CHAPTER - III




'RESULTS AND DISCUSSION

. The results of the lysozyme modification carried out |
at pH 742 arve presented first; and the results of ke similar
study earried out at pH 9.1 will follow subsequently.

Effect of LDNB concentratn.on on uptake of DNP and lysozyme
. aetivity, . .

Experiments were conducted to determine if the ratio of
FDNB to ‘enzymexhad; any 'éffect on the extent of dinitrophenyiation.
~'Fhe extent of dinitrophenylation wag' :E'ollowed by measuring the
absorbance at 360 mu vhere DNP-group absorbs, the loss in enzyme
activity was also followed. The enzyme aetivity of the DNP-
lysozyme as a function of FONB to enzyme ratlo was meésured at 26°,
the reaction time being 30 min., It can be seen from Fig. 2, that
as the ratio increases there is a "cogeurrent decrease in enéyme
, activity, reaching aﬁalxg.e 6:6"50%‘ of the originél activity at a
ratio of 600 equivalents’s On ‘the other hand, the absorbance:
readings do noi;, show’any marked increaée between'the lowest and
highest ratios used, namelyﬁoo and 600 respectivelys TFrom these
measurements it may be seen that the ratios higher than 300 cause
the same extent of dinitfophenylgtibn . Therefore in all the
subsequént experiments ratios 300 and bigher have been used ‘to

dinitrophenylate the enzyme .

Effect of time and temperature on the uptake of f DNP and 1ysozyme
a.ctivitz.
The extent of dinitrophenylation and the residual enzyme

activity of the DNP-lysozyme as a function of reaction time of
lysozyme with FDNB at two temperatures, ;!50 and 260, PH 7.2 are



given in Fig. 3. These data were obtained by using FDNB to
enzyme ratio of 312:1. The data show that lysozyme reaets
with FDNB at 15°-and the DNP-uptake increases only slightly
with the time of reaction as indicated by the 0.D. values at

" 360 mu. However there 1is 'no loss in activity even after
reaétiop for 120 min. at this temperature. "E;‘he number of moles
of DNP #aﬁker} up per mole of lysozyme can be calculated from the
absorbance reading. 'If we use the values of 17,600 for the
molar extinction coefficient of DNP at 360 mp and a value of
14,500 for' the molecular welght of lysozyme the DNP mole per mole
of ‘lysozyme is O.43 after 120 min'. reaction, This suggeststhat

the uptake is very low even after a ‘I;eaction time of 120 min.

However s when the reaction was carried out at 26°, the
extent of dinitrophez;ylation was higher”. The 0.D. values at
36}0‘ my increared linearly with the time of reaction. for about
60 nin, and then attained more or less steady values. Con-
comi antly there wag a dacrease in activity; the’ activity at the
end of 120 min. reaction was only sbout %0% of that of the
native enzyme. The‘nioles of DNP per mole of enzyme calculated
from absorbancy measurements is 2.35% As will be ‘discussed later
the extent of dinitrophénylation calculated from the absorbanoe
values does not give a correct estimate’. At any rate the results
from absorbance measurements clearly show that by varying
temperature and reaction time it is :gossible to get DNP-deriva-
tives of, 1ysozyme with varying DNP content and varying enzyme
activity. ft is elear from the above observations that at pH 7.2 ‘
reaction of lysozyme with FDNB depends on factors such as time,



Fig.2. The effect of FDNB to enzyme ratio (mole/mole)
on enzyme activity and extent of dinitro-
phenylation at 26°3; pH 7.2; reaction time
30 min, O0———0 relative enzyme activitys
¢—=8 0.D. at 360 mpu. ‘

Fig.3. The extent of dinitrophenylation of lysozyme as
a function of time of reaction and its effect
on enzyme activity at 15° and 26%; pH 7.2.
0----0 0.D, at 360 mp; O——0 relative
enzyme activity at 15°. @NE/Enzyme , 31231,
mole/mol"e"lj @-——-8 0.D. at 360 mp;
06— relative enzyme activity at 26°.
| FowB/Bnzyme , 31211 mole/mole]
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temperature and FDNB concentration. Incréased DNP substitution
could be obtained by changing the various%parameters. Using

- this information the following derivative# were prepared for
further Investigations on the effect of moﬁification on enzyme

activity and physicochemical properties.

1) A derivative whieh retained full enzyme activity
was obtained at 15° by reacting FDNB with the enzyme
at a ratlo of 31231, for 120 min.

2y A partially active derivative with 55-60%4 of the
original activity, was obtained at 26° vy reacting
FDNEB with the enzyme at a ratio of 412: :1, for 30 min.

3) A second partially active derivative with 40% of the
original acétivity was obtained at:26° by reacting
FINB with the enzyme at a ratio of 312:1, for 120 min.

For brevity and to avoid repetition, these products will be

referred to ags P4, P, and Py and native lysoéyme as Nelysozyue',
1 2 3 )

DNP=-Content of the derivatives.

The details of the method of aetermlnation of DNP-content
by using labelled 1thFENB are given in Table 4, The extent of
dinitrophenylation determined by absorbanee @ndtisétope nethods
is presented in Table 5. The amino acild residues dinitrophenylated
in each derivative (determined by the chromat@graphy of the hydro-"
lysates) are also indicated in Table 5. ‘DNP content data obtalned
by isotope method shows' that P1, P, and ?3 preparations contained
1, 3 and 6 DNP groups per mole of the enzyme: respectively. ‘However ,

- it may be seen that the values caleulated by absorbance measurements

are consistently lower than those determined by radio activity method
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Horecker and ¢oworkers (133, 13%) in their experiments on
dinitrophenylation of transaldolase obtained good agreement

in the values of DNP content of the derivatives estimated by
the two methods,

A1l the three derivatives (with Increasing content of
DNP and decreasing enzyme activity) appeared fairly homogeneous
on ultra-centrifugation, gel-  filtration on Sephadex, dise
electrophoresis at pH 3.1 and starch gel electrophoresis- at

PH 7.0 which would be described later.

DP~amine acid analysis.

Following results were obtained on amino aeid analysis
of the hydrelysates of Py, Py and Py (Table 5)%

1) P, has only £-DNP-lysine and does not chow the presence
of any other DNP amino acid. Since P, shows the definite présence
of €-DNP-lysine it is clear that this DNP-lysozyme must have
atleast one amino group dinitrophenylated. The absorbance methoé‘
gives a value of 0,43 DNP mole/mole of the enzyme. Since this
product was fairly homogeqous (see discussion later) obviously
the value of 0.43 cammot be correet. On the other hand, the
value of 1 obtained by rédioactivity measurements agrees with the

conclusions of amino aeld analysis.

