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Abstract 

Secondary ex. -tritium kinetic isotope effects have been utilized to 

probe the nature of the transition state in the lysozyme catalyzed hy

drolysis of chitotriose. A general synthesis of specifically labeled 
. 3 

chitin oligomers (in particular 1, 1 ', 1"- H-chitotriose, the substrate 

used in these studies) is described. Injection of Drosophila melano

gaster lar vae with labeled N-acetyl-D-glucosamine yields chitin, 

which can be hydrolyzed to give a range of chitin oligomers from chito-

biose to chitoheptose. The value of 1)/kTobtained for the lysozyme 

catalyzed hydrolysis of chitotriose was found to be 1. 19. This result 

indicates very considerable carbonium ion character in the transition 

state, and thus the mechanistic alternatives for lysozyme hydrolysis be

come distinguishable. 

There is evidence for the existence of a stabilized intermediate 

formed after the production of th~ carbonium ion in a post-rate limiting 

step. / Three alternatives exist for this stabilized intermediate : 

1) a carbonium ion stabilized to some degree by asp 52 (an ion 

pair) 

2) an acylal formed with asp 52 (a covalent intermediate ) 

3) an oxazoli.ne .. 

Substrates of the form NAG-GLU- N02 have been found to undergo ly-

sozyme catalyzed transglycosylation. Since these substrates are cleaved 

specifically between GLU and the aglycone, the possibility of an oxazo

line intermediate can be eliminated. 
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transfer 
A study of the variation with pH of the ratio transfer + hydrolysis 

for lys_ozyme has yielded the titration curve of a group of pKa...., 6. 5. 

This has been assigned to glu 35 . Because its pK.a is unchanged from 

that in the unbound enzyme, the possibility of a highly charged inter

mediate can be eliminated. Therefore the stabilized intermediate must 

be an acylal or a tight ion pair. 
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Alexander Fleming discovered in 1922 an enzyme jhich 

catalyzes the hydrolysis of the cell walls of certain bacteria. This 

enzyme- -lysozyme-- can be obtained from many sources including 

phage, most mamalian tissue, tears, papaya, and the white of birds' 

eggs. l, 2' 3 The most commonly studied ly$ozyme is that from 

hen-egg white, and this is the enzyme for which the crystal structure 

is known. 4 , 5 Lysozyme from other sources such as bacteriophage 

varies markedly in sequence from that of hen- egg white but retains 

much of the same specificity. Other avian egg lysozymes differ only 

slightly from that of hen. The chemistry of these other enzymes hao 

not been clarified to the extent of that of hen egg-white lysozyme. 

Lysozyme is a basic protein (with an isoelectric point of 10. 5-

11) of molecular weight at pH 5.4 of 14,400 ± 100 (determined by 

ultracentrifugation). Determined analytically, the molecular weight 

is found to be 14, 388 with the amino acid composition 6 

Asp(21) Thr(7) Ser(101) Glu(5) Pro(2) Gly(12) Ala(12) Cyss(4) Val(6) 

Met(2) Ilu(6) Leu(8) Phe(3) Tyr(3) Ly~ (6) His(l) Arg(ll) 

Jolles (1963, 1964) 7 ' 8 and Canfiad (19 63, 1965)9-' lO have 

sequenced the enzyme's single chain of 120 amino acids as well as ,, 

establishing the positions of the four disulfide bonds through chemical 

analysis. The sequencing results from the two groups agree well 

with each other. The few disputed amino acid residues have been 

resolved by the X-ray crystallographic data at 2.A resolution of 
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Blake et al. (1967). The primary structure of lysozyme is shorn 

in Figure 1. 

The X-ray studies of Blake et al. (1967) have established the 

tertiary structure to 2.A resolution. The protein is an ellipoid with 
, 

dimensions of about 35 x 30 x 30.A. There exists a distinct cleft on 

one side. The acidic and basic side chains and other polar groups 

are distributed on the surface of the enzyme and ihe majority of non

polar side chains are located in the interior. The other hydrophobic 

groups are found on the surface and mainly in the binding cleft. 

These include one isoleuc ine, one val ine, -and three tryptophanes. 

Figure 2 illustrates the three dimensional structure of lysozyme. 

There is a con1paratively small portion of a-helix (three regi011s 

of ~10 amino acids each a.nd a short piece of only 5 residues). There 

are several regions of extended conformation and large stretches 

of fairly irregular structure. 

There have been a large number of chemical modification studies 

done with lysozyme, but little of this work has yielded concrete results. 

Modification of histidine does pot affect the activity of the enzyme, 11 

.nor essentially does the modification of lysine residues with o-methyl 

isourea ll, 12 The pH profile of the acetylated enzyme13 shifts to 

lower pH and shows ~ 40% of normal activity towards cell walls. This 

result probably arises from the decreased basicity of the protein and 

the effects of this basicity change on the association of the negatively 

charged bacterial cell wall substrate. It was found that acety lated 
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lysozyme exhibited native activity towards an uncharged substrate

glycol chitin. The reaction of tyrosines with iodine14 and acetyl 

imidazole
15 

has also yielded fully active enzyme. This is of 

interest since asp-52 which is involved in the catalytic function of the 

enzyme is H bonded to tyr-53. 

Koshland15 ' 16 and co-workers used a water soluble carbodi

imide to react carboxyl groups with amines. All carbonyls except 

glutani c acid 35 were modified in this manner to yield an inactive 

enzyme. "When substrate (chitin oligosaccharides ) was included in 

the reaction mixture, aspartic acid 52 was partially shielded from 

reaction and the enzyme had 50% activity. When the enzyme was 

reacted a second time in absence of substrate, all activity was lost. 

These studies lend strong support to the hypothesis that asp-52 and 

glu-35 are important to the catalytic activity of lysozyme, as does 

the work done recently using triethyl oxonium fluoroborate as an 

esterifying reagent. Parsons et al. l l, 17 achieved specific 

esterification of asp-52 with concomitant loss of catalytic activity. 

The binding of substrate however is only slightly inhibited. 

Chemical modification of tryptophan residues has been carried 

out in a number of laboratories which resulted in loss of activity. 

The results suggest that at least one of the tryptophans is involved 

in binding or in maintaining structural integrity of the enzyme. 

The effects of ionizable groups on the spectral properties of 
21 tryptophans have been reported. There are two carbonyl groups 

of apparent pKa values of 3, 15 and 6. 20 which perturb the spectrum 
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of the tryptophans. Other titration studies show that of 11 titratable 

carboxyls, three are unavailable except under denaturing 

condition. 22 , 23 Some of the carboxyls have abnormal pKa values-

two of pKa ~3. 2 and one at the high value of 6. 3. The amino groups 

titrate normally and the three tyrosyl phenoxy groups have a pKa 

(intrinsic) of 10. 8--higher than normal. 

The nature of the bonds cleaved by lysozyme has been found 

relatively recently. Salton (1952?4 found that the substrate was 

located jn the bacterial cell wall. The partial s~lubilization has been 

shown to involve degradation of the cell wall mucopolysaccharide whose 

sugar backbone consists of alternating residues of 2-acetamido-2-

deoxy-D-glucose (NAG) and its 3-0-Iactyl derivative N-acetyl-D

muramic acid (NAM) which have a (3 (1-4) linkage (Figure 3). 

Lysozyme cleaves this polymer by hydrolysis of the NAM C 1 glycos idic 

bond to give as end product the disaccharide NAG--NAM. The free 

carbonyl group of some of the NAM residues of the bacterial cell wall 

seems to form an amide bond to a highly cross linked peptide which 

adds structural stability to the cell wan26 (Figure 3). It was also 

found tha t chitin, a(3 (1-4) linear polymer of N-acetyl-D-glucosamine 

(GlcNAc) was a substrate for the enzyme. 

Chitin digosaccharides have been used as substr ates in most 

studies of the binding and catalysis of lysozyme. Chitiobiose, 

chitotriose, chitota: rose, chitopentose, and chitohexose are all 

substrates, 27 and Rupley 28 has found the relative rates of hydrolysis 
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of these compounds to be 0. 003: 1: 8: 4000: 30,000 respectively, 

for substrate concentrations of 10- 4 M. 

Transferase activity has been found with chitin oligosaccharide 

substrates such that high molecular weight insoluble material is 

found in these reactions as well as NAG. 27 ' 28 ' 29 The trans glyco

sylation reaction has been observed for cell wall oligosaccharide 

substrates as well. 
26 

Blake and l!o-workers5 studied the binding of several saccharides 

to lysozyme with difference Fourier X-ray techniques. The native 

enzyme and the enzyme inhibitor complexes are isomorphous . The 

X-ray studies indicate that there exists an extensive binding site in 

the cleft of lysozyme which can associate with up to six sugar 

residues . These subsites have been designatedABC DEF. Only sites 

ABC have been examined extensively with the X-ray analysis of the 

chitotriose lysozyme complex at 2A resolution. The non-reducing 

end of the trisaccharide occupies site A, and the reducing end site 

C. ·The a+ {3 anomers of GlcNAc also occupy site C though with 

different orientations. The stability of the chitotriose complex 

indicates that the binding mode ABC is unproductive and does not 

involve the enzyme's active site. Blake 5 et al. proposed the 

existance of sites DEFfrom careful model building studies and also 

suggested that the active site of hydrolysis was between D and E. 

If binding occurs in subsite D steric interaction forces the sugar 

residue out of its normal chair configuration into a half-chair tn 

which C 6 may assume an axial position. The conclusion was also 
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reached that NAM cannot bind in subsite C for steric reasons 

NAG: NAG therefore binds in sites C and D (Figure 4). 

Results obtained from nuclear mag11etic resonance techniques 

have confirmed those fr~ the X-ray te~lmiques suggesting that the 

conformation of the enzyme is very similar in the crystal and in 

solution. Dahlquist and Raftery measured the dissociation constants 

for several lysozyme inhibitors and also found a measure of the 

magnetic environment of the binding subsite. It was found that (3 NAG, 

methyl-(3 NAG, and methyl-a NAG all bound with the same orientation 

in site C, at least with respect to the N acetyl methyl group, whose 

resonance was monitored. But Cl' NAG bound in a different magnetic 

environment. The reducing terminal residue to the di and tri-
31 saccharide also binds in the same way as (3 NAG. Rupley found 

that glucose, glucosamine, and maltose had no detectable binding 

indicating an absolute requirement for the acetamido group on the 

substrate. The C 1 hydroAryl would also seem important since a and 

(3 NAG bind with different orientations. Binding studies with the 

diastereomers of trans-1-acetamido cyclohexanol suggest that the 

C 3 hydroxyl is indispensible for binding while C 1 hydroxyl is not. 

The NMR binding data are found in Figure 5. 

