunits have a typical three domain 

structure in all of the proteins sequenced so Ear 

(cf. Figure 1 ) .  

a) A polar, charged N-terminal domain ( a :  12-19 

residues, p :  20-22 residues) on the cytoplasmic 

side of the membrane. 

b) A hydrophobic, central domain (a: 21 residues, 0 :  

23 residues) * 
C) A polar, charged C-terminal domain ( a :  19-25 

residues, 0: 3-10 residues) on the periplasmic side 

of the membrane. 



Figure I :  Primary structures of the light-harvesting 
polypeptides from R h o d o b a c t e r  s p h u e r o i d e s :  Shaded 
areas represent potential Bchl-binding sites. The 
position of the lysine residues is highlighted by 
the arrows, The N-terminus of the B870a peptide is\ 
blocked, perhaps by a formyl group. 

- 





The central hydrophobic domain of both the a- and 

0-subunits has a single conserved histidine residue which is 

believed to interact with Bchl as a-fifth Mg ligand ( 1 3 1 ) .    he' 

0-subunit Kas a second conserved histidine residue in the 

N-terminal domain which is also believed to interact with Bchl 

in R. s p h a e r o i d e s  and R .  c a p s u l a t  u s ,  but not in R. r u b r u r n .  

Other amino acids in the proteins may serve as hydrogen bond 
4 .  

donors to Bchl or bind it via hydrophobic or aromatic n-n 

interactions, e.g. a conserved Phe residue three amino acid 

residues from the hydrophobic domain His. 

Circular dichromism, polarized infrared spectroscopy and 

hydropathy plots of the amino acid sequences (cf. Figure 2 )  - 
all indicate that the central hydrophobic stretch of amino 

acids of the light-harvesting polypeptides has "an a helical 

region ( 2 7 1 ,  and that it spans the membrane (assuming a 

thickness of the photosynth&c membrane of between 4-6 nm). 

This means that the N- and C-terminal domains should be found 

at the polar head region of the membrane surface. 

I .  2 .  5 T r a n s v e r s e  T o p o g r a p h y  o f  L i g h t  - H a r v e s t  i n g  P o l y p e p t i d e s  

The transverse topography of light-harvesting proteins has 

been investigated by similar techniques to those used for 

reaction centers. Earlier studies, using radioiodination of 

chromatophqres, indicated that a single 14,000 Da polypeptide 



was partialy exposed on the chromatophore surface of a 

carotenoid-less mutant (G-9') of R. r u b r u m  (23). The 

B890-complex of R. r u b r u m  is in fact composed of two subunits, 

B890a (Mr6079 Da) and B8900 (Mr 6101 Da) was first shown by 

Cogdell e t  a1 . ( 19) and by Picorel e t  .al. ( 8 6 ) .  Brunisholz e t  

al., by using a combination of mild protease treatment and 

immunoprecipitation with antibodies prepared against the 

B890-complex and individual apoproteins, observed that 

the a- and 0-apoproteins were exposed on the chromatoph 

surface of R. r u b r u m  G - 9 '  1 3 ~ 1 6 .  In the 

carotenoid-containing strain S 1 ,  the a-apoprotein was 

insensitive to digestion by proteinase K from the N-terminus 

(13). Meister e t  a / .  used three hydrophobic photolabeling 

reagents to label the B890a-apoprotein of R. r u b r u m  G - 9 '  (70): 

1 ) 3-trif luoromethyl-3-(rn-[125~]iodophenyl)diazir ne,. a 

highly lipid-soluble compound. 
P 

2 )  11-[4-((trifluoromethyl)diazirinyl]-phenyll-[ I O - ~ H I -  

9-oxaundecanoic acid, an analogue of a fatty acid. 

3) I-palmitoyl-2-[ll-{(trifluoromethyl)diazirinyl~- 

3 phenyl 1 - [  10- HI-9-oxaundecanoyl-s n-glycero- 

3-phosphorylcholine, a lecithin analogue. 

The distribution of all three labels was uniform in the 

hydrophobic segment of the peptide, but striking differences 

were observed with the N-terminal portion. Meister e l  al. (70) 

suggested a tight asssciation cf the transmembrane helix of 



Figure 2: Hydropathy plots of Bchl-binding polypeptides of 
the light-harvesting complexes. a )  B870af b) B8700, 
c )  B850af and d) B8500 from R h o d o b a c t  e r  c a p s u l  a t  us 
(27). 
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B870a with that of the B870P chain. They also suggested that 

the N-terminal segment forms an amphipathic helix which 

interacts with the water-lipid interface of the membrane. 

R. capsular us also has two types of complexes: LH I or 

B870 and LH 11 .or B800-850. The B870-complex (LH I) is 

composed of two subunits, B870a [M 6538 Da (105)] and B870P r 

[M, 5341 Da (103)]. The B800.-850-complex (LH 11) is composed 

of two subunits 885001 [M, 7322 Da (102)] and B850-0 [ M ~  4597 

Da (1041. Another ca. 14,000 Da polypeptide, which does not 

bind any pigments (B850-71, is also presumed to be associated 

with part of the LH I1 complex. Upon radioiodination of R. 

capsulatus chromatophores, the a-polypeptide of B870 and the 

0-polypeptide of B850 were labeled) (121). Peters and Drews, 

using 1,3,4,6,-tetrachloro-3at6a-diphenylglycouril catalyzed 

radioiodination ( 1 2 5 ~ ) ,  showed that the B8500 and -7, and 

B8700 polypeptides are exposed on either surface of the 

membrane (83). Protease digestion studies indicated that the 

N-terminal groups of all 0-apoproteins are present on the 

cytoplasmic side of the membrane, but the N-terminals of the 

a-apoproteins are protected in wild type R. capsul at us (108). 

With mutant strains Y5 (RC- and B870-) and Ala' (B850-) of R. 

capsulatuS, N-terminals of both B850a and -6 (in the case of 

Y5) and both B870a and -0 (in the case of Ala*) were exposed 

on the cytoplasmic surface of chromatophores (107,106). 



R .  v i r i d i s  has two polypeptides (B1015a, and - 4 )  with Mr 

of 6848 Da and 6138 Da, respectively (14). Another polypeptide 

-7 is also believed to be associated with the B1015-complex 

because all three polypeptides are present in a 1:l:l  ratio in 

the thylakoid membrane. The y-polypeptide consists of 36 amino 

acid residues, and exhibits a high hydrophobicity and aromatic 

amino acid content. It is postulated that the B1015y 

polypeptide is involved in the formation of regular arrays of 

light-harvesting complexes (14). Jacob and Miller, using 

trypsin and pronase, did not observe digestion of 

light-harvesting polypeptides (47); however, monoclonal 

antibodies raised against B1015a. -0 and - y  polypeptides 

complexed with chromatophcres, showing the presence of all 

three on the chromatophore surface (50). 

R. s p h a e r o i  d e s  has two sets of apoproteins: B850a (Mr 5599 

Da) and -0 [ M ~  5969 Da (113)], and B870a (M, 6809 Da) and -0 

[M, 5457 Da (114)]. Cogdell e t  a , using a ferritin antibody 

labeling technique, observed antigenic sites on both surfaces 

of the membrane to anti-B850-complex antibodies (20). Earlier, 

3  Francis & Richards, using KB H and pyridoxal-phosphate, had 4 

observed that two light-harvesting bands (B870a and a mixture 

of B8700 and B850a and - 0 )  were labeled from the cytoplasmic 

side whereas ~ n l y  B870a was labeled from the periplasmic side 

( 3 2 ) .  Bachmann e t  a !  ..-using radioiodinat ion observed both 

light-harvesting bands to be labeled from both sides ( 3 ) .  The 



reagent use3 by Francis and Richards is specific for c-amino 

groups of lysine and only the B870a-polypeptide has a lysine 

on its C-terminal side (cf. Figure 1 ) .  That may be why the 

C-terminals of no other light-harvesting polypeptides were . 

labeled. Radioiodination can label any of two amino acids (Tyr 

and His) available on the membrane surfaces (59). Recently, by 

using a combination of immunochemical detection and protein 

digestion and sequencing methods, Takemoto e t  a l .  have shown 

that B870a of R. s p h a e r o i d e s  has its N-terminal end exposed at 

the cytoplasmic surface and the C-terminal end exposed on the 

periplasmic surface (109). I t  seems that, as in the case of 

wild type strains of R. rubrum, and R. capsul a t  us, when both 

carotenoid, and the 8850-complex are present, the 

a-apoproteins of R. sphaeroides are protected from protease 

digestion. 

The emerging theme from the studies done so far seems to 

be that all the light-harvesting apoproteins are transmembrane 

proteins with N-terminal ends exposed on the cytoplasmic 
x 

surface and C-terminal ends exposed on the periplasmic 

'surface. Although there is no X-ray ana4ysis data yet 

available on the tertiary structure of any light-harvesting 

protein; these proteins will nevertheless serve as a good 

model system in demonstrating the usefulness of the labeling 

reagent. Only B870a has one lysine on the C-terminal side, ' 

while all four (B870a, B8700, B850a and ~850P) have one or 



more lysyl residues on the N-terminal side (cf. Figure 1 )  

Therefore, all four subunits should be labeled when the 

reagent is added to the cytoplasmic side whereas only B870a 

should be labeled when the reagent is added to the periplasmic 

side. The amino acid sequence of B870a (cf. Figure 1 )  shows 

that it has two lysine residues at its N-terminal end, and one 

lysine residue at its C-terminal e.nd. A positive labeling - 

result from both preprations would not preclude either a 

symmetrical or an asymmetrical orientation of the B870a 

polypeptide in the membrane. An asymmetric orientation, 

however, can be confirmed -by analysis of the labeling patterns 

of peptides formed during trypsin digestion of the purified 

polypeptide recovered from both chromatophore and spheroplast 

derived vesicle preparations. I f  the polypeptide,has an 

asymmetrical orientation, different peptide fragments should 

demonstrate radioactivity when analyzed. 



CHAPTER 

MATERIALS AND 

2.1 Materials 

The f01lowing;ma~erials were purchased from the sources 

indicated: [ 14c]thiourea (2.15 G Bq/mmol) from Amersham Canada 

3 Ltd., Oakville, Ontario; Aquasol and En Hance, from NEN 

Products, DuPont Canada, Inc., Lachine, Quebec; BOC-ON, Poly- 

(L-lysine), Arg-Lys-Asp-Val-Tyr, Sephadex LH-60, 

glycylglycine, cytochrome c, CNBr-linked Sepharose 4B, TCPK 

treatkd trypsin, Acrylamide, Bis-acrylamide and protein 

molecular weight standards from Sigma Chemical Co., St. ~ o u i s ,  

MO; Glycine was from Matheson Coleman & Bell, Norwood, OH; 

MN-Polygram Sil G-22 (Silica gel G )  TLC sheets from Brinkmann 

Instruments Canada Ltd., Rexdale, Ontario; Merck silica gel 

60F254 TLC sheets from BDH Chemicals Canada Ltd., Vancouver, 

B.C; J. T. Baker Si 250 PA (19C) TLC plates from American 

Hospital Supplies Richmond, B.C; and Kodak XRP fLlm from Kodak 
, , 

Canada Inc., Toronto, Ontario. All other chemical reagents 

were of reagent grade. CM-Cellulose (Cm 52) DEAE-Cellulose (DE 

32) were products of Whatmann Co., Kent, England purchased 

from Terochem Laboratories Ltd., Edmonton, Alberta; Sephadex 

G-10 was from Pharmacia Fine Chemicals, Lachine, Quebec. 