2) Both Py and P3 show the presence of €-DNP ~lysine and
di-DNP-lysine, Obviously the di-DNP-1lyzine must have been derived
from the N-terminal group which in egg white lysozyme is known
to be lysine. similarly, like Py, Py bY absorbanice method shows
a value of 0.8 to 1.0 DNP mole/mole of the enzyme} Whereas

amino acid analysis of this derivative shows the presence of both
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di-DNP-lysine and (-DNP-lysine. 1In that case the DNP content

of P, should be atleast 3 groups per molecule’, Hér«;fagain. the
value found by the absorbance method is much lower than the
value obtained either by isotope method or by amino acid
analysils. . Since the data obtained by amino aecid analysls and
the DNP content measured by ilsotope methods appear to éive‘
-metually consistent results we have used the values found by
using labelled o FDNB as a correct estimate of the DNP~content
of the different DNPelysozyﬁes . ‘,Whereas the absorbance method
seems to give better resulis witﬁ ‘other proteins , it does not
.appear to work well with lysozyme (133, 134). Further, only
("-DNP-‘-.-lysine was obtained from P4 derivative and not di~DNP-
lysine, suggestiné that under’ the conditions in which Py is
‘prepare&, N-terminal lysine does not react with FDNB. If the
€-DNP=lysine was derived from N-terminal lysine it would mean
that the (~amino group of N-terminal lysine is dinitrophenylated
in preference too -'-am'ino group, But this 1s unlikely ag it has
beezi sﬁown thatx the primary amino‘ group of the N-terminal lysine
of lysozyme is more reactive than its ¢-amino group (153). -
Therefore it is more probable that the single amino group dinitro-us
| phenylated in Py derivative may be. derived from any of the

PRI
ard

(interior) 1ysine regidues other than the N-terminal lysine'.
Venkatappa and steinraui"('mé) observed that when lysozyme is
reacted with Y-lodo-2-nitrofluorobenzene at neutral pH a deri-
vative, l«-m:x‘odo«»z~-n::.tJc*a»plfmnyii. lysozyme is obtained which containg
a single Y.iocdo~2-nitrophenyl group ‘. The lysine residue that had
reacted with this modifyling agent vas identified as lys-13, which
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appears to be more reactive fhan.N-terminal lysine in the
reaction of lysozyme with W-iodo-2-nitrofiuorcbenzene’'s It is

possible that there may be a similar difference in the reactivity
of the various residues towards FDWB.

The chromatographic analysis of the hydrolysates of Py,
Py and 93 do not reveal the presence of any amino acld residues
other than the lysine residues, Besides, lysine the'groups that
ecan react with FDNB are sulfhydryl, imidazole and phenolic groups.
Lysozyme does not contain any free sH group. The DNP-derivatives
of imidazole give grey brown colour when sprayed with ninhydrin,
" gand the O-DNP-derivative of tyrosine also gives the same
eolour (152). we\have carefully examined wthZ chromatograms
dbtained with the hydrolysates of DNP-lysozymes and have failed
to observe any spots with this characteristic colour: Further
some preliminary experiments on the amino acid composition of
DNP-lysozyme done with an automatie amino acid analyser revealed
the presence of histidine. Tt is fairly certain that wnder the’
experimental conditions we have used , only the lysine residues
of lysozyme react with FDNB.

Effect of modification on enzyme activity. oL

The enzyme‘aaﬁivity of native lysozyme and of P, was
ﬁeasured ag a function of enzyme concentration at 37°. The data
are given in Fig. W. The plots obtained have the shape of a
typical enzyme reaction with a region where enzyme activity
increases linearly wgth enzynme concgntration.and another rggion
of steady values, suggesting that the substrate is exhausfed and
that increasing the enzyme concentration has no effect on the

activity. It may be seen that Po has consistently lower activity

tr



Fig. ¥. The enzyme activity of native lysozyme and
P2 ag a function of enzyme concentration
at 370; O0——8 N-lysozymes; &—9 Ps .
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than natlve lysozyme at all the enzyme conéentrations used.,
Trom the linear portion of the plots the specific activities
were calculated and it is found that the P, had about 55% of -
the activity of N-lysozyme s

Whereas Py in vhich one amino group had been blocked by
DNP group had full enzyme activityy P, aﬁd Py in which 3 and 6
groups respectively had been blocked had. 60% and 40% activity of
N-—Z’Lysozyme*«

The substrate binding eapacity of \a.n’ enzyme will depend
'oh"the stéte of ionisation of ilonlsable groups in the protein
as well as substrate molecules (139%) . To determine if dinitri-
'phenylatioh had caused any changes in the jonization characteri-
stics of various groups in lysozyme, the activity of native' |
lysozyme, P2 and Py was’ determined as a funetion of pH. The
‘relevent data are given in Fig. 54!, These measurements were ‘made
at different pH values in 0.1 M phbsphate buffer'. Nelysozyme has
maximum activity between 6.2 and 6.8‘.: The pH optimum observed
with N—l&sozyme is in agreement 'ﬁiti’l”th&t reported by o’chef |
workez’s@ }92 and P3 also show maximux';l activity in the same pH
I‘ange. These results indicate thai, tknere is no change in the pH
optimum of 1ysozyme: due to modification of one to six lysine
?esidues . ‘Yamasaki et.él (71) have reported that the activity of
lysozyme in the neutral pH range decreased ag the number of amino
groups acetylated inereased. Further, the pH optimum éifted to
acidic pH valuesg and it depended on the number of groups acety-
lated . Acetyl lysozyme in vhich gix amino groups had been
acetylated had a pH optimum of 5.2 and at this pH, the actlvity
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of‘N-lysozyme'was the same as that of the acetylated lysozyme.,
As geen from the data presented above, a gimilar effect was not
observed with DNP-derivatives, indicating that in the DNP-
derivatives ionizing charaeteristics of various groups are not

altered,

It was mentioned earlier that the activity df lysozyme
is influenced by the molarity of the phosphate buffer. We have
examined the activity of N-lysozyme, P, and PS as a function of
phosphate molarity at pH 6.8 (¥ig,., 5B). In all the cases the
activity increased to a maximum between 0,06 and 0,08 Mj; on either
glde of this molarity the activity 1s less. It is possible that
the negatively charged phosphate ions may be strongly bound to the
positively charged groups of lysozyme molecule and thus affect’ - ;
the enzyme activity. Tt is well known that the binding of small
molecular weight substances may cauge conformational changes in
a protein molecule (155)'. It 'is probable that in the case of
lysozyme phosphate ion binding may change the conformation in such
a way that the enzyme has highest activity at phosphate concentra-
tions of 0,06 to 0.08 M. At very high phosphate concentrations
these ions may seriously interfere in enzyme substrate complex
formation and thus reduce the activity of lysozyme's Other ‘
workers have obgerved that acetylation of lysozyme changes the
activity-ioniec strength profile. It has been reported that
cémpletely acetylated lysozyme was active at low buffer concen-

trations (156, 157). No such effect was observed with DNP-

derivatives.