The binding constants (obtai ned from UV difference spectra at 
F 

pH 5. 3) 31 show an increase in binding strength going from NAG to 

chHotriose. Chitotetrose, chitopentose, and chitohexose bind 

similarly to the trisaccharide. 
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The binding constants are as follows: 

NAG 4-6 X 10- 2M 

NAG2 1. 75 X 10-4M 

NAG3 
6. 58 X 10- 6M 

NAG4 9. 45 X 10- 6M 

NAG5 
9. 35 X 10- 6M 

NAG 6 
6.15 x 10- 6M 

Cell wall disaccharide binds in subsites BC with about the same free 

energy as chitobiose (-7. 9 kcal/mole and -7. 4 kcal/mole, 

respectively). 33 The cell wall tetrasaccharide binds in sites ABCD 

with less than - 6. 9 kcal/mole and the hexasaccharide binds with 

-8. 6 kcal/mole. The decrease in binding strength of the cell wall 

tetramer compared to dimer can be attributed to the distortion of 

the sug-ar residue in site D to the half Ghain conformation. 

The hypothesized distortion of the sugar bound to site D has 

been supported by recent evidence. The 6-lactone of D-gluconic 

acid has been shown to have a half-chain configuration. 
34 

A similar 
/ 

residue, the 6 lactone of N- acetyl glucosaminic acid, was synthesized 

at the reducing end of chitotetrose in a recent tudy. The binding was 

found to be significantly greater than that of chitotriose or chitotetrose . 

This increas e in bindin g was attributed to the half-chair conformation .. 
of the residue in site D. The C6 carbon and C6 hydroxyl group of the 

sugar residue in site D appear to be the steric reason for distortion. 
I 
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The pH dependence of binding of chitotriose has been 

studied~ 2, 35 The formation of the enzyme inhibitor complex was 

dependent upon two ionizations. One group changed from pK of 4. 2 

to 3. 6 upon binding of trimer and the second group went from 5. 6 to 

6. 3. These ionizations have been assigned to asp 101 and glu 35. 

The pKa of asp 52 ha~been measured as 4. 5 with a difference titration 

of native lysozyme vs. the asp 52 ethyl ester. 36 The pKa of asp 52 

is also probably observed in the binding study of ,B-Methyl NAG and in 

the pH-activity profiles of the lysozyme hydrolysis of some small 

substrates and inhibitors. 37- 39 The ionization of asp 52 seems to be 

unaffected by substrate binding or inhibitor binding. 36 The pK of 

glu 35 exhibits a large shift to ~ 8. 5 in the presence of glycolchitin, 

a high molecular we ight substrate. X-ray studies have also suggested , 

that asp 52 carboxylate interacts largely with other amino acids on 

the protein. The single interaction with the inhibitor through the 

glucose C-2 hydroxyl is very likely replacing a similar interaction 
. 

with water in the unbound enzyme. Thus the environment of this 

residue remains constant during the binding of substrates. 

There have been several mechanisms proposed to account ~or 

lysozyme catalyzed hydrolysis of glycos idic onds. These proposals 

are based on the various mechanisms seen in the hydrolysis (or 

solvolysis) of acetals and glycosides (Figure 6). 

The acid catalyzed solvolysis of acetals and simple glycosides 

are thought to proceed via a carbonium ion mechanism. 40 The 

first step involves equilibrium protonation of the acetal oxygen 
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followed by heterolysis of the carbon oxygen bond to produce a 

stabilized c~bonium ion (Figure 6). Attack by solvent usually 

follows with the production of the hemiacetal. 

There is no hard evidence for intermolecular general acid 

catalysis in simple ketals and acetals. However, there exists a 

case of intramolecular general acid catalysis. Capon and Smith 41 

have studied the sponta~us hydrolysis of methoxymethyl salicylate 

at pH 4 and have suggested general acid catalysis is involved . 

It has also been shown that o-carboxyphenyl-{3-NAG undergoes 

intramolecular protonation. 

These studies are relevant to the mechanism of lysozyme 

proposed by Blake from model building studies. The catalytic site 

was proposed to be between sites D and E on the enzyme where there 
" 

exist two acidic residues glu 35 and asp 52 close to the substrate 

glycosidic bond. The two residues are in rather different environ

ments and exhibit pKa's of 6. 5 and 4. 5. Blake suggested that a 

mechanism based on the formation of a carb.onium ion at C 1 of the 



10 

sugar bound in subsite D. Electrostatic stabilization is provided by 

the carboxylic anion of asp 52 and steric stabilization by the 

configuration of the enzyme in subsite D which binds a sugar in the 
/ 

half chair conformation in preference to the full chair. Glu 35 in 

this scheme acts as a general acid, protonating the glycosidic oxygen 

of C4 of the sugar in subsite E. 

Other mechanisms are possible, however, based on different 

nonenzymatic hydrolysis of acetals and glycosides. Hydrolysis of 

glycosidic bonds in nonenzymatic systems can occur by acid, base, 

or nucleophilic catalysis. 

In hydroxylic solvents nucleophilic catalysis does not usually 

occur . Bimole~ular attack at the C 1 carbon does not usually take 

place under these circumstances unless the attacking nucleophile 

is very powerful or unless the attack is intramolecular. Basic 

hydrolysis of aryl glycosicfos probably involves intramolecular 

nucleoph\ic aitack. Acetylated glycosyl halides also undergo jntra

molecular nuc_leophilic catalyzed hydrolysis. 43 The acetamido group 

at the C2 carbon of NAG glycoside can also displace the aglycone 

to form an oxazoline intermediate. And the specific ac id catalysed 

hydrolysis of methyl-,8-NAG involves some acetamido group 

participation (Figure 7). Also the hyctrllysis of p-Nitrophenyl-/3-NAG .. 
occurs at a rate independent of pH between 1. 5 and 10. 5 while the 

. 42 44 45 a compound shows no spontaneous hydrolysis. ' ' Bruice 

interpreted these results as indicating acetamido participation in the 

base hydrolysis but not in the acid hydrolysis because of steric hindrance. 
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Some solvolysis reactions involve acetamido participation in a 

limited way. The meihanolysis of 2, 3,4., 6 tetra-o-methyl-0'-D-gluco

pyranosyl chloride occurs via an A-1 carbonium ion mechanism with 

predominantly inversion at the C1 carbon. 46 \Vhen chloride ion is 

added to the reaction mixture, product with retenii.on of configuration 

increases. This has been attributed to the existence of an ion pair 

intermediate between the negative departing chloride and the positive 

pyranosyl cation. This intermediate is long-lived enough to interact 

with a solvent molecule resulting in inversion of configuration. 

Similarly the spontaneous hydrolysis of P-NO2phenyl /3-NAG has been 

explained in terms of an ion pair intermediate. The C 1 carbon

oxygen bond is broken before the transition state and the '.:l.cetamido 

serves to force the p-nitrophenylatc anion from the ion pair. 47 

Acetamido group participation has been suggested by Lowe 48 

..,, 
for the mechanism of lysozyme. Nucleophilic participation by a group 

or groups on the enzyme could also be involved in the mechanism of 

lysozyme. Koshlanct49 postulated single and double SN2 displacement 

mechanisms for the enzyme and a single displacement mechanism 
50 was proposed by Bernhart. However, any mechanism proposed 

must take into account the results obtained by Dahlquist et a l. in 

the study of the hydrolysis of chitobiose. 51 The reactlon proceeds 

with at least 99. 7% retention of configuration. This observation rules 

out the possibility of an odd number of nucleophilic displacements. 
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In base catalyzed hydrolysis of glycosides a hydroxyl at the 

C2 carbon which is trans to the aglycone. reacts more quickly than 

a C-2 hydroxyl which is cis. 52 A mechanism for this base catalyzed 

hydrolysis has been proposed involving initial removal of the C2 

hydroxyl proton followed by intramolecular nucleophilic displacement 

of the aglycon anion by the C-2 oxygen to yield the 1, 2 eopxide. 53 

A summary of proposed mechanisms for lysozyme is given in 

Figure 8. As mentioned previously, any mechanism must take into 

account that the reaction proceeds with retention of configuration. 

This rules out any single displacement mechanism and restricts any 

suggested carbonium ion mechanism to one involving stereospecific 

atta.ck by the solvent (or sugar as in trans-glycosylation reactions) 

on the carbonium ion. 

Glucosidic and 2-deoxyglucosidic bonds are susceptible to 

lysozyme catalyzed hydrolysis. This suggests that the acetamido 

group is not absolutely necessary for catalysis. However, its 

contribution cannot be analyzed since there is no way to compare the 

catalytic constants for the (3 glucoside and corresponding (3 glycosa

minide since the relative strengths of the catalytic and unproductive 

binding modes are unknown. But it seems likely that the mechanism 

for lysozyme glucoside hydrolysis will reflect the glycosaminide 

mechanism except for the part played by the acetamido group. 
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Figure 1 - Primary structure of hen egg white lysozyme 

fromJ.Jolles, B.Jauregui-Adell and P.Jolles, C.r. 

hebd. Acad. Sci. Paris 258 3926 (1963). 
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Figure 2 - The three dimentional structure of lysozyme. 

from 11The Structure and Actions of Proteins" 

R. E. Dickerson and I. Geiss, Hp,rper and Row, N. Y. (1969) 
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A) Tetrasaccharide from cell wall (NAG-NAM)2 

The arrow indicatescleavage point with 

lysozyme. 

B) Tetrasaccharide from chitin (NAGJ . 
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Figure 4 - The proposed binding in the active site as 

deduced by Blake 4 from model building studies. 
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Figure 5 - Scheme for the relative modes of binding with 

lysozyme of various saccharide inhibitors and 

substrates . 

/ 

from F. W. Dahlquist, and M. Ao Raftery, Biochemistry 

8 713 (1969). 
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Figure 6 - Mechanism for acid catalyzed hydrolysis or 

solvolysis of acetals. 
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Figure 7 - Acetamido group participation in hydrolysis 
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Figure 8 - Possible mechanistic pathways for substrate 

during lysozyme catalyzed cleavage of glycosidic bonds 

from Mo A.Raftery and T. Rand-Meir Biochemistry 

7 3281 (1968). 
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Introduction 

The synthesis of specifically labeled substrates for lysozyme 

that bind and cleave in a lmown pattern has not been a simple 

problem. One complication arises from the formation of non

productive complexes involving three strongly binding subsites, A, 

B, C, for small substrates. Further difficulties arise from trans

glycosylation reactions which occur in addition to hydrolysis under 

most circumstances , l, 2' 3 so that scrambling of labels can occur. 