2.2 Methods 

2 .  2 .  1 S y n t  h e s i  s of N - A c e t  y l - S - ( 2 - s u l  f o e t  k y 1 ) - L - c y s t  e i  n e  

~-~cetyl-S-(2-~ulfoethyl) cysteine was synthesized by 

the method of Nikety e t  a / .  (75). N-acetyl-L-cysteine ( 4  mmol, 

652.8 mg) and sodium 2-bromoethane sulfonate ( 4  mmol, 844 mg) 

were dissolved in 8 ml of 0.5 M NH4HC03and the pH was 

adjusted to 8.6 with concentrated ammonia. The solution was 

flushed thoroughly with nitrogen and left under a positive 

pressure of nitrogen at room temperature. The pH was adjusted 

periodicaly to 8.6 with co centrated ammonia. After 60 h the 7 
sample was lyophilized. In order to remove ammonia comletely 

the sample was redissolved in water and lyophilized several 

times. Analysis of the product mixture on TLC system B using 

Silica gel 60F254 sheets developed in 2-propanol/acet ic 

acid/water (4:2:1 v/v) gave a spot at Rf 0.35 (assumed to be 

N-acetyl-S-(2-sulfoethy1)-L-cysteine) which was well separated 

from authentic N-acet 1-L-cysteine (RE 0.51). Spots were t 
visualised by the KI/starch spray reagent of Rydon and-Smith 

(91,) as follows: following development, TLC plates were dried 

in the fume hood overnight and exposed for 10 min in a glass 

chamber saturated with chlorine gas. Plates were removed and 

air dried in a fumehood for at least 30 min and finally 

sprayed with a 1% starch-1% potassium iodide solution. 



2 . , 2 . 2  S y n t h e s i s  of N , N ' - D i a c e t y l - L - c y s t i n e  

9 

( 1  mmol, 163.2 mg) and cystamine (0.5 

mmol, 76 mg) were dissolved in 0.1 M phosphate buffer,(10 ml) 

at pH 7.4. The reaction was allowed to proceed at 20•‹C for 16 

h. The desired product, N I N 1 - d i a ~ e t y l - L - ~ y ~ t i n e I  had an Rf 

value of 0.38 when analyzed on Silica gel 60F254 sheets 

developed in 2-propanol/acetic acid/H20 (4:2:1 v/v) and 

visualised by KI/starch spray following treatment with 

chlorine gas. - - 

2. 2. 3 S y n t  h e s i  s  of N - A m i  di n o g l  y c i  n e  

Glycine (0.05 mmol, 3.75 mg) was reacted with 1 mmol of 

2-S-thiuronium ethane sulfonate in 0.1 M phosphate buffer ( 5  

ml), pH 9.5, for 2 h at 37OC. The reaction mixture was 

freeze-dried -and analyzed by TLC system A using silida gel G 
* 

sheets in chloroform/methanol/9 M ammonia (2:2:1 v/v) A spot 

visible with alkaline ferricyanide/nitroprusside spray (120) 

at Rf 0.38 due to N-amidinoqlycine was well-separated from 

glycine (Rf 0.27), which was visible only with ninhydrin. The 

alkaline ferricyanide/nitroprusside spray reagent consists of 

a mixture of '2.5% sodium hydroxide, 2.5% potassium 

ferricyanide and 2.5% sodium nitroprusside. Samples as low a s  

20 ug can be detected which appear as distinct colored spots. 



2 .  2 .  4 S y n r  h e s i  s of N'-t - ~ ~ ~ - ~ - h o n o a r ~ i  n i U n e  

To a solution of L-homoarginine ( 5  mm'ol, 1.12 g) and 
I 

triethylamine (7.5 mmol, 1.05 ml) in 50% aqueous dioxane ( 6  

ml), BOC-ON (5.5 mmol, 1.35 g) was added with stirring at room 

temperature. After stirring for 16 h, water ( 7 . 5  ml) and ethyl 

acetate (10 ml) were added to the mixture. The aqueous phase 

was washed with ethyl acetate (10 ml) to remove the 
2 

by-product . 

water was removed by freeze-drying and the product was 

analyzed by TLC in system B [silica gel 60F254 sheets {or Si 

250 PA (19C) plates when used with the alkaline 

~ferricyanida/nitroprusside spray (120)) in 2-propanol/acetic 

acid/water (4:2:1 v/v)]. The product had an Rf-value of 0 . 7 5  

well separated from authentic L-homoarginine (Rf 0.13). 

2 .  2 .  5 S y n t  h e s i  s  of  r h e  G u a n i  d i  n a r i  n g  R e a g e n t  

2-S-Thiuronium ethane sulfonate was synthesized from 

sodium 2-bromoethane sulfonate (25 mmol, 5.25 g) and thiourea 

(25 mmol, 1.903 g) in 10 ml of water (cf. Equation 1). The 

reaction mixture was heated to 95OT for 30 min, after which 

time hard white crystals beg n to appear rapidly upon cooling. 1 '  
The product was recrystallize\d from water; the yield was 78%.  

2-S-Thiuronium ethane sulfonate does not melt but 

decomposes upon heating to 265OC. 



Chemicad analysis for C3H,N2O3S2: 

Ca!  c d :  C, 1 9 .  5 5 ;  H ,  4 .  3 7 ;  N ,  1 5 .  2 1  

F o u n d :  . C ,  1 9 .  39 ;  H ,  4 .  5 2 ;  N ,  1 4 : 9 9  

The 3~ NMR spectrum showed three resonances (cf. Figure: 

3); A ,  C and D, represent ethylene C1-(26.711 ppm), ethylene 

(50.066 ppm), and thiuronium C3 (170.598 ppm), respectively 

(cf. Structure I ) .  Peak B represents the solvent (dimethyl 

sulfoxide) peak. 

Structure #I 

The 'H NMR spectrum showed a multiplet (cf. ~ i ~ u i e  4 )  due to 

ethylene C1 and C2 protons (3.1976-3.5765 ppm)-. 

2-S-[ 14]~hiuronium ethane sulfonate was synthesizdd in. a 

similar manner from 1 mmol each of sodium 2-bromoethane 
, 

). 
'sulfonate and [14~~thiourea (37.7 GBq/mol). The product was 

6 used without recrystallizat ion or diluted with unlabeled- 
{ 

2-S-thiuronium ethane sulfonate as required. 



Figure 3. ' 3 ~  NMR spectra of 2-5-thiuronium ethane sulfonate 
(recorded on a Bruker Model WM C O O )  in dimethyl 
sulfoxide. 





Figure 4. 'H NMR spectra of 2-S-thiuronium ethane sulfonate 
(recorded on a Bruker Model SY 100) in D20. 



4 

PPM 



Although the same compound was synthesized by Schramm s t  

a l .  ( 9 4 1 ,  along with other mercaptoalkane sulfonic acids, its 

use as a labeling reagent has 'never been previously exploited. 

2 .  2 .  6 R e a c t  i o n  of t h e  G u a n i  di n u t  i n g  R e a g e n t  w i  r h 

Pol y(L-1 y s i  n e )  

~oly(L-lysine) (10 mg; equivalent to 78 ~ m o l  of lysine 

residues) was reacted with a 50-fold molar excess of unlabeled 

2-S-thiuronium ethane sulfonate in 0.1 M potassium phosphate 

buffer (10 ml), p~'10.5, for 1 h at 37OC. After dialysis 

against distilled water, the solutiob was concentrated to 1 ml 

i n  v a c u o  and an equal volume of 12 M HCl added. The sample was 

hydrolyzed for 16 h at llO•‹C in a sealed tube under vacuum. 

The hydrolysate was analyzed by TLC on, silica gel G sheets in 

chloroform/methanol/9 M ammonia (2:2:1 v/v) using a ni-nhydrin 

spray, and by a Beckman Model-116 amino acid analyzer with a 

PA 28 ion-exchange column (29 x 0.9 cm). Sodium citrate buffer 

(0.127 M, pH 4.25) was used initialy at a flow rate of 50 ml/h 

at 32.5OC and 210 psi. After 185 minutes the temperature was 

increased to 62.5OC and sodium citrate buffer (0.117 M )  of 

higher pH (5.36) was used to elute the basic amino acids. 



2 ,  2 .  7 R e a c t  i  o n  of t  h e  G u a n i  d i  n u t  i ng R e a g e n t  wi  t  h D e r i  v a t  i  v e s  

of A m i n o  A c i d s  

The N ~ - ~ - B O C  derivatives of L-lysine (4.93 mg) , L-tyrosine - 
(5.63 mg), L-histidine (5.07 mg), and L-serine (4.10 mg) plus 

N-acetyf-L-cysteine 43.26 mg), (20 umol each) were reacted 

with a 20-fold molar excess of 2-S-thiuronium ethane sulfonate 

(0.4 mmol, 73.6 mg) in 0.1 M potassium phosphate buffer ( 2  

ml), pH 9.0 for 2 h at 37OC. The reaction was stopped and 
, 

water was rem0ved.b~ freeze-drying. The t-BOC moiety was 

removed by treatment with dry concentrated trifluoroacetic 

acid (distilled over P205) for 30 min at 20•‹C. The volatile 

trifluoroacetic acid was removed by a steady stream of 

nitrogen gas and traces of the acid were removed i n  v a c u o .  The 

samples were analyzed by TLC in Silica gel G or 60P254 sheets 

with 2-propanol/acetic acid/water (4:2:1 v/v). Spots were 

detected using ninhydrin, ferricyanide/nitroprusside, or 

KI/starch spray reagents. 

In order to identify the product, a large scale run was 

carried out. N-Acetyl-L-cysteine (30.6 mmol, 5 g) was reacted 

with the guanidinating reagent (68.5 mmol, 12.6 g) in 0.1 M 
9 

potassium phosphate buffer (340 ml, pH 9.0) for 3 h at 37OC. 

The product mixturewas freeze-dried to completely remove the 

water, and the residue was extracted three times with 75 ml 

acetone. The combined acetone fractions were filtered and 

evaporated to dryness. The residue was re-extracted three 



times with 25 ml 2-propanol, The 2-propanol extract was 

filtered and its volume was reduced to 4 ml, One-half of the 

2-propanol extract was then applied onto a Kieselgel 60 silica 

(230-400 mesh) column (2.8 x 36 cm) and developed with 

2-pr~panol at a flow rate of 6 ml/min. Fractions of 3 ml were 

collected. The fraction eluted nearest the solvent front 

exhibited only a single component at R E  0.60 when analysed by 

TLC on Si 25.0 PA (19C) plates in 2-propanol/acetic acid/water 

(4:2:1 v/v) (cf. Chapter 3). Spots were detected using the 

KI/starch spray reagent. The solvent was completely removed i n  

v a c u o  for 48 h. The 13c NMR spectrum of the product (in D20) 

showed six resonances (cf. Figure 5) assigned as follows: 

acetylmethyl (24.610 ppm); cysteine C3 (36.568 ppm), shifted 

from 27.952 ppm in N-acetyl-L-cysteine; cysteine C2 (56.850 

cpm); thiuronium C (174.122 ppm); acetylcarboxyl and cysteine 

Cl (176.955 and 178.022 ppm, found at 176.664 and 177.301 ppm 

in ~ - a c e t ~ l - ~ - c ~ s t e i n e )  (cf Figure 6). The ' H  NMR spectrum (in 

D20) showed three rssczenc'ss (cf. Figure 7) assigned as 

follows: acetylmethyl (singlet at 2.040 ppm); cysteine C3 

(octet centered at 3.513 ppm, shifted from doublet centered at 

2.974 ppm in N-acetyl-L-cysteine); cysteine C2 (triplet 

centered at 4.532 ppm), 

Both ~ ~ - t - ~ ~ ~ - ~ - l ~ s i n e  (10 pmol, 2.46 mg) and 

N-acetyl-L-cysteine (10 ~ m o l ,  1.63 mg) were reacted with 
14 

2-S-[ Clthiuronium ethane sulfonate (0.2 mmol, 36.9 mg) 
. I 



(diluted 25-fold) in 0.1 M potassium phosphate buffer, pH 9.0, 

at 37OC and analyzed by TLC on Silica gel G sheets in 

2-propanol/acetic acid/water !4:2:1 v/v) before and after 

treatment with trifluoroacetic acid. Spots were detected with 

the  st starch spray reagent, scraped from the TLC plates, 

eluted with developing solvent, and counted in 10 ml of 
ri 

Aquasol on an LKB Wallac Model 1217 RackBeta liquid 

scintillation counter. 