Fig. 5A. The enzyme activity of N-lysozyme, P, and P3
as a function of pH'. Phosphate buffer of 0.1M
used throughout pH range; O0———0 N-lysozyme;
—A P, and D"—ﬂ Py 0.5 yg enzyme/ml at
37°. ~

Fig . 5B. The enzyme activity of N-lysozyme, P, and P3
at different molarity of phosphate buffer at
PH 6.8, 0—90 N-lysozyme ; A——A P, and
a"—B_P:S; 0.5 e enzyme/ml , at 37°.
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Nflysozyme has another pH optimum at pH 9}2 (156). The
agtivity of lysozyme is more or 1éss the sanme ap tﬁe two pH |
qptima, 6.8 and 9.21 We were therefbfe interested in finding
out whetner any changes occurred in the seqond PH optimum as
a‘cons‘équenteof modification of lysine residues. The activity
of‘N-lyéozyme, P, and P3 as a function of pH in the pH range
8.6 - 10,0 hgs been measured in 0.1 M glycine;sodiunlhydroxide
ﬁuffer, Fig. 60 ALl the three lysozymes show maximun activity
around pH 9.2. Thus in the case of the second pH optimum also

there is no difference beﬂween native lysozyme , P2 and PBQ

Since it was observed that at pH 6.8 the activity of
native lysozyme, P, or P3 was dependént onlthe.molarity of
thosphate buffer it was of interest to determine vhether at
PH 9.2 also activity depended on the molarity of the buffer. The
results of the aetivity’measurements at different molarities of
glycine-sodium hyjroxide buffer are given ;nYFig. 6B. The
experiments were carried’oqt in the same concentration range as
was used with phosphate buffer , namely 0,05 to 0.2M. . The
measurements show that the activity of all the three enzymes

decreases élightly asftﬁe molarity of the buffer inereases’s
thrther there is no molarity at Whicﬁ the aetivity passes through
a maximﬁﬁ value. The deerease in activity with inépease in
molarity may be due to the increased binding of negatively.
Qharge& glyeinate énd hydroxyl i§ns>by the enzyme and thus a
further reduction in the posltive charge on lysozyme. It appears
fhat the gffect of phosphate lons observed at pH 6.8 could be

a specifie anion affect on the conformation of the enzyme'. The

first pH optimum of lysozyme (between pH 6.2 and 6'.8) has been



Tig. 64. The enzyme activity of N-lysozyme, P, and P3

as a function of pH; glycine-NaOH buffer 0.1M
uged throughout pH range; 0—90 N-lysozymg;
IA—4 Py and il Py 3 0.5 pg enzyme/ml,
at 37°.

Fig. 6B. The enzyme activity of N-lysozyme; P, and P3
~at different molarities of glycine-NaOH buffer pH 9.2.
0——0 N-lysozyme;nHPz; and '[3__(:]133;
0.5 pe enzy‘me/ml)at 379, '
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reported: to depend on the nature of buffer systems used to
measure the activity, 'rWher,eas in phosphate buffer the optimum
pH is between 6.2 = 6.8, in veronal buffer it) is around

pH 8,0 (157, 158). We have‘doﬁe similar experiments to examine
if the setivity of DNP-lysozyme also followed the same pattern.
From the data presented in Fig., 7 it may be geen that in
veronal-HCl buffer of 0,05 M N-lysozyme has pH optimum at

PH 8.03 a similar value was given by P, and P3 also .

We have also investigated if the second PH optimum is
also dependent on the nature of buffer ions. The activity
measured in the pH range 8-10.0 in dief;hanolamine—ﬁél system of
0.05 M are given in Fig. 8, It may be seen that the second pH
opbimum is ab'olisheq in this system and the activity decreases
graduglly from pH 8.0 to 10.0. N~lysozyme P, and Py behaved
-alike .

From the foregoing discussion on the variation of the
activity as a function of pH, ionic concentration and ionie
species , it may be concluded that the two DNP-lysozymes , P, and

93 behave in the same manner as N-lysozyme'.

The conformation of a protein molecule wouid, in part
at least, be dependent on the interaction between varioug lonic
groups in the erizyme molecule and tﬁeir state of ionization. The
latter would be governed by the pH of the solution. The effect
of vd on thé enzyme activity of N-lysozymes , P, and ?3 is similar
suggesting that they have ident ical conformation.

The fact that the introduction of DNP=-groups in the enzyme
molecule has no effect either on activity-pH profile or on the



Fig’. 7. The enzyme activity of N=-lysozyme, Py and P3
as a function of pH. Veronal-HCl buffer,
0.05M used throughout the PH range; o
0—0 N-lysozymes [N—AP, and HPB;
0.5 ng enzyme/ml;at 37°, | |

Fig. 8. The activity of N-lysozyme, P, and P3 as a
function of pH. Diethanolamine-HCl buffers
0.05M used throughout the pH range; |
0—=0 N-lysozyme; /\—7\ P, and O0—f] Py
0.5 pe enzyme/ml)at 37°.
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activity~-buffer concentration profile would suggest that. the
electrostatic interactiongis involved betireen enzyme and sub -~
strate are not affected .to any appreciable extent. Further
more, retention of the pH optimum both in acid and alkaline -
region is a supporting evidence that decrease in the positive
charge probably does not affect;the forces involved in the

formation of the enzyme substrate complex's

The effect of the inhibitof, Tyr-Glu polypeptide on the
enzyme activity of N~lysozyne and‘P2 are snown in Fig. 9A. -These
data were obtained at an inhibitor to enzyme ratio of 32:1 (W/W).
It may be seen that the activity of both the enzymesis inhibited
to the same extent, The extent and the effectiveness of this
iﬁhibitor was also examined at various inhibitor to enzyme
ratios (W/W) at 37°. Results are.shown in Fig., 9B. It is seen
that at each inhibitor concentration the partially active Py
lysozyme is inhiblted to the samé.extent as the native lysozyme.
é;;;ggg polypeptide 1s a nonspecific inhibitor for lysogymg and
its ability to inhibit activity appears to arise in part by
electrostatic interaction between the basie enzyme and the
acidic compolymer (159)'. The observation that both N-lysozyme
and P, are inhibited in a similar way suggests that’thg nature
qf(dharge‘distribution.on Py is similar to that on nafive lysozyme .
This charge distribuﬁion.wpuld undoubtedly depend on the confor-
mation of the proteins’. Since both the proteins épéear to héve
similar charge distribution,lperhaps they have similar conformation

also .