Aryl glycosides have been examined as substrates and 

p-nitrophenyl-4-0- (2-ace1~m tdo-2-denxy-/3-D e;Jucopyranos yl )/~- D

glucopyranoside (NAG-glucose-cpNO2) labeled with deuterium on the 

C 1 of the glucose has been stud·i ed via kinetic isotope effects, since 

it is cleaved specifically between the glucose and aglycone. However, 

it is not a 11nah1ral" substrate and lacks an acet.a.mido group . The 

analogous NAG-NAG cpN02 compound's hydrolysis has not been 

examined with kinetic isotope effects because the major bond cleavage 
. 4 

occurs between the NAG residues. 

The best possible substrate would be a chitin oligomer uniformly 

labeled- -in the case for the study of isotope effect uniformly labeled .. 
in the Cl position. 

The total synthesis of chitobiose specifically labeled in the Cl 

position proved unworkable, the main difficulty being the formation 
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of the [3(1-4) linkage between the two sugars . . The biological 

synthesis of chitin provides uniform labeling and the possibility of a 

wide range of chitin oligosaccharides. 

Insect cuticle is a very good source of chitin and the physical, 

chemical, and morphological changes in the cuticle during the life 

cycle of the insect from egg to larva to pupa to adult have been studied 
r.:: 

in detail. u This is especially true of drosophila melanogaster (fruit 

fly). 6 The molting process and aspects of puparium formation have 

been examined autoradiographically . . The results show alternate 

phases of production of enzymes involved in cuticle synthesis and 

enzymes involved in deg.radation, The synthesis was found to begin 

four hours before each molt and continued three hours after puparium 

formation. Thus flies iea ve the puparium 134 hours after the egg was 

.laid. 

The puparium contains about 57% chi.tin, the remainder being 

pigments and protein. Chitin exhibits great resistance to chemical 

reagents and so it is possible to remove substances associated in the 

empty puparium. · 

Incorporation of a specifically labeled sugar into drosophila was 

first attempted with feeding. This proved unsuccessful. Direct 
.. 

injection of the chitin precursor just prior to chitin synthesis in the 

formation of the pupariurn gave good results. This system has many 

fortuitous advantages--there is known to be no degradation of 

chitin during or after the time chosen for injection of labeled sugar and 
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therefore there should be little or no scrambling of the label. The 

main disadvantage in the use of this insect system is that a large 

• number of animals were needed and each one must be injected (in 

this case 20, 000 were required) . 

Experimental 

Materials 

The Oregon-R-stock of Drosophila melanogaster (kindly 

supplied by H. K. Mitchell) was used in all e:\.'Periments. The mass 

culture technique described by Mitchell and Mitchell (1964) 6 with 

two hour egg collection was used. About one thousand eggs were 

collected at a time (per feedi...rig tray) to ensure synchronous animals. 

Good feeding under non-crowded conditions was necessary for 

synchrony . The larvae were injected under a microscope 74 hours 

from egg laying. 

All radioactive measurements were done on a Packard Tri Carb 

liquid scintillation spectrometer (Model 3375/3380) using a modified 

Bray 's solut ion (Mohr et al. , 1972). 7 

Methods 
3 

(N-acetyl-(D-glucosamine-1- HJ). Tritiated Glc -NAc (N- . 

acetyl-[D-glucosamine-1-
3
H]) specific activity 4. 4 Ci/mmole was 

obtained from Amersham/Searle (code TRK · 376 batch 1) (1 mCi/ml) . 
3 

The H-Glc-NAc was injected into 74 hr (from egg laying) Drosophila 

larvae at a concentration of 1. 0 mCi/ml using 0.1 /.ll per animal. 
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A total of 20,000 animals were injected. For injection, larvae were 

washed-from feeding trays with water; the animals were washed again 

in water to remove yeast and food particles, then in 1 % trichloroacetic 

acid for 2-3 minutes followed by a thorough washing in a dilute 

streptomycin and penicilUn solution. The animals were then etherized 

and mounted on double sticky Scotch Taped microscope slides for 

injection. Injections under a microscope were made into the 

haemolymph, three segments from the end of the animal. The larvae 

were allowed to remain on the tape at least ten minutes after 

injection and were then washed off the slide with a wet sterile brush 

and transferred to a thick yeast/cornmeal suspension for subsequent 

growth. 

After the larvae had all pupated (> 140 hours from egg laying) 

they were removed from the feeding box, washed thoroughly to 

remove food particles and placed in a ventilated box without food until 

emer gence (> 200 hours). The e~npty pupal cases were collected, 

washed several times in water, then ground in a mortar and pestle 

with liquid nitrogen to a fine powder. 
3 . 3 ) 

Purificatio_n of II-chitin (N-acetyl-[D-glucosamine--1- H] n . 

The purification of -H chitin was achieved by KOH (5%) eAi:raction at 

100° for 2 days (Fraenkel, 1940) of the ground pupal tases. After 

extraction the chitin was centrifuged, washed eight tim~s with water, 

twice with ethanol and twice with ether to yield an off-white powder 

(484 mg of pupal cases yielded 255 mg purified chitin). 
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3 3 
Acid Hydrolysis of H-Chitin. H-Chitin (255 mg) was 

dissolved in 3. 5 ml of cone. HCl at 0 O for 2 hours, then hydrolyzed 

at 40 ° for 1 hour.. The mixture was neutralized with a slight excess 

of lead carbonate and filtered over celite. The salt (PbC12) was 

washed several times with water. The combined filtrate was reduced 

in volume by lyophilization and run on a column of Bio-Gel P-4 (as 

before) in water. Two hundred 10 ml fractions were collected over a 
3 

period of 36 hours (Figure 1 ) . A series of oligomers of H·-Glc-NAc 
3 

were isolated. ( H-Glc-NAc) 3 centered at fraction 103. The fractions 

for each oligomer were pooled, lyophilized and rerun on Bio-Gel P-4. 
3 

• ~pe~~fJ:city of Labeling. H NAG isolated from the ac id hydrolysis 
::s 

of H chitin was oxidized to N-acetyl glucosaminic acid with mercuric 

oxide 8 accord mg to a published procedure to effect release of the 
3
H 

3 
labeled at C-1. Any scramblir1g of the label should show up as H 

incorporation in the sugar ring. No scrambling was observed. 

Results 

Detailed work by Mitchell (1971)
6 

on the biochemistry of the 

cuticle formation in Drosophila melanogaste r was of very great help 

in the utilization of the insect larvae for chitin synthesis from 

specifically labeled N-acetyl-glucosamine monomer. The events in ,. 

cuticle formation are illustrated in Figure 2 . The injection method 

proved very efficient, yielding > 50% incorporation of labe l in the 

final NAG oligomers. The apparatus for injection was devised by 

H. K. Mitchell. It consisted of an automatic pump controlled by a 
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foot lever which could alternately pump into the needle or eject from 

the needle quantities of fluid in the 0. 1 µl range. The needles were 

hand made by drawing out capillary tubes after heating in a flame. 

The very small thin wall tubes were cut and bevelled under a micro

scope to produce a miniature hypodermic needle, appropriate for 

size of the larvae injected (the animals are ~ 0. 2 cm long and weigh 

~ 0. 8 mg). About O. 05 mg of chitin could be maximally obtained from 

each pupal case. 

The acid hydrolysis of chitin (Figure 1) yielded a wide array of 

oligomers from NAG VIII to NAG I. 

Discussion 

This method of chitin synthesis allows for specific and uniform 

labeling of chitin in any portion of the N-acetyl-glucosamine sugar

ring, simply by injecting the appropriately labeled NAG monomer, 

into enough larvae. The uniformity of label makes studies with 

lysozyme much simpler since nonspecific cleavage is a major 

difficulty in studying the products of lysozyme hydrolysis. 
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Figure 1 - Chromatographi<: separation on Bio Gel P 4 
3 

of the products of the acid hydrolysis of H chitin. 

The peaks I - VTII were identified as chitin olig

omers NAG to NAGs • 
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Figure 2 - The pattern of chitin synthe sis in Drosophila_ 

/ 

melanogastero S refers to chitin synthesis and 

D to chitin degradation. 

- from H.K. Mitchell, U. M. Tracy -Weber, and 

G. Schaar, J. Exp. Zool. 176 4 (10'71 ) 
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Introduction 

X-ray analysis studies of Blake et al. l, 2 on the association of 

various inhibitors and substrates with lysozyme have led io a 

proposed mechanism of catalysis. l- 3 The su ggested mechanism 

involves the catalytic production of a carbonium ion which is electro

statically and sterically stabilized by groups on the enzyme. The 

alternate mecha11istic possibilities for a substrate of the chitin 

oligomer (NAGn) type include: 1) any mechanism involving an even 

number of displacements at C-1 of glycoside being cleaved e . g., 

a, double displacement mechanism proposed by Koshlanct4 which implies 

a covalent enzyme substrate intermediate; 2) a displacement mechanism 

in which the acetamido carbonyl group of the glycoside displaces the 

1 f . 1· . t ct· t 5- 9 E ·ct f tl ag ycone ormmg an oxazo me rn erme ia e. , v1 ence or -1e 

mechanism has been obtained from model studies of the spontaneous 

hydrolysis of aryl-2-acetamido-2~deoxy-,B-D-glucopyranoside 

derivatives . 5' 6 Any mechanistic possibilities involving single 

displacement have been elim~ated by the results of Dahlquist, et ai.
10 

iridieating that hen egg white lysozyme catalyzed hydrolysis of a gly

cosidic bond proceeds with quantitative retention of configuration ,, 

(>89. 7%). 

These mechanistic alternatives were resolved for the case of 

the enzyme catalyzed hydrolysis of the substrate phenyl-4-0-

(2-acetamido-2-deoxy-{3-D-glucopyranosyl)-,8-D-glucopyrano side 
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(NAG-GLU-cp) labeled with deuterium in the C- 1 position of the 

glucose ring and labeled with 3H in the phenyl ring, through the use 

of secondary kinetic isotope effects. 

It has been shown that substrates of the type NAG-GLU- cp act 

as substrates for lysozyme and are cleaved exclusively between the 

glucose residue and the phenyl ring. 

-0 

The isotope effect for the lysozyme catalyzed hydrolysis was 
19 20 . 

found to be kH/kD == 1. 11. ' This result suggested that the 

enzyme catalyzed reaction proceeded through an intermediate with 

considerable carbonium ion character . (Model studies on phenyl

/3-D-glucopyranoside in acid catalyzed hydrolys is ·which is known t o 

proceed via a carbonium ion mechanism revealed an isotope effect 

of 1. 13.) 