2 .  2 .  8 R e a c t  i  o n  of I he  G u a n i  d i  n u t  i  n g  R e a g e n t  w i  t  h  t  h e  a - a m i  n o  

G r o u p  of GI y c y l  g l  y c i  n e  a n d  GI y c i  n e  ,' \- 

Glycylglycine (0.04 mmol, 5.28 mg) was reacted with a 

20-fold molar excess of 2-S-thiuronium ethane sulfonate (0.8 

mmol, 147 mg) at 37OC for 2 h in 0.1 M potassium phosphate 

buffer ( 4  ml), pH 9.5. The sample was freeze-dried and was 

applied directly to a Sephadex G-10 column ( 1  x 28 cm); the 

elution was performed with water at a flow rate of 75 ml/h. 

N-Amidinoglycine was prepared by treating glycine (0.05 mmol, 

3.75 mg) with 2-S-thiuronium ethane sulfonate ( 1  mmol, 184 mg) 
3 

at 37'~ for 2 h in 0.1 M phosphate buffer, pH 9.5. The product 

mixture was analyzed byTLC on Silica gel 60F254~heet~ 

developed in chloroform/methanol/9 M ammonia. Both 

ni troprusside and ninhydr in spray reagents were used to , 

visualize spots on two TLC plates, which were run 

simultaneously. 



Figure 5. 13c NMR Spectrum of guanidinated 
N-acetyl-L-cysteine (recorded on a Bruker Model WM 
4 0 0 )  in D20. 





qigure 6. ' 3 ~  NMR Spectrum of N-acetyl-L-cysteine (recorded 
on a Bruker Model WM 400) in D20. 

I c 





Figure 7. 'H NMR Spectrum of guanidinated N-acetyl-L-cysteine 
(recorded on a Bruker Model SY 100) in D2O. 

C 





2 .  2 .  9 H o i n o a r g i  n i  n e  as a P o t e n t  i a1 C l e a v a g e  S i r e  of T r y p s i  n 

A pentapeptide (1.47 mmol, 1 mg) with the sequence 

Arg-Lys-Asp-Val-Tyr was dissolved in 0.05  M NHqHC03 buffer 

(0.97 ml), pH 8.0 .  To this solution, 0.5 ml of the above' 

buffer containing 25 ~g of trypsin [ 1 / 4 0  the amount (w/w) of 

pentapeptide] was added and the mixture was incubated at 37'~ 

for 0.5 h. The reaction was stopped by boiling for 90 sec. . . 

The pentapeptide, (2.94 mmol, 2 mq) was also incubated 

with 2-S-thiuronium ethane sulfonate ( 1  mmol, 184 mq) at 37•‹C 

for 2 h in 0 .1  M potassium phosphate buffer ( 5  ml), pH 9.5.  

-L After freeze-drying, the sample was redissolved in wate r  ( 5  

ml) and applied to a Sephadex G-10 column ( 1  x 28 cm) at a 

flow rate of 8 ml/h. The fractions collected during the 

eluti,on of the first peak, representing the guanidinated 

peptide, were pooled. Following freeze-drying, the 

guanidinated pentapeptide was resuspended in 0.05  M NH4HC03 

buffer ( 0 . 9 7  ml), pH 8 .0 ,  and hydrolyzed for 0.5 h with 

trypsin as described above. One half of the sample was removed 

for TLC analysis and the remainder was allowed to react fo.r 
- 

total of 3 h. TLC analysis was carried out on 0 . 1  mm celluloet 

sheets using I-butanol/pyridine/acetic acid/water (50:33:1:40 

V/V) as the developing solvent, Samples were visualised using 

a fluorescamine spray reagent (101). The dried plates were 

evenly sprayed with 0.025% (w/v) fluorescamine in acetone. The 

plates were allowed to dry for a few minutes and sprayed with 



5% triethylamine in acetone. Both the fluorescamine and the 

stabilizer were prepared fresh using reagent grade solvents. 

Spots were observed using long wavelength ultraviolet light. 

2 .  2 .  1 0  R e a c t i o n  of t h e  G u a n i d i n a t i n g  R e a g e n t  w i t h  W h o l e  C e l l s  

R. s p h a e r o i d e s  NCIB 8253 was grown phototrophically at 

30•‹C by stirring magnetically in the MG medium of Lascelles 

(611, as described by Francis and Ric,hards (32). Bacteria were 

harves-ted by centrifuging at 7000 rpm in a Beckman GS-3 rotor 

and washed twice with 0.1 M potassium phosphate buffer, pH 

7.4, con.taining 10 mM EDTA and 5 mM 0-mercaptoethanol. Washed 

cells were resuspended in 0.1 M potassium phosphate buffer, pH 

9.0, at a concentration of 0.5 g/ml. cells-(0.5 g, wet weight) 

were incubated with various concentration of 
1 4  

2-S-[ ~]thiuronium ethane sulfonate (diluted 8-fold) for 2 h 

at 3S•‹C. Following the labeling reaction, the cell suspension 

was washed 4 times with 0.05 M potassium phosphate buffer, pH 
/ 

7.4. The cells were incubated 3 times with 15% (w/v) sucrose 

and phosphate buffer alternatively for 20 min each. The cells 

were kept overnight in sucrose solution and washed with buffer 

a further four times until no more radioactivity was detected 

in the supernatant. This procedure was performed to 

osmotically shock the guanidinating reagent out of the 

periplasm of the bacteria. Bacteria were resuspended in 5 ml 



of 50 mM potassium_phosphate buffer containing 10 mM EDTA, 5 

mM 0-mer~a~toethahol and 0.1 mM PMSF, pH 7.4, and sonicated 5 

times for 1-min pulses at a setting of 50 on a Bronwill 

Biosonik 1 1 1  ultrasonicator. The unbroken cells and cell 

debris w s removed by centrifugation at 15,000 x'g for 20 min. d - 
The resulting supernatant was centrifuged at 100,000 x g in a 

Beckman Ti 50.2 rotor to ,sediment the chromatophore fraction. 

The chromatophore pellet was resuspended in 0.1 M potassium 

phosphate buffer ( 1  ml) and purified over a discontinous 

sucrose density gradient of 10:20:45% sucrose (w/w) in a 1:2:1 

ratio, by the method of Francis and Richards ( 3 2 ) .  The 

centrifugation in discontinuous sucrose density gradients was 

done in a Beckman Model L5-75 ultracentrifuge using an SW 40 

rotor for 10 h at 21,000 rpm. The chromatophores were finally 

resuspended in 1% aqueous SDS (0.05 ml). Protein content was 

determined by the method of Lowry e l  a l .  (64) using 0.5 ml of 

the above suspension, and bovine serum albumin as a protein 

standard. Radioactivity was determined by boiling the 

remaining 0.45 ml of the chromatophore suspension with 0.225 

ml of 10% aqueous SDS for 1 min and adding 10 ml of Aquasol 

for scintillation counting. 



- - 

2 . 2 . 1 1  R e a c t i o n  of t h e  G u a n i d i n a t i n g  R e a g e n t  w i t h  P u r i f i e d  

M e m b r a n e  F r a c t  i  o n s  of R. sphaeroides 

R .  s p h a e r o i d e s  was grown phototrophicaly by the method of 

Francis and Richards (32) under normal light intensities (4500 

L X ) .  Cells (15 g, wet wei.ght) were harvested by centrifuging 

at 7,000 rpm for 16 min, and washe? once with 0.1 M potassium 

phosphate' buffer, pH 7.4. Cells were resuspended in 0.05 M 

potassium phosphate buffer (150 my), pH 7.0, containing 10 mM 

EDTA, 5 mM 0-mercaptoethanol and 0.1 mM PMSF and were 

subjected to French press disruption at 15,000 psi. The 

broken-cell suspension was incubated with DNAase (15 mg) and 

RNAase (15 mq) for 30 min. Unbroken cells and cell debris were 

removed by centrifugation at 15,000 x g for 20 min. 

Chromatophores were sedimented at 100,000 x g and,purified by 

10:20:45% (w/w) discontinuous sucrose density gradient 

centrifugation by the m2thod of Francis and Richards (32) 
\\ 

using an SW 27 rotor for 16 h at 20,000 rpm. The dark red band 

which formed a layer at the 20:45% interface was removed and 

dialyzed extensively at 4OC against 0.1 M potassium phosphate 

buffer, pH 7.4. Chromatophores were sedimented at 100,000 x g 

for 30 min and the pellet was finally resuspended in the same 

buffer at a concentration of 4 mg of protein/ml. Aliquots of 
t 4 

0.2 ml were added to enough solid 2-S-[ Clthiuroniuu ethane 

sulfonate (diluted 36-fold) to give the concentrations 

desired. In order to determine optimum conditions for labeling 



the membranes, the concentration of the guanidinating reag-ent, 

the time of reaction, the pH of the buffer, and the 

temperature were varied as indicated in Figure 15 .  When the 

effect of one variable was studied, the others were kept at 
14 

the standard conditions of 0.2 M 2 - S - [  Cjthiuronium ethane 

sulfonate incubated for 2 h at 30•‹c and pH 9.0. When the 
\ 
\ -  
concentration of the guanidinating reagent was varied, 

14 
however, the 2 - S - [  Clthiuronium ethane sulfonate was diluted 

only 10-fold. After labeling, the chromatophores were 

sedimented by centrifugation at 100,000 x g and washed several 

times with 0.1 M potassium phosphate buffer, pH 7.4 until no 

more radioactivity was detected in the supernatant. The 

chromatophore pellet was then dissolved in 0.5 ml of 1% 

aqueous SDS and analyzed for protein content and radioactivity 

as described above. 

2 .  2 .  1 2  P r e p a r a t  i o n  o f  S p h e r o p l  a s t  D e r i  v e d  V e s i  c l  e s  ( S D V )  

R .  s p h a e r o i  d e s  was grown in 5 liter flasks in high light 

intensity ( 3 2 )  (15,000 L X )  by placing two 150-Watt spot lamps 

on either side of the flask at 30•‹C. The cells were disrupted 

by the lysozyme/osmot ic shock procedure of Michels and ~~onings 

(73). The cells ( 8  g, wet weight) were harvested by 

centrifuqation,at 7,000 rpm for 16 min and washed once with 

0.05 M potassium phosphate buffer, pH 7.0, containing 10 mM 

EDTA. Cells were resuspended in 0.120 M potassium phosphate 



buffer (150 ml), pH 8.0, containing 10 mM EDTA and 10 mM 

potassium ascorbate, and incubated for 10 min at room 

temperature with lysozyme (30 mg) at a concentration of 200 

ug/ml, The cell suspension was diluted with 10 mM ascorbate 
- 

buffer (150 ml), pH 6,0, and incubated for 30 min. This 

procedure should have facilitated the penetration of lysozyme 

into the cell wall. Spheroplasts were lysed by dilution.of the 

suspension with 10 mM ascorbate buffer (900 ml'), pH 6.0. 

DNAase (12 mg) and RNAase (12 mg) were added and the 
7 

suspension was incubated for a further 15 min. The suspension 

was finaly treated with magnesium sulfate (1.479 g) for 15 

min. The cells and unlysed spheroplasts were sedimented by \,, 

centrifugation for 20 min at 2,500 rpm in a GSA rotor. The 

supernatant was decanted carefully and centrifuged at 15,000 x 

g for 3 0  min. The pellet was resuspended in 50 mM potassium 

phosphate buffer, pH 7.4, and the SDV were purified by 

centrifugation in continous 30-55% (w/w) sucrose gradients by 
f 

the method of Takernoto and Backmann (110), using an SW 27 

rotor for 16 h at 20,000 rpm. The SDV were dialyzed at 4OC in 

0.1 M phosphate buffer, pk! 7.4, and sedimented at 50,000 x g 

in a Ti 50.2 rotor for 30 min. The pelleted SDV were 

resuspended in 50 mM potassium phosphate buffer, pH 7.4, and 

stored in 50% ( v / v )  glycerol at -2O0C until required for 

further use, All incubations were carried out in the dark 

under nitrogen atmospheres at room temperature. . 