Fig. 9A. The effect of inhibitor, tyr-glu acid
polypeptide on the enzyme activity of
N-lysozyme and P, Enzyme activity
measured in the presence or ‘in the absence
of the inhibitor is plotted as a function
of time; O——0 Nelysozyme; O—r1Py in
the absence of the inhibltor; 6—8 N-lysozyme;
B——4 P, in the presecnce of the inhibitor,, .
Inhibitor/Enzyme 3231 (W/W)3; 0.5 pg,enzyme/m?
at 26°.
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f‘ig. 9B, The effect of tyr-glu, acid polypeptide
concentration on the enzyme activity.
The percent initial activity is plotted
as a function of inhibltor ensyme ratio
(W/W); O0——90 N-lysozyme; 6—9 P, .
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The effeet of the competitive inhibitor, NAG on the
activity of N-lysozyme, P, and P, is shown in Fig!, 10, These
data have been obtained at an inhibitor ceconecentration of
0,15 M. Hereafain = all the three enzymes are inhibited to
the same extent of about 6074. Since NAG is a competitive -
inhibitor the following conelusions may be drawni~ 1) the
inhibitor binding site on the lysozyme molecule is not affected
by dinitrophenylation'. If the modified résidues were in the
inhibitor site the inhibitor would not be able to bind and cause
any decrease in the activity of the enzymej; 2) the evidence
presented earlier shows that it is only the amino groups of the -
lysine residues that have been diniltrophenylated by FDNB and
therefore lysine residues are not part of the binding (inhibitor)
site. '

This eonclusion is further supported by the following
experiment in which dinitrophenylation was carried out in thé
. presence of NAG. This experiment was performed at 26° for
30 minutes using FINB to enzyme ratio of 41231 and an inhibitor
concenﬁration of 0,15 M. The DN?—derivé.tive that was obtained
was identical to the one prepared in the absence of the
inhibitor in its enzymé activity« On a mole to mole basis the
concentration of the inhibitor is very high compared to the con-
centration of the TONB'. Even if the binding affinity of the
enzyme for the inhibitor is low this high concentration of the
inhibitor should be a’ble to proteet the inhibitor gite from
dinitrophenylation. The qbservation that the DNP-lysozymes
prepared by interaction with FDNB in the presence or absence of
Né.dare identical in enzyme activity would suggest that the



Fig. 10.

The effect of N-aeetyl-—D-gluéosamine on the
activity of Nhlysozymeg Py and Pse Enzyme
activity measured in the presence or in the
absence of imhibiteor 1s plotted as a funetion
of time; 0—0 WN-lysozyme; [——1 Pq3 and
|} Tl Py3 in thg absence of NAG3 '
9—@ WN-lysozyme; A— R Pq andE@—83P,
in the presence of 0.15M NAG; 2.9 pg/ml at 26°
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presence of the inhibitor does not proteet the lysine amino
groups that react wifh FDNB uwnder the experimental conditlons.
This fact would by implication mean that lysine residues do not
form a part of the binding site on the lysozyme molecule. This
conclusion is in harmoqéy.with that from X-ray studies in which
it is shown that none of the six lysines is situated close to
the area on the lysozymé molecule occupieﬁ by NAG molecule (76)
The above results support the conclusions drawn from the data
obtained from pH and buffer concentration studies that the
introduction of INP-groups does not effect the interactions
involved in enzyme-substrate or enzyme-inhibitor complex

formation.

The Heat stability of N-lysozyme and P2 are shown in
¥ig. 11A. There was no precipitation of the enzyme either during
heating or chilling. In Fig. 114 the enzyme activity has been
expressed as the ratio of the activity of the heated enzyme to
that of the unheated enzyme as a function of the temperature's
It may be seen that-heating N-lysozyme or Pz.to temperatures upto
90° does not inactivate the enzyme. Thus the DNP-lysozyme like
the native enzyme was found to be heat stable. The heat stability
observed with N-lysozyme is in agreement with the observations
of other workers (160) . It is however gignificant that the
DiiP-lysozyme is also heat stable and its activity remains
unchanged over the temperature range of 40 to 90%, It had been
anticipated in these experiments that if dinitrophenylation had
caused small changes in the conformation of lysozyme molecule,

thegse might be amplified by heating. Since the DNP-~derivatives of



66

lysozyme behaves like N-lysozyme , no important changes in the

© econformgtion of DNP-lysozyme appear to have occurred. \

In Fig. 11B, C the effect of exposure of N-lysozyme
P, and P, to either 4M urea or 2M GU-HCL for different intervals
of time on the activity of enzyme is gilven|, The meésurements
were made in 0,1M phosphate buffer of pH 6.8'. The enzyme
solution was prepared in the buffer 'solution containing YM urea
. or 2M GU-HC1 and exposed to the denaturing agentg for durations
. shown in the graph. For the assay of enzyme aetiﬁity the
solutions were diluted with the buffer so that the final concen-
tration of the denaturants was ne‘glilgible‘. The,se‘ gxperiments

. Were- carried out mainly to determine whether the enzyume activity

could be reversed after the conformation of the proteln molecule
48 changed in contact with denaturing agents’s It may be seen
that neither M urea nor 2M GU-HCL affect the initial activity
of N-—lysozyme s P4 OF P2‘. Our observatioﬁs with native lysozyme
are in agreement: with those of other. workers (161,°162) The
complete reversal of the enzyme activity would suggest th.at the
‘ conf‘ormation of the actlve site of Py and Py is not much

| different from that of N-lysozyme.

Tt is known both by 0.R.D. measurements anc?. by X-ray
diffraction methods that 1ysozyme contains «L-helix, /3-p1ea‘bed'
strueture and random coil (18, 19). The first two structures
arise out’of hydrogen bonding., Urea is believed to rupture
hydrogen bonds and thus disrupt the organised stmcture. Recent
concepts suggeét that ures may also act on the hydrophobic
bonds (163) . Since urea is unable to inactivate the enzyme

. Arreversibly, it may mean that either the conformation of the



Fig. 11A, The effect of heat on the enzyme activity of
N-lysozyme and P, 0—>0 N-lysozymes
9""""‘@ P2.

Tig. 11B.C. The reversible effeect of 2,0 M Gu-HCl or

4,0 M urea on the enzyme activity of N-lysozyme,
P‘.‘ ang P2.