The ~secoridary tritium or deuterium secondary isotope 
.. 

effects are primarily due to a net change between the ground and 

transition states of the zero point energy of the bending vibrational 

frequencies of ihe carbon-tritium and carbon-hydrogen bonds . A 

secondary isotope effect greater than 1 (i.e. > kH/kT > 1) should 
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arise from any reaction in which the difference in zero point energies 

behveen the hydrogen-carbon and tritium-carbon bond bending 

frequencie s is less in the transition state than in the ground state. 

Streitweiser
11 

found that reactions involving the rate determining 

formation of a carbonium ion from a tetrahedral carbon atom fell 

into this category. The decrease in the zero point energy of the 

carbon-tritium out of plane bending vibration in the transition state 
3 2 

can be attributed to the change from sp to sp hybridization and 

also to the increase in bond length between the carbon atom and the 

leaving group in the transition state. A transition state which 

resembles the product (if the reaction goes via a carbonium ion 

mechanism) will have an isotope effect greater than 1 and ra:u.gii.7.g 

as high as 1. 25 (for t ritium). A transition state which resembles 

the starting materials will have an isotope effect close to 1. If a 

reaction proceeds via an Sn2 nucleophilic displacement, the 

incoming group with its partial bond formation in the transition 

state compensates for the partial loss of the bond (and out of plane 

bending frequency) of the leaving group. 
12 

Thus the geometry of the transition state of a reaction will 

govern the QI-Secondary isotope effect. Any uncompensated 

weakening in the transition state of the carbon hydrogen bond of the 

reacting carbon will tend to cause an increase in kH/kT. Therefore, 

secondary isotope effects can be utilized to determine the degree of 

cova1ent bond formation in the transition state . 
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The results of Dahlquist and co-workers strongly suggested 

that lysozyme catalysis occurred with the rate determining production 

of a ca.rbonium ion intermediate for the substrate (NAG-GLUcp) 

studied . However, the possibility still remained that a more natural 

substrate, that is, one with an N-acetyl moiety on the 2-position of 

the sugar might hydrolyze via a different mechanism. (figure 1 ) 

The study of the a.:-secondary tritium isotope effects of the 

lysozyme catalyzed hydrolysis of NAG3 were undertaken in order to 

distinguish among the catalytic alternatives for a natural substrate. 

Experimental 

· Materials 

Both chitin (lot 80-CH 60) and hen egg white lysozyme (lot 

L6876) were purchased from Sigma Chemical Company. The 
3 

tritiated NAG3 (N-acetyl-[D-glucosamine-1- H] 3) was prepared 

according to the method mentioned in the previous chapter. 

Methods 
14 14 

N, N' , N" -triacetyl- C-chitotriose [ ( C-Glc-NAc)3]. The 

synthes is of the unlabeled cmnpound has been described (Barker, 

et al., 1958). 13 A modification of th~s procedure was employed for 

the labeled material. Chitosan was prepared from chitin by 
., 

de-N-acetylatbn and was then subjected to acid hydrolysis as 

described. The acid hydrosylate (500 mg) in waler (12. 5 ml) was 
2-

treated at O O with methanol (1. 25 ml), Amber lite IRA-400 (C03 

14 
form) (15 ml) and acetic-1- C-anhydride (0. 33 ml, 0. 5 mC~) 
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purchased from New England Nuclear, lot No. 555-241 (specific 

activity 10 mc/mM). The stirred mixture was stored at 0-5 ° for 

1. 5 hours. Thereafter the resin was removed and replaced by 

Amberlite IR-120 (H+ form) (1 ml) to remove any free amino sugars. 

The deionized solution was concentrated to 10 ml, insoluble material 

removed and the supernatant concentrated by lyophilization . The 

material was then applied to a Bio-gel P-4 (200-400 mesh) column 

(5 cm x 150 cm) in water with 10 ml fractions collected. The 

separated oligosaccharides (glc - NAc 1 to (glc - NAc)7 ) (Figure 2 ) 

were then rechromatographed on Bio-Gel P-4 in water. 
3 14 

Purification of a Mixture of ( H-Glc-NAc)3 and ( C-Glc-NAC) 3 • 

3 14 
The H and C trisaccharides were pooled and spotted on Watman 

No. 3 MM paper in an 8 inch strip for descending chromatography 

(Jeanes et al., 1951). 14 The paper was developed with pyridine, 

2-pentanol and water (1 :1 :1 by volume) and run against the machine 

direction for 12 hours. 

The product was visualized on the paper in a Varian Aerograph 

thin layer scanner (mode l 6000). The paper was cut perpendicular 

to the direction of development in 1/2 to 1 cm wide strips; each strip 
3 14 

was eluted with water. An aliquot was counted and the H/ C ratio 

recorded . The eluents from strips with a constant ratio weie pooled, 
' 

lyophylized and rerun on a Bio-Gel P-4 column in I-120 . Again the 
3 14 

fractions were analyzed for II/ C ratio and fractions with a constant 

ratio were pooled and lyophilized (see Figure 3 ) . 
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3 
Lysozyme Hydrolysis of Chitotriose [ ( H-Glc-NAc)3 and 

14 
( C-Glc-NAc) 3]. The enzyme hydrolysis of labeled chitotrios e 

was conducted at 40 ° at pH 5. 5 in 0. 1 M citrate buffer. The enzyme 

concentration was 2. 5 x 10- 3 M; that of the substrate was 5.1 x 10- 3M. 

_ The hydrolysis was allowed to proceed for 5 minutes at 40 ° ( < 5% 

of completion), then quenched with 100 µ1 of 10% ammonia. The 

reaction mixture (total volume of 0. 5 ml) was run on a P-4 column 

(0. 9 cm x 90 cm) in O. 05 ammonium formate buffer pH 9 . 5. The 

fraction size was O. 3 ml. The runs were first analyzed by checking 
3 14 

the H/ C ratio for an aliquot from each .fraction . When it had been 

determined that the ratio was again constant across each peak, 

aliquots were Laken frun1 Irad.ions in each peak (I, II, III of Figu:re 

4 ) to make up 1 ml of solution each of which was counted in 15 ml 

of modified Bray 's (Mohr, et al., 1972). 
15 

An aliquot of starting 

material was also made up to 1 ml with 0. 05 M ammonium formate 

buffer and counted as described. 

Calculation of Isotope Effects. In order to account for any 

possible non-uniformity of laJ?el in the reducing end of the substrate 
3 

. ( H chitotriose) cans eel by an isotope ·effect in the acid hydrolysis of 
3 

the H chiti.n the following scheme was observed for calculation of 

isotope effects. 
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3 14 
X = H/ C ratio of each monosaccharide subunit before acid 

hydrolysis. 

3 14 
Y = H/ C ratio of the monosaccharide subunit of product 

monosaccharide affected by the isotope effect of enzyme 

hydrolysis . 
3 14 

Z = H/ C ratio of the reducing end NAG subunit of the 

substrate trisaccharide affected by acid hydrolysis. 

Therefore, assuming cleavage NAG-NAG-NAG __, NAG+ NAG-NAG 

startine; material (HJ) rati.o 

product NAG2 (II) ratio = 

product NAG (I) r8.tio = 

kH/kT = X = 3(111) ·- 2(II) 
y 

I 
I 

·-

III 

2X + Z 
3 

X + Z 
2 

y 

I II 

Althou gh Dahlquist, et al., have shown the assumed cleavage to 

be the major mode of catalyzed hydrolysis, it is not necessary to 

assume this specific cleavage since calculations based on fission of 

the bond closest to the re due ing end yields the same i::,otope effect, 
3 M . 

as do calculations based on the H/ C ratios of starting trimer and 

the ratio of the sum of the products 
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i.e. kH/kT = 
3(III) 

2(II) + I 

Results 

Detailed work by Mitchell (1971/ 6 on the biochemistry of 

cuticle formation in Drosophila melanogaster enabled us to utilize 

the insect larvae for chitin synthesis from a specifically labeled 

N-acetyl-glucosamine monomer. See previous chapter. 

The purity of the substrates was judged primarily by the 
3 14 

constancy of the H/ C ratio on paper and on gel filtration columns. 

This method is very sensitive to radioactive impurities. Also the 
3 

monosaccharide Glc-NAc isolated from the hydrolysis of H chitin 

( 1➔ igure 5 ) was oxidized to the N-acetyl glucosaminic acid with 
3 

mercuric oxide with release of the H label at the C-1 position to show 

any scrambling of label during the biological synthesis. No scrambling 

was observed. The purity of the sample was also checked by isolating 

the starting material from one enzymatic hydrolysis for use as 

substrate in a subsequent run. Using trisaccharide obtained in this 

way an isotope effect within the er·ror of previous determinations was 

obtained. 

The pattern of hydrolysis of the substrate used in these studjes, 

(Glc-NAc)3 , has been examined by Dahlquist et al. (19.57) and by 

· Rupley (1967). The cleavage pattern we observed is clean, yielding 

dimer and monomer products in the ratio of ~ 2: 1 (Figure 4 ) . 

There was little or no transfer observed [ (GlC-NAc)4 would be the 

main transfer product] and none expected since the reaction proceeded 
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for less than one turnover. The hydrolysis was expected to be 

specific .(based on the results of Dahlquist and Rupley) for the bond 

nearest the reducing end. The ratio of (Glc-NAc) 3 to lysozyme was 

2:1, allowing binding of one mole of trisaccharide to the nonproductive 

sites (A, B, C) on the enzyme and thus leaving an enzyme substrate 

ratio of 1 :1 for catalysis. 

The isotope effect for (Glc-NAc) 3 was 1.19 ± 0.01 calculated 
3 14 

from three measurements o The observed counts of H and C were 

converted to disintegrations and to isotopic ratios by the methods 

described by Dahlquist et al. (1969). 19 

Discuscion 

The tritium isotope effect of 19% for lysozyme catalyzed 

hydrolysis of Glc-FAc trimer suggests a transition state with 

considerable carbonium ion character. An isotope effect of this 

size would appear to rule out both single and double displacement 

mechanisms involving attack by solvent or by the enzyme itself, at 

least in any pre-rate-determining step. 

Dahlquist, et al. (1968, ·1959/9, 20 have previously shown that 

the lysozyme catalv zed hydrolyses of aryl glucoside substrates exhibit 

secondary a-deuterium isotope effects of 11 % (equivalent to ~ 15% 

tritium effect). From this evidence it was concluded fhat for these 

substrates the enzyme proceeded via a carbonium ion mechanism. 

However the possibility still remained that for cell wall substrates 

or for Glc '-NAc oligomer substrates the N-acetyl group (missing i.n 
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the aryl glucosides) could provide anchimeric assistance. Also the 

aromatic leaving group could have an influence on the isotope effect. 