2 .  2 .  1 3  P u r i f i c a t i o n  of SDV u s i n g  c y t o c h r o m e  c - l i n k e d  S s p h a r o s a  

4 8  

 toch chrome c was linked to Sepharose 48 by the method of 
Lotscher e t  0 1 .  (63). Freeze-dried CNB~-activated sepharose 4B 

( 5  gm) was swollen for 1 5  minutes in 1 mM HCl (200 ml) and 

washed using a sintered glass G3 filter. A total of one liter 

of 1 mM HC1 was added in several aliquots, supernatant being 

sucked of,f between succe.ssive addit ions. The gel was quickly 

washed twice with 0.1 M sodium bicarbonate buffer containing 

0.5 M NaC1, pH 8.3, and suspended to a volbne of 10 ml in the 
'. 

same buffer. Horse heart cytochrome c (100 mg) was added and 

the mixture was incubated for 16 h at 4 ' ~  with gentle 

end-to-end shaking. After washing with 0.1 M sodium 

bicarbonate buffer plus 0.5 M NaC1, pH 8.3, the remaining 

active groups were blocked with 1 M ethanolamine (10 ml) at 
-. 

4OC for 16 h. The gel was then washed three times, 

alternately, with 0.1 M sodium acetate plus 1 M NaC1, p H  4.0, 

and 0.1 M sodium bicarbonate plus 1 M NaC1, pH 8 . 5 .  

A column (0.9 x 17 em) was packed and equilibrated with 10 

mM tris-HC1 buffer, pH 7.4, containing 0.25 M sucrose and 1 mM 

EDTA. SDV were washed with 0.15 M NaCl to remove any intrinsic 

cytochrome c. SDV (up to 8-10 mg in 1.2 ml equilibrium buffer) 

were applied to the equilibrated column and eluted with the 

same buffer containing 0.15 M KC1, followed by a gradient of 

0-1.5 M KC1 in equlibrium buffer (cf. Figure 16). In the other 



runs, a fixed KC1 concentration (0.75 M), as determined by 

gradient elution (cf. Figure 131, was used to elute the SDV, 

which were then dialyzed against 0.1 M phosphate buffer ( p ~  

7.4) and stored in 50% glycerol (v/v) at -20•‹C until required. 

The column was re-equilibrated and repeatedly used with no 

noticeable loss of activity. 

2 .  2 .  1 4  L a b e l  i n g  of C h r o m a t  o p h o r e s  a n d  SDV 

.For labeling large amounts of chromatophores for the 

purpose of isolating the light-harvesting proteins, 

chromatophores from 15 g wet weight of R. s p h a e r o i d e s  were 

resuspended in 10 ml of 0.1 M phosphate buffer, pH 9.0. 
14  

Membranes were then labeled with 0.2 M 2-S-[ Clthiuronium 

ethane sulfonate (37.7 G~q/mol) at 37OC. SDV f.rom 25 g wet 

weight of cells were also suspended in 10 ml of 0.1 M 

phosphate buffer at pH 9.0, and labeled with 0.2 M 
1 4  

2-S-[ Clthiuronium ethane sulfonate (37.7 GBq/mol). Both the 

chromatophores and SDV were sedimented and washed with 0.1 M 

phosphate buffer, pH 7.4, until no radioactivity was detected 

in the supernatant. The membranes were then freeze-dried and 

stored at -20'~ until required. 



2 . 2 . 1 5  P u r i f i c a t i o n  of L i g h t - H a r v e s t i n g  P r o t e i n s  

The light-harvesting polypeptides were purified by the 

method of$hei er er  a / .  ( 1 15 1 .  ~reeze-dr ied chromatophores 

and SDV were repeatedly extracted with 32 ml of li 
chloroform/methanol (1:1, v/v) containing 0.1 M ammonium 

acetate (C/M/NH~OAC) in dim green light at g•‹C. The resulting 

extract was fractionated at 4OC on a Sephadex LH-60 column 

(5.4 x 30 cm) in C/M/NH40~c with a flow rate of 180 ml/h. The 

eluate was monitored with an LKB UV analyzer. The fractions 

representing the middle peak, containing low molecular weight 

polypeptides, were pooled (cf. Figure 8 ) .  All subsequent 

purification steps were carried out at room temperature. The 

pooled fractions (containing low Mr polypeptides) were applied 

to a DEAE-cellulose (DE-32) column (2.1 x 40 cm) which had 

been equilibrated in C/M/NH~OAC at a flow rate of 130 ml/h. 

Elution was performed at a flow rate of 30 ml/h with the same 

solvent system to remove any loosely-bound material. The 

tightly-bound material was eluted with 4% ( v / v )  acetic acid in 
, . 

C/M/NH40Ac. Fractions of 6 ml were collected; fractions 

containing peaks 1 1 ,  1 1 1  and IV were individualy pooled 

together (cf, Figure 9 )  and dialyzed extensively against 

distilled water, using Spectroposin dialysis tubing with a 

molecular weight cut off at 3500 Da. The precipitated 

polypeptides were recovered from the water/chloroform 

interface and freeze-dried. 



Figure 8. Fractionation of the organic solvent extract of SDV 
purified from R. s p h a e r o i  d e s  by preprative column 
chromatography on Sephadex LH-60. The shaded area 
represents the fraction containing low molecular 
mass polypeptides. This part of the eluent was 
pooled and used for subsequent chromatography on 
DEAE-cellulose (cf. Figure 9 ) ,  ( A )  Elution with 
C/M/NH40Ac buffer. 





Figure 9. Separation of the light-harvesting polypeptides by 
DEAE-cellulose column chromatography in organic 
solvent, isocratic elution with ( A )  C/M/NH~OAC, ( B )  
elution with C/M/NH40Ac containing 4% (v/v) acetic 
acid. Peaks I-IV represent; (I) mixture of B870a 
and B850a, (11) purified 8500, (111) residual 8500, 
and (IV) purified 8700 polypeptides. 





Figure 10. Concentration of peak I (ie. B870a & B850a 
polypeptides) from DEAE-cellulose column 
chromatography ( c f .  Figure 9) on a CM-cellulose 

,, column. ( A )  Elution with C/M/NuqOAc buffer 
containing 20% ( v / v )  acetic acid. 





Figure 1 1 .  Separation of B870a and B850a polypeptides by 
high-resolution gel filtration on Sephadex LH 60 
( A )  Elution with C/M/NH40Ac containing 20% (v/v) 
acetic acid. Both peaks I (B870a polypeptide) and 

- 

I 1  (B850a polypeptide) were subjected to 
re-chromatography on the same column until 
sufficient purity was achieved. 

\ 





The mixture of polypeptides in the "breakthrough" fraction 

(peak I )  eluted from the DEAE-cellulose column (cf. Figure 91, 

was diluted 1:1 (v/v) with chloroform and rapidly applied to a 

CM-cellulose (CM 52) column (1.4 X 40 cm) which had been 

equilibrated in chloroform/methanol ( 3 : 1 ,  v/v) containing 50 

mM NH40Ac. The column was washed with one column volume of the 

same solvent mixture. Subsequently, the polypeptides were 
/ 

eluted quantitatively and in high concentration with 20% (v/v) 

acetic acid in C/M/NH40~c at a flow rate of 15 ml/h (cf Figure 

lo), The volume of the sample was further reduced to about 2 
mh by rotary evaporation prior to application to a high 

resolution Sephadex LH-60 column (2.1 X 80 cm). The column was 

eluted with C/M/NHqO~c containing 20% (v/v) acetic acid with a 

flow rate of 8 ml/h. Fractions of 4 ml were collected, and 

pooled fractions (cf. Figure 1 1 )  were concentrated by rotary 

evaporation and rechromatographed on the same col.'umn until 

sufficient purity, as determined by the appearance of a single 

peak, was achieved. Finally, the polypeptides were dialyzed 

against distilled water and the precipitated polypeptides were 

freeze-dried, 

2 .  2 ,  I 6  S o d i  urn D o d e c y l  S u l  fat e P o l  y a c r  y l  a m i  d e  G e l  

E l  e c t  r o p h o r e s i  s 

Mini-slab gels ( 1 0 0  X 84 X 1.5 mm) were prepared with 

12-18% (w/v) gradients of polyacrylamide and were run 

verticaly using the discontinous SDS-buffer system of Laemmli 



(60). Samples of membranes and light-harvesting polypeptides 

were sorubilized prior to electrophoresis by heating at 100•‹C 

for 90 s in sample buffer containing 2% SDS (w/v), 62.5 mM 

Tris-HC1, pH 6.8, 5 mM 0-mercaptoethanol, 10% glycerol (v/v), 

and 0.01% bromphenol blue ( w / v ) .  Samples were cooled and 

centrifuged prior to electrophoresis in a Johns Scientific 

Inc. microcentrifuge at 13,000 RPM for 10 min. Electrophoresis 

was carried out at a constant voltage of 75 mV for 

approximately 4-5 h at room temperature, or until the marker 

dye bromphenol blue had reached the bottom of the gel. Gels 

were stained in Coomassie blue R-250 in 25% isopropanol/lO% 

acetic acid, destained in 10% methanol/lO% acetic acid for one 

hour followed by further destaining in fresh solution until 

the gel was free from the back ground stain. Gels were 

photographed and then further destained to minimize color 

quenching during fluorography. The gels were impregnated with 

3 En Hance, dried using a Biorad gel drying apparatus, and 

exposed to Kodak XRP film for 8~weeks at -70•‹C. 

2 .  2 .  1 7  Hi g h  P e r f o r m a n c e  Li q u i  d  C h r  o m a t  o g r  a g h y  of T r  y p r  I c 

F r a g m e n t  s o f  B 8 7 O a - p o l  y p e p t  i d e s  P u r i f i  e d  f r o m  R a d l  01 a b e l  e d  

C h r o m a t  o p h o r e s  a n d  SDV 

Lyophilized B870a .protein purified from both types of 

membrane preprations (200 ~g each) was dispersed in 0.2 M 

potassium phosphate buffer (200 PI), pH 8 . 1 ,  using a Brownwill 



4 

Biosonic I 1 1  ultrasonicator equipped with a microprobe, at a 

setting of 30, by a method identical to Cohn and Kaplan ( 2 1 ) .  

The suspension was incubated at 37•‹C with trypsin at an 

enzyme-to-protein ratio of 1:40 (w/w) for 6 h. The reaction 

was stopped by the addition of 25 p1 of formic acid. Samples 

were freeze-dried and redisolved in 100 p1 of formic acid 

$ prior to HPLC analysis. 
, * 

ny . 

A Waters Associates Model 510 liquid chromatograph, 

equipped with a Model 481 variable.wavelength detector and a 

Waters $ 4 0  d a t a  system, was employed. Separations were 

performed on a C18 spheri-5 reverse phase column (10 pm, 4 mm 

x 30 cm),' from Brownlee Labs. Trypsin hydrolyzed protein (25 

erg) was applied on the column and the elution of the peptides 

was achieved by a modified method of Miller e t  a ! .  (74). A i 

a 

linear gradient between 100% solvent A (10% aqueous formic 

acid) and 100% solvent B (tetrahydrofuran) at a constant flow 

rate of 0.6 ml/min with a column pressure varying from 

1200-1600 p.s.i. (cf. Figure 2 1 )  was used. The elution of the 

peptides was monitored at 280 nm. Fractions*representing peaks 

I-IV (cf, Figure 21B & 21C) were individualy pooled together 

from four different runs (100 fig hydrolyzed 870a), from 

chromatophores and from SDV. The poolea fractions were freeze 

L dried and resuspended in 10 ml of Aquas for scintillation 

counting. Attempts to use ocher solvent systems (e.g., 0.1% 

aqueous phosphoric acid and acetonitrile or 0.1% aqueous 



trifluoroacetic acid and acetonitrile) were ur~successfull. 
u 

However, use of 10% formic acid is damaging to the bonded 

silica surface of the packing material; therefore, exposure to 

formic acid was kept minimal. Generally, 10 min were required 

for equilibration of the column with solvent A after initial 

conditions on the reverse gradient programme were reached. 