11B. 2.0M guanidine HC1l
11¢. 4.0M urea

0——-0 N-lysozyme; /x——ra Pq3 and &—=~© Pse
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lcatalytic gite 1s unaffected by urea or theéegions of hydrogen
‘bonded structure are shielded from urea, It is also probable
that any unfolding of lysozyme that oceurs in the presence of
urea is completely reversed on removing the denaturant’. That

this interpretation 13 more probable is shown hy the following
experiments ., '

The effect of & M urea on the enzyme e.etivity of N=-

lysozyme , Py and P, determined in phospha.te buffer pH 6.8 and
0.7M is given in Fig. 12. In this series of experiments the
solutions which were used for enzyme activity measurenments
eontained Ly urea.. The data are given as enzyme activity versus
time oi‘ :lncubation, The activity of N=-lysozyme and Py aTe lden-
_‘tlcal i’a has approximaﬁely 554 of the activity of NW-lysozyme's
'In the presence of urea the activities of all the three enzymes
are reduced (unlike in phosphate buffer of pH 6 8 and 0, 06M)

The activity of Py decreased to the same extent as that of
native aysozyme. ~In the case of 1’2 also the extent of decrease
Was more or less the same, It may be pointed out that ’che data
obtained in the presence of UM urea are subject to some
uneértainty because of the reduced activity of enzyme’, These
results would quelitatively suggeet tﬁat the effeect of urea on

-1ysozyme and on the two DNP-lysozyme is the same’.

There have been reports in 1iterature that lysozyme is
aetive in the presence of urea, and is in faet reported to be
- more active in the initial stages of the ree.etion (164, 165) .
In view of these resulis we nave made detailed studies on the
effect of ’+M ures at verieus mole.rities of phosphate buffer to



Fig. 12. The effect of 4,0M urea on the enzyme activity
of the N=lysozyme, Py and Py. 0—0 N-lysozyme}
OH—A Pyy and T—0 Py in the absence of ureaj
—© N-lysozyme; &——A P1; and e—8 P2 in
the presence of k.0M urea; 2.9 pg enzyme/ml/,,at 26°,
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determine if the reduced sctivity we obtaln in 0,1M phosphate
buffer ‘13 due to the high concentration of the s;ait; earlier
workers have used phosphate buffer of 0,03 M. In Fig. 13 th;a
enzyme activity of native lysozyme measured as a function of
time in phosphate buffer of different molarigties with and
withéut added urea is given, It may bg seen that even in the
aﬁsence of urea, molarity of phosphate.buffer has an effect on
the activity of lysozyme's The activity increases with phosphate
molarity from 0,02M to 0,06M and then decreases. Further the
effect 6f urea 1is also not constant’. Whereas the addition of
ures to enzyme and substrate in 0',02M buffer enhances the
activity , in 0,03 M buffer 1t does not alter the activity and
in 0,06 and 0.1 M buffer the activity actually decreases'. Thus
the decreased aetivity we have observed in 4 M urea in contra-
diection to earlier reports is no doubt due to the high molarity
of phosphate buffer which we nave used, The differing effects
of urea at dif‘férent phosphate molarities may be dus to the
enzyme haviﬁg different conformations at .different phosphate

molaritiesh

1t was also of interest to determine if GU-HCL which 1s

Jnown to be a more powerful denatqring agent than urea has a

gimilar effect on the setivity of N-lysozyme. The effect of
various concentrations of CU-HC1 on actlvity was determined at
a single concentration of phosphate puffer 0,03 M, Fron the data

given in Fig. 4% it is seen that low concentrations of GU-HCL

slightly increased the activity of lysozyme and nigh concentra-~
tions decrease thegctivity appreciably. This effect may possibly
be a result of the binding of the denaturant to the enzyme in
such a way i:hat it inactivates the enzyme. The observations that



Fig. 13’ The enzyme activity of iq-'-lysozyme in ti’xe abseqee
or in the presence of %,0 M urea at different
. molarities of phosphate buf‘fér; PH 6.8. Thé
activity is plotted as a function of timey O
0.0Qﬁ; A 0.,03M3 13 0,06M; and ¥V 0.1M in the absence
of urea; © 0.02M; & 0.03M3e2 0.,06M3 and ¢ 0.1M in
thé presence of urea; 3.0 pg enzyme/ml at 26°,
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Fig, k.

The enzyme activity of N-lysozyme in the

absence or in the presence of different
molarities of guanidine HC1l in 0.03M phosphate
buffer pH 6.8. The activity measured is plotted
as a function of timey; 0——0 1in the absence
of guanidine HCl; ©—8 0,028M3; A—AO05PM;
A—=~& 0.1M3 and T30 0.2M guanidine HCl.

3.1 pe enzyme/ml)at 26°,
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urea and QU-HC1l have a similar effect on N-lysozyme, Py and Py
would suggest that all the three have the same confbrmation;

It has been postulated that GU-HCL molecules may denature
a protein by actually pinding either to the aromatiec amino aeids
or to ﬁhe peptide bonds or both (166). Studies on the effect
of GU-HC1 on the fluorscence spectra of lysozyme support the
postulate of GU-HC1 binding by lysozyme (167) .

The results on the enzyme activity of the lysozyme
modified to varying extent hagebeen discussed so far. It was
observed that enzyme activity was reduced as the DNP-content of
the moleeule increased', However, the derivatives containing
different amountsof DNP retain the characteristie properties of
the enzyme'. Thus the modified derivatives retained original pH
and ionie strength optima, were inhibited by the inhilbiltors and
were affected by the denaturing agents in the same way as
N—lysozymé% Even the enzyme activity was easily reversible on
removal of the denaturing agents., The pH, buffer concentration
and denaturation studies also show that the conformation of the
derivatives 1s not affected to any appreciable extent’due to
médifieationu Tnhibitor studies show that the binding of the
competitive and noncompetitive inhibitors is not blocked due to
the presence of the bulky DNP-groups in the enzyme molecule's.
And from this it could be inferred that DNP-lysozyme binds the
substrate, M. lysodeikticus, in the same way as the unmodified

lysozyme ., The affinity of the enzyme for the substrate is
largely governed by the electrostatic interactions between the
enzyme and the substrate’s The present data show that these inter-
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'actionS*are not mérkedlyAaffecteduby the introduction of the
DNP-groups into lysozyme molecule., It can theréfbré be con-
cluded on the basis of the above observations that the 1ysine
residues neither partlcipate in the enzyme activity nor are
involved in the maintenance of the conformation', And the
decrgaée in the enzyme activity could be due to some other

factors.