Although it is possible to conclude from our result that the 

enzyme hydrolysis does not proceed via anchimeric assistance, it is 

difficult to judge to a fine degree just how much the transition state 

resembles a carbonium ion since the isotope effect for the enzyme 

catalysis is greater than any effect seen in the related model 

carbonium ion reactions (Mohr et al., 1972) . 15 However, our result 

(a 19% tritium isotope is equivalent to ~ 14% deuterium effect) is 

typical of most reactions classified as Sj/. We can conclude only 

that the carbonium ion character of the transition state of the enzyma

tic reaction is greater than that of the model .systems. This may be 

attributable to the large differences in salvation between the two 

systems. 

The carbonium ion-like trans ition state is almost certainly 

stabilized electrostatically (Blake et al. , 1967?
1 

(probably by the 

{3-carboxylate ion of Asp 52) (Parsons et al., 1969)2
2 

and also 

stabilized by binding tn subsite D which favors a half-chair 

conformation over a normal chair (Phillips, 1967). 
23 

The negct.tive 

charge of Asp 52 is held at a distance of ~ 3 A from both the C 1 

carbon of residue D and from the ring oxygen (Vernon, 1967)
24 

which .. 
will share the charge. There would be some covalent character 

associated with this ion pair (J·cncks, 1969) 
25 

which would tend to 

decrease the observed isotope effect from a maximum possible value. 



54 

Protonation of the leaving group before bond cleavage would 

tend to decrease the isotope effect since the leaving group would 

then be stabilized making the transition state more reacta11t-like 

(and less carbonium- li.ke) according to Hammond's postulate. A 

concerted protonation would stabilize the leaving group less and the 

tendency would be towards a larger isotope effect. 

The isotope effect observed for the (Glc-NAc)3 substrate is 

slightly larger than that for the aryl glucoside substrate (Dahlquist 

et al., 1969). 
19 The difference could be attributed to the change in 

leaving group from aromatic (phenyl) and slightly electron with

drawing to a sugar (electron-donating) or possibly to the presence of 

the N-acetyl moiety. From studies of hydrolysis of Glc-NAc glyco

sides in solution (Mohr et al., 1972/ 5 an increase in isotope effect 

would be predicted in going from an electron-withdrawing to an 

electron-donating group. However this may or may not be applicable 

to enzyme hydrolysis. It is impossible to say whether or not the 

N-acetyl group influences the isotope effect for the enzyme reaction 

one way or another. 

The isotope method has inherent limitations common to all 

measurements of reaction rates. We can know for certain only about 

the energy of the transition state corresponding to the rate determining 

step. It is inherently impossible to draw any conclusions about the 

mechanism of its formation or its breakdown. And, in fact, it is not 

always possible ~o find out what is happening in the whole of the rate 
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determining step itself. The weakening of the carbon-hydrogen 

(tritiu~n) bond may not be significantly advanced in the transition 

state but may still be completed further along the same reaction 

step. It is well to keep these limitations in mind. 

However, the isotope method has the very great advantage of 

utilizing substrates which have identical orientations with respect to 

the catalytic groups on the enzyme. This method has large advantages 

over the use of substrate analogues. Analogues may bind to the 

enzyme in slightly different orientation or may in fact react with 

different mechanisms making interpretation of results very difficult. 

Isotopic substitution is a much subtler change than the introduction of 

a substituent. The important feature of isotope effects is that there is 

no difference in the potential enerrcy surfaces for reactions involving 

isotopic substitution--in this case tritium and hydrogen . The rate 

differences observed arise from changes only in the minimum energy 

levels which are affected by the different vibrational frequencies of 

hydrogen and tritium containing molecules. 

In conclusion, the O'--secondary isotope effect observed strongly 

. suggests a carbonium ion mechanism· for lysozyme. There still 

exists the possibility of post-rate determi.njng step collapse of the 

carbonium ion to a covalent intermediate, either via attack by ihe 

anion Asp 52 or 1\the carbonyl oxygen of the N-acetyl group to give 

an oxazoline intermediate (Beranek and Raftery, 1972). 
26 

In f2vct the 

observed half life of the intermediate, which must be long enough to 



56 

allow for the observed transfer reaction to other saccharide, 

would suggest some such stabilization. 

J 
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Figure 1 - The substrates used in the lysozyme catalyzed 
3 . 

hydrolysis studies - 1, l 1, 1"- ( H)chitotriose and 
. 14 

N, N', NI!- triacetyl ( C)chitotriose. 
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Figure 2 - The chromatographic separation on Bio Gel P 4 

in H20 of the reaction mixture from the synthesis 
14. 

of C labeled chitin oligomers. The various peaks 

were identified as NAG(I), NAG 2(II), and so on up 

to NAG., (\TH). 
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Figure 3 - The chromatography on Bio Gel P 4 of the 

/ 

3 )-1 . 
mixture of ( H) and ~ C) chitotriose to check for 

purity. The ratio observed was constant within 

the counting error. 
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Figure 4 - The chromatographic separation on Bio Gel P 4 

in O. 05 M ammonium formate of the products of the 

lysozyme catalyzed hydrolysis of chitotriose. The 

peaks were identified as NAG(I), NAG2(II), NAGiIII), 

and a mixture of NAG3 and lysoz rme. 
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Figure 5 - Chromatographic separation on Bio Gel P 4 
3 

of the products of the acid hydrolysis of H chitin. 

The peaks I - V1II were identified as chi.tin olig

omers NAG to NAGi • 
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Introduction 

There has been a considerable amount of work done to elucidate 

the catalytic mechanism of lysozyme hydrolysis. Most of this work 

has dealt with binding and the steps leading to the transition state 

(now known to be a carbonium ion like structure) . However, in 

order to understand enzyme catalysis more fully, it is necessary to 

understand what happens in post--rate-determining steps in the 

hydrolysis. 

Ii is reasonable to assume that a stabilized intermediate exists 

after the carbonium ion since a free and unstabilized carbonium ion 

would have too hjgb an energy to permit the catalyzed reaction to 

take place at a reasonable rate. It would also not e:A'})lain the relative 

rates of trans-glycosylation and hydrolysis. The intermediate seen 

by either water or an incoming saccharide must be stable enough to 

allow time for release of the portion of the substrate bound in site E 

and also for subsequent binding of the acceptor. A very unstable 

intermediate would presumably react only with the substrate in 

site E before it diffused away or with water which uI1doubtedly diffuses 

into the reactive site more readily than a sugar residue. So the 

carbonium ion must be followed by a stabilized intermediate in the 

reaction pathway. And this intermediate must not be too stable to 

undergo rapid ~ydrolysis. 
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It is known from the work of Parsons and Raftery that asp 52 

is necessary for catalysis, but its role has not been well defined. 

Asp 52 plays little part in binding. It has been postulated tha t the 

carboxylate anion of 52 (pKa =-= 4. 5) stabilizes the incipient ca rbonium 

ion in the rate determining step. This ion pair might then collapse 

to form a covalent acylal intermediate in a post-rate determining 

step. 

It is also possible that the oxygen of the acetamido group on 

C 2 of the sugar residue in site D could attack the positively charged 

C1 to form an oxazoline intermediate. Asp 52 could stabilize the 

positively charged nitrogen of the acetamido group. 

The last possibility for the post-rate determining step in 

catalysis is simply the production of a carboniurn ion stabilized by 

asp 52. 

It is more difficult to study post-rate determining steps than 

it is to look at steps which proceeq or include a r ate -determining 

event. However, it is possible to distinguish among the three 

alternatives mentioned above and to distinguish the role that asp 52 

· plays in catalysis by utilizing the fact that the acceptor molecule for 

the lysis reaction (water or a saccharide) is affected by events only 

after the production of ihe common intermediate for transfer or 

hydrolysis, that is,after the overall r ate limiting step. 

So the three cases to be considered for the stabilized inter

mediate are: 
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1. an oxazoline formed by attack of the acetamido group in a 

post-rate limiting step; 

2. an acylal formed by attack of asp 52 in a post-rate limiting 

step; 

3. a stabilized carbonium ion, an ion pair,formed with asp 52. 
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Experimental 

Materials 

Chitin oligosaccharides were prepared by partial acid hydrolysis 

of chitin 
1 

(Sigma) followed by gel filtration on Biogel P-2. 2 The 

p-nitrophenyl-4-0- (2-acetamido- 2-deoxy-[3-D glucopyranosyl)-[3-D 

glucopyranoside (NAG-GLU-¢NO2) was prepared utilizing the 

transferase activity of lysozyme 3 as was p-nitrophenyl-4-0-(2-

acetamido-2-dem, ... 'J-/3-D-glucopyranosyl)-[3-D-2-deoxy glucopyranoside 

(NAG-deoxyGLU-cpNO2). Lysozyme was obtained from Sigma (3 x 

crystallized). The p-nitrophenyl-[3-D-2-deoxy glucose (deoxyGLU

q;:,N02) and p-nitrophenyl-13-D-2-deoAy-2-aceta.mido glucose were 

prepared from published procedures. 4 . The NAG 6 (3H) used in the 

transfer /hydrolysis ratio e:xveriment was obtained via the method 

of Smith, et al. 5 The phenyl--{3-D-2-deoxy-2-aceiamido-glu.capyranoside was 

prepared from a published procedure. 4 CM sephadex was obtained 

from Pharmacia. Dowex 50 (Na+) x 2 ion exchange resin was 

purchased from Dow Chemical Company. 
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Methods 

Transfer reaction with NAG-GLU-cpNO2 

Lysoz.yme (25 mg) plus 2 mg NAG-GLU-cpNO2 in 100 µl 

dioxane were incubated at pH 5. 5 in 1 ml of 0.1 M citrate buffer 

(0. 1 M NaCl) for 20 hours. The reaction mixture was added to 

~ 10 mg of CM-50 sephadex swollen in 0 .1 M citrate pH 5. 5 and 

filtered through cotton on to a P-2 column (0. 9 x 100 cm) and eluted 

with water. Fractions of 72 drops (~ 2 ml) were collected, a total 

of 50 fractions. ( see figure 1 ) 

Transfer reaction of NAG-deoxy GLU-cpNO2 

NAG-dem,.ry-GLU-cpNO2 (5 mg) was tak:,n up in 100 ;\ dioxam and 

300;\ H2O then 100;\ of this solution was added to 25 mg of lysozyme 

in 250A of 0. 1 M citrate pH 5. 5 and also 650;-, of 0. 1 M citrate buffer 

pH 5. 5. The reaction was allowed to proceed at 40 °C £or two hours, 

then run on a column of P-~ 2 as above. 