Column precision was maintained by pumping tetrahydrofuran at 

0.1 ml/min through the column overnight. The column was 

equilibrated in 6 0 : 4 0  methanol-water (v/v) for long-time 

storage. Solvents were degassed for 20 min under vacuum, with 

stirring. All runs were perfcrmed at room temperature. 

Recently, Parkes-Loach e t  a l .  ( 8 2 )  have used 

hexaf luoroacetone tr  ihydrate to dissolve B88 lo and B88 l o  of X .  

r u b r u m  and purified them on a reverse-phase HPLC system 
. 

employing a gradient of 0.1% aqueous '"trifluoroacetic acid and 

an acetonitrile/2-propanol (2:1, v/v) mixture. 



CHAPTER 3 

RESULTS 

3 .  0.  I R e a c t  i o n  o f  t  he  G u a n i  d i  n u t  i ng R e a g e n t  w i  t h 

P o l  y ( L - I  y s i  n e )  

Following treatment of poly(L-lysine) with 2-S-thiuronium 

ethane sulfonate, the products were hydrolyzed with 6 M HC1. 

The acid hydrolysis products were separated on TLC system A ,  

and visualized with ninhydrin. Two spots, corresponding to 

homoarginine (Rf 0.23) and lysine (Rf 0 . 4 7 1 ,  were detected. 

When the acid hydrolysis products were also separated by an 

amino acid analyzer and compared with authentic samples of 
d 

lysine (retention time 93 min) and homoarginine (retention 

time 368 min)] (cf. Figure 121, the same result was observed, 

confirming the coversion of lysine to homoarginine. 

Integration of the areas of peak i I  (lysine) and peak IV 

(homoarginine) from the acid hydrolysis products (cf. Figure 

12) revealed that the conversion of lysine to homoarginine was 

87% elf i ~ i e n t ~ , ~  

3 #  0. 2 R e a c t  i o n  o f  t he G u a n i  d i  nut  i ng R e a g e n t  w i  t h  ami no a c i  d  

F u n c t i o n a l  G r o u p s .  

The reactivity of other amino acid side chains at basic pH 

,, (9.0) was investigated by reacting amino acids (with their, 

a-amino groups blocked by a t-BOC group) with 2-S-thiuronium 

ethane sulfonate. The N'-t-BOC derivatives of L-lysine, 



Figure 12 Products of acid hydrolysis separated using Beckman 
Model-116 amino acid an'alyzer with a PA 28 ion 
exchange column. Peaks I-IV represent, ammonia, 
lysine, a-amino-0-guanidinopropionic acid (internal 
standard) and homoarginine respectively. 





L-tyrosine, L-histidine and L-serine were studied. The t-BOC 

moiety was removed by treating the respective products with 

trifluoroacetic acid. The unblocked amsno acid products were 

analyzed by TLC system B. As observed earlier (in the case of 

the polylysine experiment), two spots were visible with 

ninhydrin for the treated lysine sample. One corresponded to 

authentic lysine (Rf 0.08) and the second one to homoarginine 

( R f  0.13). With tyrosine, histidine, and serine, only single 

spots, corresponding to the authentic parent amino acids, were 

visible, indicating that 2-S-thiuronium ethane sulfonate did 

not react at pH 9.0 with the imidazole of histidine (Rf 0.061, 

the hydroxyl group of serine (Rf 0.221, nor the phenol of 

tyrosine (Rf 0.44). 

To confirm the guanidination of lysine, 
14  

2 - S - [  CJthiuronium ethane sulfonate was also reacted with 

~'-t-~~c-l~sine. The product was analyzed on TLC with system 

B, and was found to co-migrate with starting material at Rf 

0.75 (cf. Table 1 ) .  Upon remova.1 of the t7f30c groups by 

treating the product with trifuoroacetic acid, lysine and 

homoarginine could now be separated by TLC in system B. 

These spots were scraped from the TLC plate and counted 

for radioactivity (cf. Table I ) .  The homoarginine spot had a 

ca. 10-fold higher radioactivity than both the background and 

the lysine spot, thus confirming the incorp0,ration of the 

14c-labeled guanidino group into hornoarginire. When viewed 



under ultraviolet light, the unreacted guanidinating reagent 

appeared as a dark spot at Rf 0.35-0.38. This spot was 19 fold 

higher in radioactivity than the homoarginine spot due to the 

use of a 20-fold molar excess of the guanidinating reagent to 

the amino acid derivatives in the labeling reaction. 

N-acetyl-L-cysteine was also labeled with 2-S-thiuronium 

ethane sulfonate, as N-t-BOC-L-cysteine was not commercially 

available. The resul-ting products were analyzed by TLC with 

system B and visualized by two different methods: 

1 ) ~1/starch spray and 

2 )  alkaline ferrocyanide/nitroprusside reagent. 

The former reagent detects peptides, arnides, ureides and 

thioureidcs while the latter detects guanidiniurn and 

thiuronium ions by a specific color reaction. At pH 9.0, the 

thiol of N-acetyl-L-cysteine reacted with 2-S-thiuronium 

ethane sulfonate; the results of TLC analysis in system B are 

shown in Table 2. The product of this reaction exhibited a 

major unidentified red spot, detected with the nitroprusside 

reagent, at Rf 0.60. The unreacted N-acetyl-L-cysteine 

appeared as a blue spot at Rf 0.21. Although thiourea has a 
0 

similar Rf (0.59) to the major unidentified spot (Rf 0.60), 

thiourea gives a purple color with the nitroprusside reagent. 

The product was shown not to be N,N'-diacetyl-L-cystine ( R ~  

0.381, eliminating the possibility of air oxidation of 
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N-acetyl-L-cystine to the disulfide during TLC., The product 

was also found not to be N-acetyl-S-(2-sulfoethy1)-L-cysteine 

( c f .  Equation 4 ,  Discussion). We could not detect, however, 

whether some of this product had in f a c t  formed, a s  i t  

exhibited the same Rf value as the 2-S-thiuronium ethane 

sulfonate in the solvent system used ( c f .  Table 2 ) .  
* 

The major product ( R f  0.60) was shown to be another 

reaction product, N-acetyl-S-amidino-L-cysteine (cf. Equation 
& 

5, Discussion), by the following results: 

1 )  i t  gave a red color with t h e  aikaiine 

ferricyanide/nitroprusside r e a g e n t  charateriseic of 

an amidino group ( e g .  hornoarqinine and 

2-S-thiuronium ethane sulfonate both give red 

colors with this reagent, whereas 

N-acetyl-L-cysteine gives a blue color and thiourea 

a purple-blue color). 

[. 2 )  the st.ructura1 assignment. of' 

N-acetyl-S-amidino-L-cysteine to the major product 

purified from a large-scale reaction of the 

guanidinating reagent with N-acetyl-L-cysteine (cf, 

Materials and Methods) was consistent with the 
I 

assigned peaks in both the 13c and 'H NMR spectra 
- 
(Figures 5 and 7, respectively), 



3 )  when 2 - S - [  '*I thiouronium ethane sulfonate was used 

as the guanidinating reagent, the product was shown 

to contain radioactivity by the following 

procedure: 

Analysis of the radioactivity contained in the product 

spot at Rf 0.60 was not possible because it co-chromatographed 
f 

with traces of [14~]thiourea (present as an impurity in the 

guanidinating reagent), Treatment with t r i f  luoroacetic acid,, 

however, was found to convert the R f  0.60 spot to another spot 

a t  R 0 .45 ,  w h i c h  was now well-separated from b o t h  t h e  f 

guanidinating reagent and thiourea, Treatment with 2.4 M HC1 

also yielded the same spot at R f  0.45 (results not shown). 

Neither the' guanidinating reagent nor thiourea was altered. 

significantly by treatment with trjfluoroacetic acid, although 

the former compound yielded some thiourea (cf. Table 2 )  due, 

perhaps, to an elimination reaction, When the TLC plates were 

analyzed for radioactivity (cf. Table 2 1 ,  the level in the R f  
I 

0.45 product das 6-told above the background spot, confirming 

the fact that it still contained the '*c atom derived from the 

thiouronium group of the guanidinating reagent. I t  is very 
4 

likely, although it has not been shown definitively, that the 

labeled compound at R f  0.45 is 

2-iminothiazolidine-4-carboxylic acid (cf. Equation 6, 

Discussion). 



?- 

, . 
3 .  0 .  3 R e a c t  i o n  of t t  h e  G u a n i  d i  n u t  i , n g  R e a g e n t  w i  I h a n  a-ami  n o  

G r o u p .  

~ l ~ c ~ l ~ l ~ c i n e  was.treated with 2-S-thiuronium ethane -' 

sulfonate, and the product was applied to a Sephadex (3-10 

column (cf. Figure i 3 ) .  ~ - ~ m i d i n o ~ l ~ c ~ l ~ l ~ c i n e  (peak I was 
5 

eluted before the labeling reagent Ipeak 1 1 ) .  

N-Amidinoglycylglycine and the labeling reagent have nearly 

identical molecular weig.hts. However, Sephadex G - 1 0  is known 

to behave unpredictably at lower molecular weights ( 8 4 )  

because s e p a r a t i o n  .may depend on other factors such as the 

shapes of the molecules, When analyzed on TLC in system A ,  

N-amidinoglycylglycine had an R f  of 0.48 (cf. Table 3 ) .  The 

purified N-amidinoglycy~lglycine was treated with 6 M H C l ;  two 

spots corresponding to s y n t h e s i z e d - - N - a m i d i n o g l y c i n e  ( R f  0.27) 

and authentic glycine ( R f  0.38) were observed (cf. Table 3 ) ,  

thus confirming the reaction of a peptide a-amino group with 

2-S-thiuronium ethane sulfonate. 

3 .  0 .  4 H o m o a r g i  n i n e  a s  a P o t  e n !  i a l  C l e a v a g e  Sf t  e  f o r  T r y p s l  n 

TLC analysis(sf the 30 min trypsin hydrolysis products of 

the pentapeptide, Arg-Lys-Asp-Val-Tyr, when analyzed on 

cellulose TLC sheets in butanol/pyridine/acetic acid/water 

solvent system, gave three major spots (cf. Table 4 ) .  The spot 

at Rf 0.11 was most likely due to the dipeptide, Arg-Lys, 

since it did not correspond to either authentic lysine (Rt 
b 



Figure 13 Elution profile of N-amidinoglycylglycine using a 
Sephadex G-10 column. Peaks I and I 1  represent 

.. N-amidinoglycylglycine and the guanidinating 
reagent respectively. 
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0 . 1 6 )  or arginine (Rf 0.21). Spots at Rf 0.30 and O.SO+ere 

due to undigested pentapeptide and the tripeptide, 

Asp-Val-Tyr, respectively. 

The pentapeptide was reacted with 2-S-thiuronium ethane 

sulfonate. The guanidinated pentapeptide was isolated by gel 

filtration on a Sephadex G-10 column (cf. Figure 14) and 

subjected to trypsin hydrolysis for 3 h. TLC analysis (cf. 

Table 4 )  revealed a minor spot corresponding to either 

L-arginine or L-homoarginine, or both; since they appeared at 

the same spot (Rf 0.22) they were undistinguishable. A major 

spot corresponding to guanidinated undigested pentapeptide ( R f  

0.36) was also observed. A spot at R f  0.44 may have been due 

to a resulting tetrapeptide Har-Asp-Val-Tyr, and a minor spot 

at Rf 0.51 due to the tripeptide, Asp-Val-Tyr (cf. 