The data }ead to the suggest;on that tﬁe introduction of
DNP-groupsyinto lysozyme moieculexdoes not interfere with the
first step of combination of the DNP-enzyme with the substrate'
A reasonable explanation of the‘dgérease‘in the enzyme effieighcy
appears to be that a stable (non-productive) complex may be
formed between DNP-lysozyme and the substrate which ié cqnvertéd
into the ﬁroduct and enzyme with diffieultjl Tt seems probable
_that arylafion of the lyéozyme ﬁolecule inereases its aisorbing
powerl, It 1s perhaps relevent to mention here that most of
the | DNP-derivatives (of different proteins) (130, 168) are found
to be adsorbed strongly on the resins usually employed for
purification purposes. The procesé may be analogous in that the
modified lysozyme binds the cellular substraté more tenablously
,aided by the aryl-groups, Thils may result in the fbrmaﬁian of
,DNP~lysozyme~substrate eomplex whioh is transfbrmed only glowly
and may be the cause of the reduced rate of the enzyme activity
observed with'the‘mpdified 1ysozyme’, ’

.0ur~data and those of other workers on different deriva-
tives of lysozymes still leave us unclear regarding the role of
lysine residues in the iysozyme molecule’,- x-ray'studies show
that all the six lysine residues are dilstributed on the surface of
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‘the molecule, These residues carry.besic,functional group and

it 1s probable that energetically these residues rrefef chain;
solvent contacts over chain-chain contsots', And it may be the
function of lysine residue to 1nteract with the solvent mole-
cules to keep the protein molecule in solution. otherwise
perhaps a stable solution could not be adhieved and a nreeipitate
would result, It is frequently observed that when the lysine
residues of lysozyme: are blocked with any of the modifying
agents (acyl, aryl, or others) the solubiliﬁy of the protein is
'decreasedi We have ﬁa&e a similaf‘observaﬁion% nNPndeiiVatives
when prepared at alkaline pH (o be-réporﬁed later) easily ’
precipitated in phosphate buffer solution and could be soluﬁilized
only either in aeidified'salution;or'in the 0.1 M acetic acidl,
DNP-derivative prepared at pH 7.2 which we: have shcwn to retein
the native conformation can also be slowly preeipitated in
alkaline buffers . |

Several studies onlﬁhe modificatien of lysine residues
in lysozyme show that these residues are not important for ,
either eetiv1ty or eonfbrmation. However “the solubility chara-_
cteristics of such modified lysozymes are different from,those
of‘N-lysozyme suggesting that these residues nay function mainly
as solubilizing side chains.

Effect of‘modificatlens on the ggxsieochemieal groperties of ﬂhe

der1Vatives-

In the results reported so far it was sheﬁn that the
introduction of one to six DNP=-groups in the lysczyme molecule
did not affeect 1ts enzymatic properties. The fact that engzgyme
activity was reversible after the DNP~derivative was exposed to
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either hedt or the denaturing agents supgested that the
intreduction of DNP-groups at pH 7.2 did not affecf the
overall conformation of lysozyme molecule , OF atieasﬁ the
local conformation of the actlve centre to any apprecisble
extent’, Limited conformational changes around the substitutod
residues, hovever, cammot be ruled out’. Besides these studies
could not indicate if the introduction of the DUP group Into
the enzyme molecule occured to the same extent and at the same
amino acild residues in the entire population of iysozyme nole=
euls!, If, dinitrophenylation being a random reaction, resulted
in a mixture of DNP-derivatives modified to varying exteats at
different positions, it would be difficult to account for the
loss of activity due to the modification of one or more partie-

cular residue(s).

Studies on the three DNP derivatives, Py, P, and Py
substituted to varying extent (as described in the preceeding
experiments) were therefore extended. Some physicochemical
characterigﬁies and homogenity of the derivatives were oxamined
in detaill by the following technigues . 1) Ultracentrifugation
2) Uv-spectra , 3) gel filtration on Sephadex (G-100, &) Column
chrematography on (M-cellulose and Amberlite IRP-G%, B) clectro-
4phorésis on staéch gel, 6) disc electrophoresis with poly-
acrylamide gel and 8) by determining the rate of tryptie hydro-

lysis.

In Fig; 154, B the absorption spectra of N-lysozyme,
Pé and §3 in the range 220 to %20 mp are shown. The spectrum

of Nelysozyme is that of a typical protein with an abgsorption

:’2' D *



ﬂﬁmﬂrf)iﬁ?w .
Fig. 15A’/t gpectra of N-lysozyme and Pg)(in 0.2M acetate

buffer, pH 5;’4-) 0——6 N-lysozyme (concentra-
tion: 0.1 mg/ml); &—8 P, (concentration: 0.1
mg/ml).
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minimum at 250 mp and an absorption maximum at 280 mps Both
P2 and P3 give the same typé of spectra, In addition they
have another absorption maximum at 360 mpp which is due to the
absorption by the dinitrophenyl groups (138)'. The absorption
m;,ximum of N-lysozyme , P, and P3 occur at the same wavelength
namely 280 mp. We have also measured the absorption spectrum
of N-lysozyme in presence of 8 M urea in phosphate buffer of
pH 6.8 (0.06 M); under these experimental conditions the enzyme
is inactivated %o 80%. However, there is no change in the wave-
length of maximum absorption’s Perlmann has reported that when
pepsin is denatured its absorption maximum shifts from 278 m
to 276 mp (169) + The observation that the absorption maximum
of Py and P‘3 occur at the same waveler}gth’ as that of N-~lysozyme
seems to suggest that dinitrophenylation has not caused any
change in the conformation of lysozyme which would affect its
absorption speetrals Tt would have been desirable to determine
the difference spectra of Py and P3 Wr{i’ch N-lysozyme as the
reference materisl. Unfortunately, these experiments could not
succeed for the following reasons:~ 1) It was very difficult to
adjust the concentrations of the proteins in the reference cell
and in the experimentstcell to identieal values vhich i8 a pre-
requisite for taking different spectras; 2) dinitrophenyl group
itself has sbsorption in the ultraviolet region and this vitiated
the results . For the same reasons, O.R.D. measurements in the

visible range could not also be made.

. in-
Therefore information on conformation was obtained/directly

by studying the effect of heat, urea and GU-HCLl on the enzyme acti-
vity of ¥=s N-lysozyme and of the DNP-derivatives. The data
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obtained by measurements of the UV spectrum and by ultra-~

© eentrifuge studies further stipport the earlier obsefvations‘.