Transfer /total reaction ratio experiment 

300;\ of0.02M Na phosphate buffer pH 8 (0. 24M Na Cl) 

50;\ of a 0. 7 mg/ml solution of lysozyme, 50;\ of NAG (3H) solution 

(2. 9 mg/ml) and 5A cpNAG (66. 4 mg/2 ml) were combined and left at 

room temperature for 25 minutes, at which time the reaction was 

quenched with the addition of ~ 10 mg CM50sephadex fo 1 ml of 

0. 1 M Na phosphate buffer at pH 8. 5 (shaken for five mixmtes) then 

filtered through cotton in a pastcur pipette onto a. Dowex 50 Wcolumn 

(1. 3 x 180 cm) .. The Dowex 50 (Na+) was prepared by equilibrating 
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the resin with 5% NaCl on a filter, then washing with 2 x distilled 

water. · 

The Dowex-50V/ column was eluted with water with 80 drop 

(2. 6 ml) fractions collected. Samples of NAG 6 , NAG4 , NAG2 , and 

NAG were run separately under the same conditions to mark their 

elution position. (see figure 2 ) 

The transfer reaction was run at various pH's ranging from 

pH 3 to pH 9 and at varying times (so that reaction went ~ 3%). 

The Dowex- 50 column could not separate NAG6 from NAG4 but 

there was a good separation bet.ween NAG6 and NAGi together and 

NAG2 and NAG5 cp. The tubes containing NAG2 and NAG5 <P were 

corr..bined and lyophilized, then loaded on to a P-4 column (0. 9 x 

100 cm) with 50 drop (~ 1 ml) fractions (eluted 1ith v;a.ter) . The P-4 

column fractionation achieved a separation of NAG2 and NAG5<:p, the 

ratio of which gives a measure of transfer to total reaction--transfer 
3 

plus hydrolysis. The fractions were counted ( H) in Bray's scintillation 

cocktail 7 (15 ml) in a Packard Tri Carb scintillation counter. (fig.ire 3) 
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Results 

The reaction of NAG-GLU-cpN02 with lysozyme is shown in 

Figure 1. The absorbance at 280 nm of1he fractions was recorded, 

and the peaks identified as indicated. Starting material coincided 

with peak I. Peak II was eluted coincidentally with NAG,1cpNO2 • 

Peak III was identified as lysozyme with Lowry's reagent. Similar 

results were obtained for the reaction of NAG-deoxy-GLU-cpN02 with 

lysozyme. In both cases peak II increased with time and peak I 

decreased. "It is possible that even higher oligomers than NAG

GLU-NAG-GLU-cpN02 were present in very low yields. This 

chromatographic procedure was not capable of distinctly separating 

higher oligomers. 

The experiments designed to monitor the percentage of transfer 

with respect to pH was based on the scheme in Figure 4. Under ·wen 

chosen conditions, NAG6 will cleave exclusively into NAG4 and NAG2 • 
8-

The intermediate, NAG,1 bound to lysozyme ABCD, will be partitioned 

into products NAG4 and NAG5cp in the presence of the acceptor NAGcp 

(Figure 2). This acceptor saccharide was chosen for convenience of 

separation of the products. It was present in a concentration much 

greater than that of NAG6 so as to minimize the reaction of NAG 6 as 

an acceptor to produce NAG10 • Also the reaction was·allowed to 

proceed only to ~ 3% completion so that the to'·al amount of trans -

glycosylation product plus hydrolysis product was only a small 

percentage of NAG6 initially present. Thus NAGscp did not compete 

' significantly with NAG6 for further reaction with lysozyme. 
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It was not possible to completely separate all the compounds of 

the reaction miAWre by gel filtration or ion exchange chromatography, 

mainly because of the very large excess of NAGG present over NAG5 

and NAG1 • However, NAG 2 and NAG5cp could be separated from NAGG 

and NAG4 (which were eluted very close together) on Dowex-50W 

resin (Figure 2 ) . The polystyrene backbone bound the aromatic 

aglycone of NAG5cp enough to retard its elution. The fractions were 

monitored for 3H. The separation between NAG2 (a measure of total 

reaction) and NAG5cp (a, measure of transfer) was not always complete 

so the fractions containing both these products were lyophilized and 

eluted from a P-4 column (Figure 3 ) which separated them distinctly. 

The ratio of tr:1nsfor /tot':1~1 reaction was calculated from the sums of 

all the counts under the appropriate peaks. 

The r~sults of the partitioning vs. pH study are shown in 

Figure 5 . The effect of pH on the fra ~tion of transfer was really 

very small; the fraction of transfer varied from 25 to just over 30% 

between pH 3 and 9. The errors from such a slight effect are quite 
✓ 

large and there is considerable scatter in the data. The errors arise 

from incomplete separation in the first chromatography (Dowex-50) 

with loss of some NAG2 and the random error associated wjth 

handling of the material during two chromatographic s~eparations. 

Small contaminations in NAGG also proved to be a considerable 

nuisance. The data do however clearly show that there is a pH 

dependence of the ratio of transfer /total reaction, on a group of pKa 

about 6. 5 (between ·6 and 7). 
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Discussion 

From the work of T. Rand-Meir, et al. 6 it is known that 

lysozy:rhe cleaves only the aryl glucosidic bond of the synthetic 

substrates with the general structure 

H 

Therefore any oligosaccharides found in the reaction between lysozyme· 

and NAG-GLU-cpN02 (or NAG-deoxGLU-cpN02) which are larger than 

the starting material must necessarily have been formed from the 

transfer reaction of lysozyme with NAG-GLU as the intermediate 

(and NAG-GLU-cpN02 acting as the acceptor). The presence of a higher 

oligosaccharide (identified as NAG-GLU-NAG-GLU-cpN02) in the 

lysozyme reaction of NAG GLU-cpN02 proves that transfer does take 

place when the sugar residing in site D (whose C 1 oxygen bond is 

broken) does not have an acetamido group at C-2. This result strongly 

suggests that collapse to an oxazoline intermediate does not take 

. place in the post rate-limiting step. It seems likely that if the 

acetamido group were necessary for the stability of the intermediate 

which goes on to react with an accepla.r molecule (wat~r or sugar) 

then denied its normal st.abiliz2.lion the intermediate would react only 
I 

with water, which is present in very much larger concentrations than 

any sugar acceptor 
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The results obtained from the reaction of NAG-deOA'Y-GLU-

cpNO2 agai11 indicate that transfer does occur. Therefore, it is clear 

that in the case of NAG-GLU-cpNO2 , the C-2 hydroxyl is not participating 
. 

_ in the formation of an epoxide intermediate (via attack of the C-2 

hydrOA'Yl oxygen on C 1) to stabilize the carbonium ion formed in the 

rate limiting step. 

The remaini11g possible structures for the stabilized u1ter -

mediate are : 1) a carbonium ion stabilized to some degree electro-

statically; or 2) an acyl formed by reaction of the carbonium ion 

with asp 52. These two can be distinguished if s ome group on the 

enzyxnc close to the active site with a known pKa. reacts jn a 

differential manner io transfer and hydrolysis (the group most likely 

to be affected is glu 35). 

The results of the study of the affect of pH on the fraction of 

transfer (Figure 5 ) indicate that a group of pKa ~ 6. 5 is affecting 

the post-rate limiting step (s) of the lysozyme reaction, and in 

particular this group is affecting the ratio of the concentrations of the 

lysozyme sugar intermediates with water and with sugar bound in site 

E. The rate of trar1s glycosylation is proportional to the concentration 

of the lysozyme intermediate ,vith acceptor sugar bound in site E (E--T M) 

'Il1e l1ydrolysis rate is similarly proportional to the concentr,ftion of 

the lysozyme intermediate with v.rater in site E . (E-T) (figure 6) 
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The only way the fraction of transglycosylation can be affected 

by pH is if the group seen at pKa ~ 6. 5 differentially affects the 

binding of acceptor molecules in site E in some way. Virtually the 

only candidates for a direct binding effect are glu 35 and asp 52, 

situated between sites D and E. Asp 52 is unlikely to be the group 

affecting the transfer /hydrolysis ratio for several reasons . First 

of all its pKa is 4. 5 in the unbound enzyme and does not change when 

site C is filled. Although a change in dielectric constant when sites 

D and E are occupied could raise its pKa, it is unlikely that such a 

large change would be seen (glu 35 changes only from pKa ~ 5. 9 to 

6. 3 when site D is bound). Also, since asp 52 must be involved in 

the stabilization of tl1e intermediate either electrostatically or 

covalently, it would seem that the intermediate would be des tabilized 

when asp 52 was protonated (at least for the electrostatic case) . 

Then the fraction of hydrolysis (v~. transfer) should increase with pH. 

The opposite effect is seen. If there exists an acylal intermediate 

then asp 52 would not show up at all in the titration. So it must be 

concluded that glu 35 is the group seen if direct binding is affected 

by pH. If the pKa of a group,through a conformation change~indi.rectly 

affects binding, a group other than glu 35 might be involved. However, 

there are no groups in sites E- F that are likely candi~ates and the 

only group in the upper binding sites A-D that might affect a conforma

tion change would be asp 101. But its pKa is~ 3. 7; The only other res

idue whose intrinsic pKa is in the range of 6. 5 is a lone histi.di.ne far re•

moved from thE;'; active cleft. So the pKa of 6. 5 can be assigned to gl1t 35. 
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Given the assumption that glu 35 is necessary for reaction in its 

ionized form. (this follows from microscopic reversibility considerations) 

then in order for glu 35 to have an effect on the ratio of transfer to total 

reaction (percent transfer) the species E-T and E-T·Mcannot be in equil

ib rium. A slow step between the two species (step 3) would be sufficient 

to produce such a situation. 

Nominally one would expect to see two pKa1s - that of glu 35 in 

the stabilized intermediate with wate·r in site E and that of glu 35 in the 

stabilized intermediate with sugar bound in site E. (steps 1 and 4 in 

figure 6) But only a single titration rather .than the bell shaped curve 

predicted from the kinetic scheme of figure 6 is observed. 

The most satisfying explan at.ion is that glu 35 i~ not available 

to solvent for titration when sugar is bound in site E. Acceptor sugar 

will probably bind productively only when glu 35 is ionized. The proton 

on the C4 hydroxyl of the acceptor sugar is very likely to hydrogen 

bond to thecarboxyl oxygen of ionized glu 35 since glu 35 must pick up 

this same proton in the next productive step (step 8). This hydrogen 

bond would effectively prevent the second titration from being seen. 