Discussion). Trypsin hydrolysis for 30 min did not show any 

spots other thsn that at Rf 0.36, demonstrating that the 

hydrolysis reaction was rather slow in the-case of 

guanidinated pentapept ide. 

3 .  0 .  5 R e a c t i o n  of t h e  G u a n i  d i  n u t  i  n g  R e a g e n t  w i  t h M e m b r a n e s  of 

R .  sphaeroides 

Figure 15 shows the results of varying the incubation 

conditions during the labeling of purified chromatophores with 
14  

2 -S - [  ~lthiur'onium ethane sulfonate. With increasing time the 

rate of radiolabeling was very fast for the initial 30 min, 



Figure 14. Elution profile of guanidinated pentapeptided 

k Arg-Lys-Asp-Val-Tyr on a Sephadex G-10 col mn. 
Peaks I and I 1  represent guanidinated pen peptide 
and guanidinating reagent respectively. 
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followed by a slow increase without reaching saturation even 

after 3 h (cf. Figure 1 % ) .  When the concentration of the 

reagent was increased (cf. Figure 15B) under standard &+ 

14 conditions (0.2 M 2 - S - [  Clthiuronium ethane sulfonate 

t incubated for 2 h at 30•‹C at pH 9,0), a saturation curve was 

observed. The extent of labeling was ca. 90% of its maximum 

value at the saturation point of the reagent in water (0.3 M I .  

A sigmoidal curve was, however, observed with increasing pH 

(cf. Figure 15C) with 90% of maximum label attained at pH 9.5. 

When the temperamre was varied (cf. Figure 15D), the extent 

of labeling did not reach saturation even at 50•‹C. 

When the labeling of whole cells (followed by isolation 

and purification of the chroyatophore fraction) was compared 

to the labeling of purified chromatophores (cf. Figure 15B), 

the level of activity in the former was found to be only 20% 

of the level of activity in purified chromatophores when -- 

equivalent concentrations of quanidinating reaqent were used. 

In an experiment labeling whole cells with undiluted 
14 

2 - S - [  Clthiuronium ethane sulfonate (at an estimated 

concentration of 0.1 M) a purified chromatophore fraction with 

a specific activity of 5100 dpm/mq protein resulted. This was 

considered too low a value to study the labeling of membrane 

proteins from the periplasmic side of the membrane; hence SDV 

were prepared from R. s p h a e r o l d e s  in a manner designed to 

ensure that the majority were of the "periplasmic-side-out" 



Figure 15. Specific activities (per mg. of protein) of washed 
chromatophores after labeling purified 
chromatophores ( 0 )  or whole cells ( n )  of R. 
r p h a e r o i  d e r  with 2-S-[ 1 4 ~ ] t h i u r o n i u m  ethane 
sulfonate a s  a function of ( A )  time of incubation, 
( B )  concentration of guanidinating reagent, ( C )  pH 
of the incubation buffer, and 
(D) temperature of the incubation. 





orientation (cf . Discussion). 

3. 0. 6 P u r i  f i  c a t  i o n  of S p h e r o p l  a s t  D e r i  v e d  V e s i  c l  e s  u s i  n g  

Af f i  ni t y C h r o m a t  o g r a p h y  

The SDV were purified using a cytochrome c-linked 

Sepharose 4B column (cf. Figure 1 6 ) .  Fraction I was eluted 

with the equilibration buffer at low ionic strength (0.15 M 

KC1) and represented unbound vesicles which lacked a binding 

site for cytochrome c and, thus, were of 

"cytoplasmic-side-out" orientation. Fraction I 1  was eluted 

with a gradient of increasing KC1. Vesicles eluted at c a .  

0.3-0.6 M KC1 in the gradient represented the bound fraction 

of "periplasmic-side-out" orientation. No more peaks were 

observed even at 1.5 M KC1 concentration. When the column was 

washed with the equilibrium buffer ~ontaining 0.1% Triton 
J '.. * 

X-100, another peak (not shown in Figure 16) was observed. 

This other peak could have been due to the disaggregation of 
i' 

aggregated SDV which had failed to enter the gel, or to the 

dissolution of their membranes by the detergent. 

3 .  0. 7 T h e  N e a r - I n f r a r e d  S p e c t  r urn of M e m b r a n e s  

The near-infrared spectrum of purified chromatophores ( c f .  

Figure 17) demonstrated two maxima, one at 800 nm and a second 

one at 850 nm. The absorption at 870 nm was almost equal to 

that at 850 nm. The spectrum obtained with SDV from bacteria 

grown under very high light intensity showed a reduction in 



Figure 16 .  Separation of "cytoplasmic-side-out" and 
"periplasmic-side-out" vesicles from a preparation 
of SDV using a cytochrome-c-linked sepharose 4B 
column. Peaks I and I 1  represent 
"cytoplasmic-side-out" "periplasmic-side-out" 
vesicles, respectively. 

j:: 





absorption at the 850 nm band by 50% with respect to the 870 

nm band when compared to the chromatophore spectrum. This is a 

classic example of where the ~800-850 complex can be regulated 

by various environmental conditions such as changes in'light 

intensity K97). This enhdnced predominance of the B870 complex 

was desirable for SDV preprations since B870a (which is 

associated with the 8870 complex) was required in large 

amounts for trypsin digestion and subsequent high performance 

liquid chromatographic analysis, 

3 .  0 .  8 S D S - P A G E  of M e m b r a n e s  D e m o n s t  r a t  i  n g  I m p e r m i  a b i  1 i  t y t  o 
\ 

t  h e  G u a n i  d i  n u t  i n g  R e a g e n t  

The results of the separation of membrane proteins by 

SDS-PAGE, and analysis of the gels for radioactive proteins by 

flourography are shown in Figure 18 for the purified 

chromatophore and SDV fractions. The major proteins labeled in 

the chromatophore fraction included polypeptides with apparent 
- 

Mr-values similar to the a- and P-subunits of the coupling 

factor (Mr 55,000 and 51,000 Da), the RCH (Mr 28,000 Da), RCL 

(Mr 21,000 Da), and light-harvesting polypeptides. In the case 

of the SDV (cf. Figure 181, more polypeptides were visible in 

the gel due to the presence of cytoplasmic membrane and 

apparent outer membrane components. Although the B870a 

polypeptide (which appears in the up er light-harvesting band) 

and a polypeptide with an apparent -value similar to the RCM l 
(M, 24,000 ~ a )  polypeptide were observed to be heavily 



Figure 17. Near-infrared spectrum of purified chromatophores 
from cells grown in normal light intensity and SDV 
from cell grown in vgry high light intensity. 
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labeled, no activity was detected in the a- and 0-subunits of 

the coupling factor after 8 weeks of fluorography, indicating 

that the guanidinating reagent had not penetrated through the 

membrane. - 

3 .  0 .  9 SDS-PAGE of L I g h t  - H a r v e s t  i ng  P r o f  e l  ns p u r l  f i  s d  f r o m  

L a b e l  e d  C h r o m a t  o p h o r e s  

The four light-harvesting proteins were purified as 

described in Materials and Methods from radiolabeled 
-~ 

chromatophores and run on SDS-PAGE (cf. Figure 1 9 ) .  The 

light-harvesting proteins did not show any significant 

contamination due to any other proteins. Fluorography after 8 

weeks demonstrated that all four proteins, i.e., the B870a, 

B850a, 138700 and B850fl polypeptides, were radiolabeled. The 

smcific activities of the purified polypeptides is given in 

Table 5: Specific activities of  Purified Light-Harvesting 
Proteins from Radiolabeled Chromatophores and SDV. 

DPM/mg protein 

protein c hromatophore SDV 



Figure 18. Sodium dodecyl sulfate-polyacrylamide gradient gel 
electrophoreis of chromatophores and SDV stained h with Coomassie blue and the corresponding 
fluorograms. Protein standards employed had Mr a) 

i i  94 kDa, b )  67 kDa, c )  43 k D a ,  d) 3 0  kDa, e) 20 k D a ,  
/ and f )  14.4 kDa. 





k 
Figure 19. Sodium dodecyl sulfate-polyacrylamide gradient gel 

electrophoreis of light-harvesting proteins 
purified from radiolabeled chromatophores, showing 
the gel stained with Coomassie blue (left) and the 
corresponding fluorograms (right). Protein 
standards employed had Mr a) 94 kDa, b) 67 kDa, c )  
43 kDa, d )  30 kDa, e) 20 kDaf and f) 14.4 kDa. 

.-% 





3 .  0. I 0  S D S - P A G E  of L i  g h r  - H a r v e s t  i  n g  P r o f  e i  n s  P u r i f i e d  from 

L a b e l e d  SW 

The four light-harvesting proteins were purified as 

described in Materials and Methods from radiolabeled SDV and 

run on SDS-PAGE (cf, ~igure 2 0 ) .  The light-harvesting proteins 

did not show any significant-contamination due to any other 

proteins. Fluorography after 8 weeks demonstrated that the 

only protein labeled was the B870a polypeptiide. Its specific 

activity is given in Table 5. 

3 .  0 .  I 1  H i g h  B e r f o r m a n c e . L i  q u i  d C h r o m a t  o g r a h p i  c  R e s u l t s  of t  h e  

T r y p s i  n D i g e s t  of B87Oa f r o m  L a b e l e d  C h r o m a t  o p h o r e s  a n d  SDV 

Figure 2 1 A  shows the separation of the B870a-polypeptide 

(purified from radiolabeled chromatophores) with an HPLC 

column. The major peak (marked with an arrow), which 

represents the B870a polypeptide, indicates that it has an 

elution time of 26.45 min. Following incubation with trypsin 

for 6 h, the B870a polypeptide from the radiolabeled 

chromatophore fraction (Figure 218) yielded four peaks. Peaks 

# 1 and # 1 1 1  were unlabeled, but peaks # I 1  and # IV were 

radioactive ( c f .  Table 6 ) .  Peak IV represented the undigested 

0 8 7 0 ~  polypeptide. The 6 h trypsin digest of the B870a 

polypeptide from the radiolabeled SDV fraction (Figure 2 1 C )  

also yielded four individual peaks. Peaks # I and # IV were 

unlabeled, but peaks # I 1 1  and # IV were radioactive (cf. 



Figure 20. Sodium dodecyl sulfate-polyacrylamide gradient gel 
electrophoreis of light-harvesting proteins 
purified from radiolabeled SDV, showing the qel 
stained with Coomassie blue (left) and the 
corresponding fluorograms (right). Protein 
standards employed had M, a )  94 kDa, b) 67 kDa, c )  
43 kDa, d )  30 kDa, e )  20 kDa, and f) 14.4 kDa. 

1 





T a b i c e ) .  t gain, peak # IV represented the undigested 0870. 

polypeptide. 

Table 6: Radioactivity of  Trypsin Fragments of B870a 
Purified by HPLC. 

DPM for trypsin peptide fragments from 

Peak # chromatophores SDV 



Figure 2 1 ,  High performance liquid chromatograms of ( A )  
Purified B870a, and trypsin digests of B870a 
purified from (B) chromatophores (C) SDV. 
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CHAPTER 4 

DISCUSSION 

Both the chemical analysis of 2-S-thiuronium ethane 

sulfonate and its 'H and 13c NMR spectra are consistent with 

its structure (cf. Materials & Methods). Since the compound is 

a salt, its solubility is limited to water only. A mass 

spectrum of the compound was not obtained since it decomposed 

at high temperature before being vaporized. The guanidinating 

reagent reacted with the e-amino group of lysyl residues in 

the case of both poly(l-lysine) and Na-t-~oc-l~sine, to give 

homoarginyl residues. I t  also reacted with the thiol group of 

N-acetyl-L-cysteine to yield N-acetyl-S-amidino-L-cysteine. 