The u}tracentrifugal patterns of N-lysozyme, P1 ,, P2 and -
Py are given in Figs. 164, B, and ¢ In all cases. singlé |
~ symmetrical peaks were obtained indicating that all the products
were.homogeneous with respeect to molecular wej.ght and shape’,
The gedimentation coefficlents and molecular welghts (determined
by Arehibald method) are given in Table 6 There 1s no significant
differenog between 320 W value o%‘ ﬁ»lysozyme and of DNP»lysozym§s v
The value of N-lysozyme 1s in good -agreement with the reported
values (440, 170)', The molecular weight obtained is slightly
higher than the value reported by sedimentation-diffugion |
technigque and the value computed from the amino aeld anslysis ‘
data namely 14,600. Sophlanopoulos and Van-Holde have ‘repor‘ted .
that lysozyme undergoes a dimerisation reaction above pH 5.4 and
the extent of dimerisation Increases with‘ the incre,ése in pH (104),
It is therefore likely tha‘{; the slightly higher value that we
have obtained is due to the tendency of lysozymé to dimerisels
Narasinga Rao and ?a.ndit have also reported a value of 18,000
at pH 7.0 from ultracentrifuge field relaxation technigue (171).
However, the more important point of mteregt to us is that there
> 1s no difference between the molecular welght of N-lysozyme and
the DNP-lysozymes's

In Wgs. 174, B, the gel filtration patterns of W-lysozyme,
‘Pqy Py and PB are given', In each case a single symmetrical peak
without indicatlon of any other major or minor peak is obtained.,
With P, ,(P?_ and Py in addition to absorbance at 280 mp absorbance

22



Fig. 16. The sedlmentation velocity pattern of
N-lysozyme , P1 ’ P2 and .P3

A. P43 plcture taken at 76 min,

B. Upper pattern N-lysozyme and lower PE;
pleture taken at 80 min',

C. Upper pattern N-lysozyme and lower P3;
pleture taken at 80 min. Centrifugation
was done at 59, 780 rpm (sedimentation
proceeds from left to right),



FIG. 16



TABLE No. 6

SEDIMENTATION COEFFICIENT AND MOLECULAR WEIGHT OF NATIVE AND

DN P~I,YS0 ZYMES

Buffer
system

‘Native P P P
lysozyme 1 2 3

Coefficient buffer pH 5.4

Sedimentation g 0.2M Acetate
(820 ,W) s

5 0.2M sodium
phosphate

(j buffer pH 7.2

Molecular 0.2M sodium
weight phosphate
' buffer pH 7.2

1.9 =2.0 =~ - 2.2

1.9 1.98 2.0 -

18,400 18,200 17,700 -




Fig. 17A. The gel filtration pattérn of N-lysozyme and
P, on Sephadex G=200; colum size 1.1 x 43 cm3
eluant 0.1M acetic acid; N-lysozyme (load
17.0 0.D. at 280 mp), P, (load 20.0 8.D. ab
280 mp); 0—0 0.D, at 280 mp; &—0 0.D, at
360 mp.
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Fig. 178. The gel filtration pattern of W-lysozyme, Py and
Py on Sephadex G-100§ Column size 1.2 X 46 cm;
eluant 0,1 acetic acidy N-lysozyme (load 22,0 0.D.
at 280 mp) 3 Py (load 22.5 0.0, at 280 m)
Py (load %.5-0.D, at 280 mp); 0——0 at 980 mp;
¢——0 0.D, at 360 mp.
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at 360 mp has also been measured, The absorbance values at

the two wavelengths follow the same order, In gelr filtration
téchnique separation of components takes place primarily on

the basis of differences in molecular weight. Thls technique

has been .extensively used not only for the fractionation of
proteins of different sizes but also for the determination of
the molecular weights'. On a column of given dimensions the
elution volume of a protein depends upon its molecular weight {iTR)
As the molecular weight decreases the elution volume increases\
The fact that P4, P, and 133 elute at the same position as
N=~lysozyme shows that dinitrophenylé,tion has not caused any
aggpegation or degradation of lysozyme. Althouéh, gel filtration
is primarily based on differences in molecular weight , shape
factors also have some influence (172), From the gel filtration
experiments it may be concluded that the DNP-lysozymes are

homogeneous with respect to size and shape.

The rate of hydrolysis of protein substrates by proteo~
lytic enzymes may be used to determine subtle conformational
changes in the substrate molecule which are not detected by con-
ventional physicochemical methods . Markus (173) has shown that
low molecular weight ligands bound by bovine serum albunin and
human serum albumin cause a change in the rate pf hydrolysis of
these substrates by a variety of proteolytic enzymes. He has
interpreted these results as an effect of the ligands on the
conformation of the substrate. Maurer and Sriram (- b4y found
that trichloroacetic acid (TCA) treated bovine serum albumin was
hydrolysed at a slightly higher rate by trypsin although
Narasinga Rao et g_]_._ (175) found no differences between the TCA

1%
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treated and native bovine serum albumin by physicochemiédl
measurements, Gurnani et al reported that TCA-treated
lysozyme is hydrolysed by trypsin at the same rate as native
lysozyme and there is no change in conformation ecither (170) .
Rate of tryptiec hydrolysls of N-lysozyme and P2 was measured

to detect any change in the conformation of these two proteins .
The rate of tryptie hydrqusi§ has been measured by determining
the ninhydrin value as a function of time of hydrolysis by
trypsin. The data are given in Fig. 18. The rate of tryptie
h&dfclysis seems to be the same for both native lysozyme and Py
It is also seen from the figure that lysdzyme is resistant to-
the action of trypgin for nearly 10 hr and only after thig time
interval there is measurable hydroiysis. This observation is
in agreement with the reports of other investigators (170).
This data appeared to suggest that the Pglhas a conformation
similar to that of N-lysozyme.

Howeve?, aliquots tested for enzyme (lytic) activity at
varying intervals of hydrolysis (Fig. 18) showed that P, looses
enzyme activity ét a faster rate than the native lysozyme.
fﬁusxit Indicates that the small conformational changes lead
to a different cieavage pattern affeeting the enzyme activity.
Probably, the differences in the rate of hydrolysis were not
apparent because those peptide bonds next to DNPllysines were
‘perhaps not hydrolysed by trypsin (168, 176) . Modifiecation
of lysine restriects the points of the tryptiec cleavage of the
polypeptide chains to bonds involving arginine residues. In
the case of DNP-lysozyme only bonds involving arginine might be
cleaveds That the cleavage pattern is different in the native
and in the P2 was confirmed when 12 hr tryptlic hydrolysate was



Fig. 18. The rate of hydrolysis of N-lysozyme and Py by
trypsin. The enzyme activity and ninhjrdrin value
plotted as a function of the time of hydrolysis;

o — ~0 N-lysozyme activity; é&—8 P2 activity;
D -~ Nelysozyme ninhydrin values 4 4 P, nin=-
hydrin value. Lysozyme‘ to trypsin ratio 25:1 (W/W).
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analysed for cleaVageifragments on a Sepﬁadex G=100 colum

(Fige. 194, B). 4s can be seen in this figure N-lysozyme is

' not cleaved by trypsin as extensively as PQ% The gel filtra-
~tion pattern of hydrolysed P, is distinetly different from

that of hydrolysed N~lysozyme. The 280'mp”absorption.of the
former shows the presence of two fragments not properly resolved.
The ear}ier eluting peak shows enzyme activity while the latter

peak which contains DNP group does not show much enzyme aetivity.