In summary this postulated mechanism predicts that a single 

titration will be seen - that of glu 35 in the enzyme intermediate E-T 

with water bound in site E. The p <a of glu 35 will be perjurbed from 

its pKa in the native enzyme by any charges or dielectric changes 

arising· from the stabilized intermediate bound ln sites A-D. 
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Since the pKa of glu 35 is 6. 3 in the Michaelis-Menton complex 

with substrate bound in sites A-D, we can say that the pKa has not 

altered significantly in the presence of the stabilized intermediate 

E-T M o (fig'tlre 6 ) If there existed a fully charged carbonium 

ion ne:xi to glu 35 (the model building studies of Blake indicated 

about a 3A. separation between the carboxyl of glu 35 and the C 1 carbon 

of the carbonium ion intermediate) it would almost certainly affect 

its pKa substantially, shifting it to a lower value. Since the pKa 

remains at ~ 6. 5 it must be assumed that there is little positive 

charge near the carboxyl of glu 35 and therefore the post rate limitin.g 

intermediate must either be a covalent acylal or a fairly tight i01 

pair formed with asp 52 carboxylate anion. 

_J 
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Figure 1 - Transglycosylation reaction of lysozyme 

with NAG- GLUP N02 • 
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Figure 4 - Scheme for the reaction of lysozyme with 

NAG6 and NAG¢. 
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Figure 2 - Chromatography on Dowex 50 W d. the reaction 

mixture from the lysozyme catalyzed hydrolysis and 

transglycosyJ.at ion reaction of NAG6 and NAa,6. 

The peaks were identified as NAG/ (Vq>), NAG2 (ll)J 

and NAG 6 and NAG4 (Vl + lV) 
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Figure 3 - An exa.mple (at pH 9 ) of the chromatographic 

separation on Bio Gel P4 of NAG2 (11 ) and NAG
5
¢ (1) 
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Figure 5 - A study of the variation with pH of the r atio 

of transglycosylation to total reacLion (transfer 

plus hydrolysis). 
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Figure 6-: A proposed kinetic scheme for lysozyme 

catalyzed transglycosylation and hydrolysis of 

NAG6 • The species with H (such as HE and HE-T) 

indicate that glu 35 is protonated. The species 

·w ith T (such ... s E-T) indicate that NAG4 is i.Jou11u. 

in sites ABCD. M indicates that an acceptor 

sugar is hound in site E (and perhaps in F as well) 
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Propositions 



1 

Proposed: A direct method' to prove the theory of assymetry 

of lipid membrane structure of erthyrocytes. 

Lipids are an important component of mammalian cell plasma 

membrane, constituting about half of their mass. This important 

class of compounds falls into three categories--phospholipids, the 

major component of most cells, neutral lipids such as cholesterol 

and glycoliptd. 1 The lipids are thought to be arranged in a bilayer 

structure2 with the hydrophobic fatty acid ch ains in the center of 

the sheet and the polar I ead groups on the outside. 

Phospholipids in a membrane structure exhibit a melting 

transition at a particular temperature which is very dependent upon 

the nature of the fatty acid side chain of the phospholipid . Below the 

melting temperature the lipids are rigid; above the melting 

temperature the phospholipids are free to exchange with neighbors, 

as quickly as 10-
6 

sec. 3, 4 However, a "flip-flop II motio.1- -that is 

exchange of lipids between two sides of the bilayer is yery_ much 

less frequent, the half life to flip-flop for a phospholipid being abo~rt 

5 
6 hours at 30 °. 

Of the major classes of phospbolipids, phos~hati<lyl cho jne (PC) 

sphingomye lin, phosphatidylserine (PS) and phosphatidylcthanolarn ine 

(PE) are most commonly found in mammalian cells (Figure 1). The 

proportion of sp 1ingomyelin to PC varies from Q. 25 to 60 (and in 



2 

the erythrocytes of herbivores PC is essentially absent) . However 

sphingomye lin appears to replace PC. The sum of PC plus sphingo

myelin remains fairly constant (0. 55 to 1) 6, 7 and accounts in most 

species for about 60% of the total phospholipid. 
8 Bretscher has proposed that the reason for the constancy of 

choline and amino phospholipids is that the choline phospholipids 

constitute the outer half of the bilayer leaflet and the amino phos

pholipjds constitute the inner cytoplasmic half of the membrane 

bilayer. 

There exists indirect evidence to support such a proposal: 

J) Er~rthrocytes from most mammals are lysed by crude 

preparations of phospholipase A 2 which cleaves the fatty acyl ester 

bound on any phospholipid except sphingomyelin. PhosphQlipase 

A 2 will not attack sheep erythrocytes which have no PC. 6 

2) A crude phospholipase fr om sea snake degrades some PC 

fr om intact erythrocytes. When added to erythrocyte ghosts (lysed 
. 9 

cells ) the enzyme degrades PS and PE as well . 

3) Reagents lmown to react with amino groups do not r eact with 

the surface of intact erythrocytes and eem to be mo re reactive to 
10 

ce 11 ghosts . 

However, the evidence is indirect and it could be argued that there 

are difficulties with accessibility especially for the phospholipase 

experiments . 
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A much more direct approach would be to label PC with 

radioactive choline in vivo then measure the amount of label on each ----

side of the bilayer. 1 Normally this could prove exceedingly difficult 

since a mammal would have to fed labeled choline for some time and 

the label would certainly be incorporated nonspecifically. 

It i.s proposed that the use of immature red blood cells- -

reticulocytes--will provide a simple way of radioactively labeling PC 

in an erythrocyte. 

It has been discovered recently
11 

that reticulocytes isolated 

from rabbits with phenylhydrazinc induced reiiculocytosis are 

found to contain an enzyme which catalyzes the synthesis of PC from 

CDP-choline and 1, 2-digyceride In contrast, erythrocytes are 

devoid of this e1..zyme. The specific incorpo::ati.01 cf CDP choline 

into PC according to thin layer chromatof?;raphic analysis was > 90%. 

Once radioactive PC is incorporated into the reticulocyte 

membrane it is necessary to measure the amount of radioactive 

lipid on each side of the membrane bilayer. Freeze fracture has 

been utilized to separate a bilayer of sodium stearate, labeled on 

· one side only. The freeze fracture method specifically cleaved the 

bilayer in the plane of the hydrocarbon tails. This samo freeze 

fracture technique could be applied to reticulocyt~ meinb1~anes. This 

procedure in essence consists of allowing bilayers to adhere to a ,,, 

glass plate, freezing the plate and a thin layer of water on it with dry 

ice, then separating the ice frdm the glass. Only the outer half of 

the bilayer remains on the glass, which can then be counted in a thin 
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window gas flow geiger counter. The lipids could also be washed off 

the plate and tested for choline , phosphate and counted (C 14). The specific 

activity of the freeze fractured lipids could be compared to the 

specific activity of lipids in the whole reticulocyte and in the starting 

material. 
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Figure 1 - Common phospholipids 
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Proposed: Labeling lysozyme' s asp 52 by hydrolysis of 
18 

the (3 ethyl ester with H2 0. Isotope effects 

would indicate any participation of asp 52 in the 

formation of the carbonium ion. 

The glycosidic activity of hen egg \Vhite lysozyme has been 

attributed to the side chains of glu 35 acting as a general acid and 

asp 52 acting as a general base. The protonated carbonyl group of 

glu 35 donates a proton to the C4 oxygen of the sugar residue in site 

· E, with subsequent formation of a carbonium ion intermediate in 

site D. It has been suggested that asp 52 in its ionized form stabilizes 

this positively charged intermediate. It has also been suggested 

that the carbonium ion collapses with asp 52 in a post-rate determining 

step to form an acylal intermediate. The difference between a 

covalent bond between C1 oft 1e sugar residue in site D and the O of 

asp 52 carbonyl group and ion pair formation is only in the degree 

of bond formation. 

The carboxyl oxygen of asp 52 is a suitable site for isotopic 

labeling for a complementary isotope effect study. The other atom 

ivolved in the proposed acylal formation--t?e C-1 carbon of the 

sugar residue in site D has effectively been studied, via the secondary 

isotope effects arising from changes in the C-1 hydrogen bond during 

catalysis. There was found to be considerable carbonium ion 
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character in the transition state (1)1/kT = 19%). But secondary 

tritium_ isotope effects of> 30% are known for reactions involv ing an 

unstabilized carbonium ion in the transition state. So there may well 

be some degree of bond formation between asp 52 1s carboxyl oxygen 

and C-1 carbon in the transition state if asp 52 does indeed stabilize 

the carbonium ion as has been suggested. There could be a larger 

isotope effect i.f reaction of the acceptor molecule in site E 

(saccharide or water) with the intermediate is partially rate 

determining. 

It is possible to distinguish whether or not the formation of the 

carbonium ion is wholly rate determining. If the formation of the 

intermediate totally governs the rate of reaction,then if the concentration 

tion of the two acceptors for the lysozyme reaction (water and sugar) 

is varied, the partitioning of the intermediate into products may vary 

but the sum of th~ rates of production of hydrolysis and transfer 

products will be the same, and will correspond to the rate of forma-

tion of the intermediate. If the production of the carbonium ion is not 

entirely rate limiting, then there might well be a larger isotope 

. effect for asp 52 than that eA1)ected fr·om the previ.ous isotope studies 

on C-1. 

The specific labeling of asp 52 can be accomplished utilizing 

the asp 52 ethyl ester derivative of lysozyme prepared by Parsons 

and Raftery. 1 The derivative can be hydrolyzed at pH 2 to 

regenerate active lysozyme. If this derivative were hydrolyzed in 
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18 18 
H2 O specific incorporation of O into the enzyme could be achieved 

' 17 
(or any other oxygen isotope such as O or even S could be incorporated 

specifically). The maxi.mum labeling would be 50% since only one of 

the two asp 52 carbOA'Yl oxygens would be incorporated from the 

solvent. 
16 18 

The ma::sdmum O/ 0 isotope effect has been calculated to be 

19%. 
2 Few isotope effect studies have been reported with 

18 
O, but 

the effects range from ~ 1 % to 10%. 
3 

The proposed isotope effect study should indicate how much 

bond formation there is between asp 52 and C-1 of the reacting 

substrate in site D in the transition state. This information would 

complement wh~t is known about the carbonium ion character of the 

trans ition stale. 

• 
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Proposed; A scheme to identify rhodopsin as a Ca++ channel 

in a ROS disc and "map" its ionic pore 

vertebrate rod photoreceptor cells found in the retina of the eye 

consist of three parts: 1) a synaptic terminal leading eventually to 

the optic nerve and then to the brain; 2) a cell body containing the 

nucleus and metabolic organelles; and 3) a large outer segment 

containing the light sensitive system. The rod outer segment consists 

of st..1-cks of enclosed membranes--disc-likc sacs--enclosed by an 
1 outer segment membrane. The rod outer segment discs (ROS) are 

free-floating membranoLis infracellu.lar org,anelles with an interior 

space which is separate and distinct from the photoreceptor 

intracellular space. 