The reagent did not react with the functional groups of 

tyrosine, histidine, or serine at pH 9.0. Although 

0-methylisourea has been shown to modify histidyl residues of 

@-lipoprotein, the expected product, y-guanidino histidine, 

was not identified upon labeling of histidine or 

histidylhistidine by Margolis e t  a l .  (66). In various other 

proteins, eg. chymotrypsinogen ( 1 7 )  and lysozyme ( 3 4 ) ,  

however, histidine has not been found to react with 

0-methylisourea. 2-S-Thiuronum ethane sulfonate, however, did 

not modify histidine as determined by TLC. 

Since proteins containing reduced cysteinyl residues are 

rare, as opposed to cysteins in (oxidized) cystine disulfides, 



and some proteins have no cygteins at all [eg: light 

harvesting proteins (cf. Figure I)], the most common 

consequence of the use of the guanidinating reagent would be 

to convert lysyl residues to homoarginyl residues (cf. 

Equation 2 )  in about 80-90% yield. In addition, the N-terminal 

a amino group should also be guanidinated. Shield e r  a l .  (96) 

observed that seven lysine residues out of eight of 

mercuripapain can be converted to homoarginine by the 

guanidination procedure using 0-methylisourea. Similarly, 

Hettinger and Hartbury observed the conversion of all the 

lysine residues in horse and tuna cytochrome c to homoarginine 

residues (40); 

In the case of 2-S-thiuronium ethane sulfonate, the pH 

dependence of the guanidination reaction was demonstrated by 

the almost 90% of maximum labeling attained at pH 9.5 (cf. 

Figure 15C). This indicates that most of the labeling reaction 

takes place below the pKa of lysine (10.5): therefore, lysine 

must be primarily in the protonated form; neverthless, enough 

lysine remains unprotonated for the reaction to occur. 

However, PKa of the labeling reagent, which was determined to 

be 9 . 2 ' ,  indicated that more than 50% of the reagent was in 

the unprotonated form, and the reaction can still occur when 

the reagent is completely unprotonated since the reaction is 

maximal out to pH 12 (cf. Figure 1 5 C ) .  Hence, the most likely 

'determined by titration of aqueous solution of 2-S-TES with 
NaOH . 



mechanism may be tha t  described by the Equation 3. 

Equation #3 

so; 
I 

I I 0- 1 : 7~~~ 
NH, NH 

so; 
I 
C"2 
I 

The 

lead to 

P ~ ~ Y P ~ P  

N H, 

conversion of lysyl 

any drastic changes 

tides, although homo 

so; 
I 
CH2 
I 
C"2 
I H 0 

to homoarginyl residues should not 

in the properties of parent 

arginine (pka = 12.5) is distinctly 

more basic than lysine (pka= 10.5). The properties of 

polypeptides with altered residues would, however, not be 

expected to be significantly different from the parent 

polypeptides; hence, solubilization, isolation, and analysis 

procedures (including chromatography, gel filtration, 



SDS-PAGE, etc.) could be carried out and retain altered and 

unaltered polypeptides in the same fraction. However, Hughes 

e t  a / .  ( 4 4 )  observed a decrease in the aqueous solubility of 

serum albumin with increased conversion of amino groups to 

guanidino groups. A similar effect was observed on 
I* 

chymotrypsinogen by Chervenka and Wilcox ( 1 7 ) ,  who also 

observed alterations in electrophoretic and sedimentation 

behavior. However. Klee and Richards (56) did not obseke any 

major changes in the electrophoretic or sedimentation behavior 

of ribonuclease upon guanidination, and we did not see any 

significant difference in chromatographic or electrophoretic 

behavior of the guanidinated light-harvesting proteins in our 

study. 

In order to determine the product of the reaction of the 

guanidinating reagent with thiol groups, N-acetyl-L-cysteine 

was used as a model compound. At the pH of the guanidination 

reaction ( > 9 . 0 ) ,  the attacking species of N-acetyl-L-cysteine 

is very likely to be the thiolate anion; two reactions are 

possible . 



In the first possibility (cf. Equation 4 )  attack of the 

thiolate on a saturated carbon (C2 of ethylene) leads to 

alkylation of the thiol and elimination of thiourea. 

Equation #4 

so; 
I .: 

Banks and Shafer ( 5 )  observed a high reactivity of 

O-methylisourea at pH 9.8 towards the thiol groups of papain 

by a similar mechanism, resulting in S-methylation of the 

cysteinyl residues. In the second possibility (cf. Equation 

5 1 ,  attack of the thiolate anion on the unsa-turated 

thiouronium carbon leads to elimination of 2-mercaptoethane 

sulfonate 



Equation #5 

(which would be much more facile than in the case of an 

0-containing leaving group) and converts N-acetyl-L-cysteine 

to a thiuronium derivative (N-acetyl-S-amidino-L-cysteine). 

The major product at Rf 0.60 (cf. Table 2) was shown to have 

this structure by its NMR spectrum (cf. Materials and c 
Methods). This product was synthesized by Rambacher ( 8 7 )  using 

N-acetyl-L-cysteine and disodium cyanamide, acd the product 
0 

(N-acetyl-S-amidino-L-cysteine) was converted by 2.4 M HC1 to 

2-iminothiazolidine-4-carboxylic acid ( c f .  Equation 6). Hence 



{ 

i t  is very likely that the labeled compound at Rf 0.45 (ck.. Z, 

Table 2, ~esults), derived from N-acetyl-L-cysteine by 

treatment with 2-S-thiuronium ethane sulfonate and 

trifluoroacetic acid, is the above cyclization product. 

Equation #6 

H,N& - s,- CH, CH COO \ NH - GHCOO 

CH, CO NH, 

I t  is likely that a protein containing reduced disulfide 

bonds, when labeled with 2-S-thiuronium ethane sulfonate 

followed by treatment with anhydrous trifluoroacetic acid, 

would result in cleavage of the peptide on the amino side of 

the cysteinyl residues. The resulting peptides will have 

2-iminothiazolidine-4-carboxamide derivatives of the residue 

on the carboxyl side of each cysteinyl residue (cf. Equation 

7 ) .  



Equation #7 

ii 
R,NHCHCNH-C~CNHCHGR,  R, NH CH C  NH, 

I I I 2. H+ 

R2 CH2SH R, 
I 
'32 

Jacobson e t  a l .  ( 4 8 )  developed a similar peptide cleavage 

procedure. They used 2-nitro-5-thiocyanobenzoic acid to 

generate S-cyanocysteinyl residues (from either cysteine or 

cystine residues), which were cyclized to 

2-iminothiazolidine-4-carboxamide derivatives (plus the free 

carboxylate of the residue on the amino side of each cysteinyl 

residue). The 2-iminothiazolidine-4-carboxamide residues may 

be catalytically reduced with NiCIZ plus NaBH4 to alanyl 

residues (93); hence, 2-S-thiuronium ethane sulfonate 

represents a new cysteine-specific protein cleavage reagent 

for peptide analysis that can be employed under relatively 



mild conditions. 

The results of varying the duration of the labeling 

reaction of the guanidinating reagent with chromatophores (cf. 

Figure 1 5 A )  at pH 9.0 demonstrated a biphasic curve, i.e. an 

initial rapid rate of labeling for 15 minutes followed by a 

much slower labeling rate. This slower labeling rate did not 

reach saturation even after 3 h of incubation. An incubation 

time of two hours was taken as optimal. 

When the pH of the incubation buffer was increased from 7 

to 12 (cf. Figure 15C) only about 50% of the groups reacting 

in 2 h at pH >10.5 had reacted at pH 8.3.  his would indicate 

that perhaps the initial rapid labeling rate in Figure 1 5 A  

(which was carried out at pH 9.0) was due to the labeling of 

groups with pKa values less than 9.0. As shown in the Results 

(cf. Figure 13, Table 3 ) ,  the labeling reagent reacted with 

the a-amino group of glycylglycine. Banks and Shafer ( 5 )  have 

also suggested that the s&6thylation of cysteine residues 

with 0-methylisourea i s  predominant at pH below 9.0, while 

guanidination was predominant'at pH above 9.0. So the 

N-terminal amino groups, together with the thiols of cysteinyl 

residues, may, therefore, have been labeled in the rapid 

labeling phase. Peak I 1 1  (representing lipids and pigments) in 

Figure 8 also demonstrated radioactivity (results not shown) 

indicating that lipids as well as proteins are labeled by the 

guanidinating reagent. Hence, the amino groups of 



p h o s p h a t i d y l e t h a n o l a m i n e  and lysyl residues may have been 

labeled in the slower labeling phase, as they both have pKa 

values greater than 10.0 and would be largely protonated at pH 

9.0. The sigmoidal pH curve can also be explained, as 

suggested by Whitley and Berg ( 1 2 4 ) ~  by the possibility that 

amino groups of proteins in membrane may be more accessible at 

higher pH. 

The results of varying the temperature of the incubation 

of the guanidinating reagent with chromatophores (cf. Figure 

15D) have demonstrated a linear relationship between the log 

of the degree of labeling and 1/T in the temperature range 

4-50•‹C, with no sign of reaching a saturation level. We did 

not test whether the highest temperature had -led to the 

unmas~np''of labeling sites due to partial denaturation of 

membrane proteins, but this seemed unlikely due the continuous 

nature of the temperature variation plot. I t  is possible that 

higher temperature might cause slow penetration of the label 

into membranes due to increased fluidity of the bilayer. The 

optimum temperature used for labeling studies was 3 5 - 3 7 • ‹ C .  

Glycylglycine was treated with the guanidinating reagent 

to determine the labeling of an N-term.na1 amino q r w p  of a 

peptide. The product, which was purified on a Sephadex G - 1 0  

column (Rf 0.48) (cf. Figure 13) wasindeed 

N-amidinoglycylglycine (cf. Table 3 ) .  Thus, the guanidinating 

reagent does label the a-amino grsups of N-terminal amino 



acids. The related S-ethylisothiourea has been shown to 

convert glycine to guanidinoacetic acid ( 1 1 ) .  0-methylisourea 

is also known to react with the a-amino group of the terminal 

glycine residue of insulin ( 2 9 1 ,  as well as with the a-anino 

groups of bovine serum albumin ( 4 4 ) ,  casein, & ovalbumin (89). 
< 

Shields e r  a l .  observed only partial conversion of N-terminal 

isoleucine to N-amidinoisoleucine in papain ( 9 6 ) .  This 

indicates that the labeling of the a-amino group of the amino 

acid at-the N-terminal end of a protein might depend on the 

type or availability of that amino acid or perhaps the nature 
a 

of the gua,nidinating reagent. In general, a-amino groups in 

most proteins can be guanidinated. 

Weil & Tilka ( 1 2 2 ) ~  using a-lactoalbumin, and Shields e t  

a l .  ( 9 6 ) ,  using mercuripapain, observed that homoarginyl 

residues are not substrates for trypsin. However, Kenelly e t  

a l .  gbserved cleavage of guanidinated cytoch~ome c (coupled to 

a solid innert matrix) with trypsin at the carboxyl side of 

homoarginine residues ( 5 3 )  (cf. Figure 2 2 ) .  In a control 

experiment, guanidinated cytochrome c with no coupling to the 

gel matrix was also treated with trypsin and its cleavage at 

homoarginine residues was observed. The reaction was carried 

out for 12 h. Weil & Tilka did not observe s . , l  cleavage even 

up to 24 h. This discrepency in results could be due to the 

influence exerted by neighbouring amino acids in the primary 

structure the polypeptide chain or the tertiary 



structure of the protein (52). 

NH- 

Figure 22. Schematic diagram showing cleavage of guanidinated 

cytochrome c coupled to an inert solid support 

(shaded area). Coupling was done via the e-amino 

groups of remaining (unguanidinated) lysyl residues 

of cytochrome c to matrix carboxylic acids. Trypsin 

is shown to cleave at homoarginine residues. 

However, we observed that, whereas, there was no cleavage 

at the homoarginyl residue after 30 min of trypsin hydrolysis, 

after 3 h of reaction, the tripeptide was detected, although 

in very small amounts (cf. Table 4 ) .  Thus, homoarginyl - N - - ~  

residues are slow hydrolysis sites for trypsin. Another t 
1 

observation was made that in tryptic digests of unguanidinated k 

pentapeptide, no arginine or lysine was detected and the 

presence of the dipeptide, Arg-Lys was inferred, indicating 



that the terminal arginine was not cleaved by trypsin. When 

the arginine was guanidinated at the a-amino group, the 

N-terminal residue may now be cleaved because the a-guanidino 

group may be recognized by-the enzyme as an additional peptide 

bond. No spot was observed to run in the region of the 

dipeptide Arg-Lys, although we do not know that the expected 

dipeptide, N'-amidinoarginylhomoarginine, would have a similar 

Rf value. I t  is possible that this dipeptide may have migrated 

with the same Rf (0.22) as homoarginine (cf. Table 4) and thus 

have escaped detection. We also could not detect the amino 

acid derivative, N~-amidin~ar~inine, which may also have 

migrated with the same Rf-value (0.22) as free homoarginine 

and arginine. However, since a spot which had an Rf value 

(0.44) intermediate between that of the guanidinated 

pentapeptide (Rf 0.36) and the tripeptide (Rf 0 . 5 1 )  may have 

been due to a tetrapeptide (cf. Table 4 1 ,  it is possible that 

cleavage by trypsin at the N'-amidin~ar~inine site was even 

more prevalent than cleavage at the homoarginine site. 

The chromatophore vesicles of purple photosynthetic 

bacteria (derived from the ICM during cellular disruption by 

ultrasonication or pressure release in the French pressure 

cell) are orientated predominantly "inside-out" (or 

- cytoplasmic-side-out), while SDV are orientated predominantly 

"right-side-out" (or periplasmic-side-out) (62,67,73,110). 

Numerous studies, using one or both of these membrane vesicle 



preprations, have been carried out recently to identify the 

components that have accessible reactive residues on either 

side of the ICM, including both lipids ( 1 )  and proteins ( 1 3 1 ) .  

The yield of SDV and the fidelity of their orientation is 

rather low compared to that of chromatophores. For 

radiolabeling studies, the homogeneity of vesicle orientat ion 

is a very important factor. One can achieve complete 

homogeneity of periplasmic labeling by incubating whole cells 

with the guanidinating reagent and assuming that the reagent 

will freely pass through the outer (but not the inner) 

membrane. Francis and Richards (32), using pyridoxal phosphate 

and K B ~ H ~ ,  labeled whole cells as well as prepared 

chromatophores and SDV. In both that study and the present 

work, the specific activity of the chromatophores derived from 

labeled whole cells was too low to study by flucurography (cf. 

Reference 32 & Figure 15B). The yield of SDV with the 

"right-side-out" orientation can be greatly increased (in R. 

s p h a e r o i d e s )  by growth of the bacteria in very high light 

intensity, during which time the cells produce very little 

ICM, thus yielding a higher proport ion "right-side-out" S D V  . 

during the osmotic shock step in the prepration procedure. In 

order to purify these SDV further, cytochrome c-linked 

. affinity chromatography -was employed. 

Mitochondria1 cytochrome c (horse), which is a very 

efficient e~lectron donor to bacterial photosynthetic reaction 



centers r n v i t r o ,  has been shown to bind to the reaction 

center of R, r u b r u m  ( 1 0 ) .  This binding site on the reaction 

center is close (approx 10 8 )  to both the L and M subunits on 

the periplasmic side ( 9 0 ) .  Brudvig e t  a l .  (12), using horse 

heart cytochrome c linked to Sepharose 4B, purified reaction 

centers from R, s p h a e r o l d e s  R-26. They also observed the 

binding of wild-type R. s p h a e r  o i  d e s  and R .  c a p s u l  a t  us  reaction 

centers to cytochrome c. These studies led us to use 

CNBr-Sepharose 4B-linked cytochrome c to purify SDV with a 

homogenious "right-side-out" orientation. The vesicles with no 

cytochrome c binding site, were not retained on the column, 

while vesicles which had their cytochrome c binding site 

exposed (i.e., SDV with a correct orientation) were eluted 

with KCl. This is a very useful technique since one can 

achieve significant purification of vesicles with homogenous 

single-sided orientation. Similar procedures have been used 

previously by other workers to purify mitochondria1 mitoplasts 

from inverted vesicles (33,63). 

The impermeability of the labeling reagent was 

demonstrated by the different fluorcgraphic pattern obtained 

from chromatophores and S3V (cf. Figure 18). The a- and 

/?-subunits of the coupling factor were only labeled in the 

case of chromatophores, since they are only exposed on the 

cytoplasmic side of the membrane (28,110). All three reaction 

center subunits (H, M, & L) span the ICM in R. s p h a e r o i d e s  as 



they can be labeled from either side of the membrane by 

radioiodination ( 3 ) .  Neverthless, only the H subunit (and to a 

lesser extent the L subunit) was shown previously to have been 

labeled from the cytoplasmic side of the ICM by Francis and 

Richards (32) by a lysine-specific radiochemical labeling 

reagent. This result has been confirmed in this study with the v 

guanidinating reagent. 

# 

Cogdell e t  a l .  have demonstrated that the B800-850 

light-harvesting complex of R. s p h a e r o i d e s  has antigenic sites 

on both sides of the membrane (20). In the present study, both 

B850a and B850P as well as Be700 were labeled from the 

cytoplasmic side only (cf. Figure 19). From the amino acid 

sequence of all four light-harvesting polypeptides (cf. Figure 

I), it is clear that while each of the four peptides has at 

least one lysine present on its cytoplasmic surface, only one 

(B870a) has a lysine on its periplasmic surface. Our results 

confirm the findings of Francis and Richards (32) that the 

B870a polypepide is exposed on the periplasmic surface of the 

ICM (cf, Figure 20). Our result is also in agreement with 

results of Takemoto e t  a t .  (109) that the C-terminal end of 

B870a is exposed on the periplasmic surface. Bachmann e l  a l .  

( 3 )  also observed radiolabeling of- B870a at the periplasmic 

face. Takemoto e t  a l .  (log), however, did not observe any 

cleavage of B870a with either proteinase K or trypsin from the 

chromatophore surface. Our results (cf. Figures 19 and 21) 



demonstrate that at least part of this polypetide is exposed 

to the much smaller molecular weight guanidinating reagent on 

the cytoplasmic surface. Brunisholz e t  a l .  (16) in R .  r u b r u m  

G-9' (a mutant lacking carotenoids) and T a d r o s  e t  a l .  (104) in 

R. c a p s u l a t  u s  Ala' (a mutant lacking the B800-850 

light-harvesting complex), used similar proteolytic digestion 

and sequencing techniques to determine cleaved sequences and 

demonstrated that the B870a polypeptide is exposed on the 

cytoplasmic surface in both organisms. However, when 

carotenoids were present in R. r u b r u m  S1, or the B800-850 

complex was present in R. c a p s u l a t u s ,  the N-terminal was 

insensitive to digestion by proteinase K (13~16). This 

indicates that the presence of the 8800-850 complex in wild 

type R. c a p s u l a t  u s  and R. s p h a e r o i  d e s  limits the exposure of 

the B870a polypeptide to proteolytic digestion on the 

cytoplasmic surface. The B870a polypeptide might be partially 

buried in the membrane at the water-lipid interface. Evidence 

for such an arrangement comes from the work of Meister e t  a l .  

(69), who used photogenerat ive hydrophobic labels in R. r  u b r u m  

G-9' to demonstrate that not only do these reagents bind 

specifically to the central hydrophobic domain but, 

surprisingly, along the N-terminal end of the B870a 

poiypeptide as well. This suggests that in the presence of the 

8800-850 complex, the mode of assembly might be such that the 

N-terminal of the B870a polypeptide is less exposed to the 

large molecular weight proteolytic enzymes. In wild type R. 



c a p s u l a t u s ,  the B800-850 complex is also protected from the 

cytoplasmic side (108). However, in the Y5 mutant, which lacks 

the reaction center and the B875 complex, both the B85Oa and 

B8500 polypeptides are exposed on the chromatophore surface 

(107). In  the present results, exposure of all four 

light-harvesting polypeptides was clearly demonstrated on the 

cytoplasmic surface (cf. Figure 1 9 ) .  

The transmembrane and asymmetric nature of the B870a 

polypeptide was also confirmed in the present study. From a 

tryspin digestion of the B870a polypeptide, six tryptic 

fragments are to be expected due to cleavage at lysine and 

arginine residues (cf. Figure 2 3 A ) .  Assuming that there is no 

cleavage at homoarginine residues (which seems likely), only 

four fragments are to be expected from the B870a protein 

isolated from chromatophores, i f  both the lysines on the 
1 

cytoplasmic side have been modified to homoarginines (cf. 

Figure 23B). 
r 

The HPLC analysis of the trypsin digest of the B870a 
i polypeptide purified from the chromatophore sample (cf. Figure 

21B) showed only three peaks (1-111) due to tryptic fragments, 

and another peak (IV) due to the undigested B870a polypeptide. 

The absorbance of the HPLC eluate was monitored at 280 nm due 

to the high ultraviolet cutoff value for tetrahydrofuran. 

Hence, not all of the possible tryptic fragnents can be 



Figure 23 Sites of action of trypsin on B870a ( A )  the 
unmodified peptide, ( B )  from guanidinated 
chromatophores and i C )  from guanidinated SDV. * 
indicates guanidinated lysines, and, hence, labeled 
homoarginyl fragments which would yield 
correspondingly labeled tryptic peptides. 





detected at 280 nm due to a lack of aromatic amino acids. One 
'b 

such fragment (the C-terminal fragment) lacks both tryptophan 

and tyrosine (cf. Figure 23B). Hence, only three fragments 

would be detected, and only one of these (the N-terminal 

fragment) would be expected to be labeled. The results have 

Anfirmed these predictions. A tentative assignment of the 
k > 

three visible peaks is indicated in Figure 23B, based on their 

similarity to the undigested parent peak, and the labeling 

results of Table 6. 

The HPLC,analysis of the trypsin digest of the B870a 

polypeptide .purified from the SDV sample (cf. Figure 2 1 ~ )  also 

showed only three peaks ( I - 1 1 1 ) ~  due to tryptic fragments, plus 

another peak (1V) due to the &digested protein. Five tryptic 

fragments were to be expected i f  the lysine on the periplasmic 

s i d e  of the membrane had been modified to homoarginine (cf. 

Figure 23C). In this case, however, two residues (both the N- 

and C-terminal fragments) contain no tryptophan or tyrosine 

and would not, therefore, be detected. Hence, only three 

fragments would be detected and only one (the large fragment 

containing the hydrophobic domain) would be expected to be 

labeled, Again, the results have confirmed all of these 

predictions. Once more, tentative assignments of the three 

visible peaks in the SDV sample is indicated in Figure 23C; 

these should be compared with the assignments of the peaks in 

the chromatophore sample. It should be noted that the three 



peaks in each sample represent different tryptic fragments and 

have, therefore, different retention times. Also, a different 

fragment is labeled in the SDV sample (peak I 1 1  in Figure 2 1 C )  

than in the chromatophore sample (peak I 1  in Figure 2 1 8 ) .  

In concqion, the iabeling of the 8870a polypeptide from 

both sides of the membrane confirms its transmembrane 

orientat'ion. The different pattern for the radiolabeling of 

the typtic fragments isolated from the B870a polypeptide 

labeled from both sides of the membrane (as well as the 

labeling of the 88700, B850a, and B8500 polypeptides from only 

one side of the membrane) demonstrates the asymmetry of the 

four light-harvesting polypeptides in the photosynthetic 

membrane. These results have also demonstrated the 1 

effectiveness of the labeling reagent for future 

membrane-protein orientation studies. 
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