Rhodopsin, the visual pigment of tho photoreceptor ce lls is a 

structural component of the ROS disc membrane 3 and const itutes 

about 35% of the dry weight of the discs (and 80-90% of the proteL.---i) 

the rest being mostly phospholipids . 4 The initial step in the process 

.resulting in visual sensation is the absorption of a photon by rhodopsin 

followed by cis-truns isomerization of retinal, the carotenoid 

chromophoro bou~ to the apoprotein opsin. The p1·otein changes 
5 6 conformation concmnitantly. ' 

The mechanism of the visual process is not completely unc er

stood but these important properties of vertebrate rods are lmown. 
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There is a dark current across the ROS plasma membrane which is 

suppressed by light. 11 

Sodium ions must be present in the bathing solution for photo

currents to be obtained. The dark current and photocurrent are 

largest in solutions containing less than 10- 5 M Ca++. As the Ca++ 

concentration is raised to 20 mM, both currents become smaller and 

then disappear. The effects of external Ca++ are rapid and reversible. 

Despite their physical separation from the plasma membrane nearly 

all the rhodopsin bearing internal discs of rods are capable when 

illuminated of suppressing the dark current through the plasma 
11 

membrane. 

These observations have been eA-plained by Hagins with a 

scheme employing three aE<sumptions 8 

1) [Ca -t-r-] is maintained by pumps at a much lower level in the 

cy{oplasm of the ROS than in intradisc spaces 

2) the Na+ conductance:of ROS memhrane decreases as cyto

plasmic [ca++] increases 

3) Light transiently increases lhe permeability of the disc 

membrane to Ca+~ allowing many Ca++ ions to enter the cyto-

plasmic space per photon absorbed. 
/ 

The thir d assumption has been shown to be yaHd. Mason and 

co-workers 7 have found direct experimental evidence that Ca++ is 

released by the ROS discs upon light exposure. The discs were 

isolated and allowed to accumulate radioactive ca+i-. The disc 
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membranes were then bleached for various time periods. It was 

found that Ca++ was released from ' the discs in direct response to 

the amount of photopigment bleached. 

Although rhodopsin changes conformation upon bleachjng and 

bleaching produce~ a Ca++ flux fr01n the ROS discs it is not clear 

that rhodopsin acts alone or in concert with another protein(s) which 

then acts as an ion pore or channel. 

The most direct proof that r hodopsin alone is the Ca++ ionophore 

as well as the photoreceptor is to isolate rhodopsin 12 from isolated 

ROS discs13 as well as HOS disc lipids. 
12 

These are all lmmvn 

procedures. The rhodopsin and ROS disc lipids could then be re

combined so that closed vesicles were formed. The same Ca++ flux 

studies performed with whole ROS dis.cs could then be repGated with 

the vesicles containing rhoclopsin as the sole protein. Recombination 

of !f1irified rhodopsin and phosphaticlyl choline into bilayers has been 

achieved by Hubbell, 14 using a detergent to solubilize and purify the 

photopigment with subsequent dialysis of the rhodopsin , lipid , 

detergent mixture to remove detergent. The formation of closed 

bilayers (vesicles) ~ ther than multilamellar sheets can usually be 

achieved by varying conditions during dialysis
15 

or by sonication. 

A repetition of the result found vith whole ROS •discs, that is 

a linear release of Ca++ with bleaching, would indicate that rhodopsin 

acts as both photoreceptor and ionophore. 
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If rhodopsin does indeed function as a pore, then further studies 

to elucidate the pore mechanism are warranted. It is proposed that 

the amine acids in the pore can be identified and "mapped". 

Rhodopsin can be synthesized j11 yitro using i.nta.ct bovine retinas 

bathed in a solutio~1 of amino acids and other nutrients. 16 ROS discs 
\ 

14 
labeled with C leucine have been prepared so it should be possible 

13 
to incorporate sufficient quantities of a C (or other NMR sensitive 

19 15 
isotope such as F or N) labeled amino acid into rhodopsin to 

obtain an NMR spectrum (a solution labeled ~ 1 mM in rhodopsin 

would suffice). Each amino acid in rhodopsin could be present in 

more than one position, but the polar ones are likely to occur mostly 

in the pore or in lhe part of the moleeule exposed to an aqueous 

environment. Most of rhodopsin is surrmmded bv a phospholipid 

membrane. It is difficult to say how lJroad specific resonances 

might be, but rhodopsin is known to be in a very fluid lipid environ

ment. Amino acid side chains exposed to water would very likely 

be sharp. 

way: 

So the amino acids of the pore could be mapped in the following 

'\ 1) prepare labeled ROS discs with a pecific amino acid 

2) look at NMR spectrum in the bleached and unbleached state 

--in the bleached state the resonances belonging to amino 

acids in the pore may sharpen since they are now exposed 

to water 
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3) look at Nl\1:R spectrum in the presence of Mn++ in the 

unbleached sta..tes Mn++ should act as Ca++ normally 

does having the same charge and nearly the same ionic 

ra.dius. Mn++ is a paramag11eti.c ion, however, and it 

should now broaden the resonances belonging to groups 

in the pore itself when rhodopsin is bleached. When it 

is unbleached, Mn++ will broaden only those resonances 

exposed to solvent on the outside of the protein. 

In this manner, it may-be possible to identify specific amino acids 

in the pore (and lhose exposed to solvent on the interior of the disc 

and on the disc's exter ior). 
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Proposed: A method for isolation of the botulinum toxin 

receptor. 

Although in the past few years much progress has been made 

in the elucidabon of the mecha,nisms of nerve function, most 

achievements have been in the understa.nding of the ftmctions of the 

post-synaptic side of the neural junction. Very little is knovn.1 about 

the mechanisms of acetylcholine (.ACh) release or movement on the 

presynaptic membrane except that 

1) an action potential travelling down a nerve axon will cause 

release of ACh into the syna.ptic cleft; 

2) there exist vesicular structures which contain ACh from 

which release is-most lihely to occur; 

1 ) some ACh is released spontaneously (miniature end plate 

potentials)( mepp) ; 

4) Ca++ is involved in release of ACh. 

Specific toxins have proven to be a very useful tool in solving 

the problems of isolation, purification, and elucidation of the role of 

specific parls of the ~ -romuscular junction . There exists a paradox 

in dealing with some neurotoxiJ.1s. Investigators are attempting to 

decipher pathophysiology nearer the molecular level than the know

ledge of physiology will support. It is lmown i.hat b~tulinum toxin 

suppresses the release or movement of ACh but almost nothing is 

lmown about the mechanisms of ACh release or movement. It would 
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seem that the best approach to this difficulty would be isolation 

(and subsequent study of) the specific molecules which interact with 

the toxin in order to elucidate their physiological function. 

Present evidence indicates botulinum toxin acts presynaptically 

to block both mepp and end plate potentials. 
2 

This effect is not a 

cons equence of interference with impulse conduction in the motor 

nerve or of inhibition of synthesis or storage of ACh. 2, 3 The toxin 

must evidently affect the mechanism by which quanta of ACh are 

released from the nerve endings. It has been shown that this blockage 

does not occur via interference with Ca++ uptake which is known to be 
5 coupled to quantal ACh release. Electron microscopy studies 

uliliz.i.ng conjugates of botuli.num toxi11 and fe·r:ritin confirmed that 

toxin specifically situates itself within the cholinergic synaptic , 
. t 6 m erspace. 

Botulinum neurotoxin is a protein of molecular weight 

~ 130,000 7 and is the most toxic substance known. An estimate of 

0. 5-5 1.1 g toxin per human oral lethal dose has been made. 7 A 5 ml 
_g 

volume of ingested fluid need _be only 10 M in toxin to be lethal. The 
8 

binding of neurotoxin seems to be specific, rapid, and very strong. 
/ 

The e:xperiments of Biilru:.ing indicate that antiseru 11 cannot free 

bound toxin on nerve diaphragms nor can extensive washing . 
. -

The botulinum neurotoxi.n receptor must then possess some 

properties which will facilitate its isolation---specificity of binding 

and strength of binding to the toxin. The most difficult problem to 

be surmounted in the isolation of the BtTx receptor rests on the 



3 

probability of there being a very low concentration since so litile 

toxin is required for cessation of function. This last difficulty can 

be overcome with the multiple use of affinity chromatography. The 

unique properties of BtTx and the low concentration of its receptor 

preclude a direct and simple approach to the isolation. BtTX cannot 

be used directly as an affinity resin since the receptor undoubtedly 

binds irreversibly. Nor can toxin be used as an antigen for the 

production of antibodies (Ab) to be used to isolat~ a labeled BtTx

r eceptor complex since the rabbit would die before Ab production 

could be gin. 

I 

The following scheme is proposed: 

1) use of BtTx bound io polyacrylamide gel (or agarose) 

0 
~-NH 

/ 

l, 
NH NH 

.z z ➔ 
0 
C:-NH NH2. NaNO~HCl 

0 
11 
C-N H-Bft. 

--this resin would selectively bind BtTx receptor from a crude 

preparation of electropJax. 

2) preparation of Ab against whole affinity resin-receptor 

complex--injection of the total washed resin into- rabbits for 
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production of Ab against BtTx receptor and BtTx. The advantage of 

this method is that the active sites of both receptor and toxin are 

blocked by each other and the rabbit will not die from toxin poisoning 

or from Ab binding to its own receptor. (Hartman and co-workers 

have shmvn that polyacrylamide gels can be injected into rabbits for 

Ab production). 9 

3) purification of Ab 

a) removal of non-specific serum protein by elution of rabbit 

serum from BtTx-recepior column of step 1 

b) take Ab bound to resin in step a, containing Ab to BtTx 

and to receptor and elute from Bt-Tx affinity-resin. The eluent will 

contain Ab to receptor alone. 

4) preparaLon of a 1·0versibly binding affinity resin with Ab-

-6sing the same procedure as step 1 1he specific Ab could be attached 

to polyacrylamide beads. There could be a preselection of more 

weakly binding Ab by precipitation of the more strongly binding ones 

with a subequimolar quantity of receptor before Ab are bound to the 

affinity resin. This would ensure that the receptor bound reversibly 

under nondenaturing conditions. 

If there still exist multiple bands on SDS polyacrylamide gels --
(after electro phoresis) the individual bands can again be injected 

into rabbits for procluctiori of specific anEbodies. (From the wol'k 

of Elgin and Stumpf (w1published) it is lmown that SDS treated proteins 

will produce Ab. ) 
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The best source of BtTx receptor is probably electroplax from 

electric fish. 

n is interesting to speculate on the possible function of the BtTx 

receptor. lt would seem likely that Botulinum neurotoxin blocks 

some step preceding an amplification step since the toxin is effective 

in such low concentration. Perhaps there exists a vesicle release 

site which is blocked by the toxin. With isolated BtTx receptor this 

and other possible roles can be examined experimentally. 
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