The tryptie hydrolysis data indicates that the substi-

"~ tution of the DNP-groups probably involves local small con-
formation changes. Although, these changes could not be
detected by UV absorption, ulbracentrifugation or reversibility
(of the enzyme activity) experiments, they were detectable by
the combined determination of the aetivity, rate of tryptic
hydrolysis and aﬁélysis of the hydrolysate on the Sephadex
colum, It is interesting to note that éuchflimited conforma-
tional changes do not affect the reversiblility of the enzyme

activity as deseribed in detail in the preceeding pages.

Fractionation based on a different principle namely ion
exchange phen&mena wag also used to determine the homogenity
of the N-lysozyme and DNP-derivatives, In Fig. 20 the chroma-
tograms obtained on CM-ceéllulose using salt gradients for
elution are given'. All the proteins were eluted from the
column at a salt éoncentration of 0,2 to 0’30 M. N=-lysozyme
gives a single peak with a tralling edge indicating that the
| native lysozyme may not be very homogeneous. P, and P3 also
lead to peaks with diffuse trailing edges. Both 280 mp and
360 mp absorbance readings follow the same order. Apart from



Fig. 194. Gel filtration patterns of N-lysozyme before and
after tryptic hydrolysis, on Sephadex G-100.
Colum size 1.1 x 42 cmj eluant 0,1M acetic acid.
N-lysozyme (load 18.0 0.D, at 280 mp) and tryptic
hydrolysate (load 18.0 0.D. at 280 mp) .
0——0 at 280 mp. x-— - —-X specific enzyme
activity.
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Fig. 19B. Gel filtration patterns of P, before and after
. tryptie hydrolysis, on Sephadex G-100. Column
size 1.1 ¥ 42 emy eluant 0,1 acetic acid.
P, (load 11.5 0.D. at 280 mp) and P, tryptic
hydrolysate (15.C 0.D. at 28C mp).
0——0 0.D. at 280 mp. @&—=8 0.D. at 360 mp.
% -—-X Specific enzyme activity.



B 0L X (UIWO/BW/SLING ALIAILOY 3WAZNI 0I13103dS) %-X

o © o Ww o~ 0
T ..1.| s 4 . - m‘—t P . A.I—.. .l:l.:,!...xH” ﬂ
Mwoee LV d O e—e
@ o w ~T N
~ © o o <o = © Q <
S o S S = =) o o © °s
T ¥ 4 1 H i \ 1 A

- TRYPSIN
HYDROLYSED

2

046
0.4 F
0.2

nwogz Lv ‘A0

F1G.18B

FRACTION NUMBER



Fig. 20. Chromatography of N-lysozyme, P, and P3 on
CM=-cellulose; Column size 1.3 x 20 emg
N-lysozyme (load 35.0 0.D. at 280 mp);

. Py (load 40,0 0.D. at 280 mp); Py (load
64,0 0.D, at 280 mp); —0 0.D. at 280 mp3
6——€ 0.D. at 360 mp (a gradient of 0 to

0.5 M sodium chloride was used for elution),



0.D. AT 280mpu

0.D. AT 360mp
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' the unsymmetrical nature of the major peak there is no
indication\of other heterogeneity. In the case of DNP-
lysozyme the exaggerated unsyme&%cal pattern may be due to

’ DNP~groups which are known to get strongly alsorbed on the
resins’, This has been shown with other MP-protein such as
DNP-BNase which was difficult to elute from the column (130,
168). The unsymmetry of the peak may also mean that the slight
 heterogeneity of P, and P, derivatives are not gebting resolved
on CM=-cellulose. Similar petterns were obtained when separatién
was tried using combined salt and pH gradient between pH 5.4 =
8.5. From the chromatographic profiles on CM-cellulose it was
Telt that DP-derivatives may or may not be as homogeneous as

’ N-gysoz&me'itself. The results seem to suggest that during
dinitrophenylation reaction the whole population of lysozyme
molecules may not have been labelled uwniformly with DNP-groups.
It therefore appeared that dinitrophenylation of lysozyme may
have resulted in a heterogeneoug product due to the random
naturs of the reaction which may cauge a nonuniform modification
of the enzyme moleculesg. Modifications may have been such that
these were not discriminated on‘the CM-cellulose chromatography.
The derivatives were therefére further examined on starch

and polyacrylamide gel electrophoresis using different

buffers and pﬁxvalues 3.0 = 8.3.

In Figs. 21A, B are shown electrophoretograms obtained
by starch gel electrophoresis done at two pH values namely
PH 7.0 (Fig. 214) and pH k.1 (Fig. 21B). From Fig. 214 it may
be seen that N«lysozyme, P, and P3 each gives a single band

suggesting that the preparations are homogeneous ., However, at
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PH W.1 (Fig. 21B) N-lysozyme gives a single band vhereas Py
and Py show some heterogeneity, but do not lead to well
resolved bands, althoﬁgh the presence of about three distinet
components can be dist;nguished. Py and P3 moved slightly
slower than native lysozyme as may be expected due to deerease

in the positive charge on the derivatives.

The same conclusions can be drawn from dise electrophore-
sis experiments which were conducted at PH 8.3, 4.5 and 3.1
(Figs. 224, B, C). All the three proteins give single band
at pH 3.1 (Fig. 224) at pH 8.3 N-lysozyme gives two well
separated bands (Fig. 22B). At pH 4.5 (Fig.22¢) N~lysozyme
gives a single band, Pé and P3 show more than one band although
these bands are diffusef. The patterns are nearly similar to
what weseobserved on starch gel at pH 4.41. Miecrodensitometer
tracings do suggest slight unresolved heterogeneity (Fig. 22C).
It may be of interest to mention that when the experiment at
PH 4.5 ig repeated in the presence of 8M urea all the 3 proteins,
namely N-lysozyme , Py and PB give single but broad and diffuse
bands (Fig. 22D). The reason why single band is obtained at
pH 7.0 and multiple bands at pH 4,1 may be that pH 7.0 is
nearer the lsoelectric point of 1ysozymé_and eharge‘differenées
may be small, The same may be true for obtaining single bands
at pH 3.1% At very acid pH the differences in the charge on
DNP-derivative species may be negligible, A similar thing may
be happening in 8M ures in which the conformation of the native
lysozyme and that of the DNP-derivatives would be disrupted and
then the various DNP-derivatives may not be distinguishable
electrophoretically. Separation in starch and polyacrylamide



Tig. 21A, Starch gel electrophoresis patﬁerns of
N-lysozyme, P, and P3 at pH 7.0 (phosphate
buffer) 6 volts per cu.

NzN-lysozyme (1.1l mg)
Py (1.1 mg)
Py (1.0 mg)

Fig. 218, Starcﬁ gel electrophoresis patterns oi’
= N-lysozyme , Py and ?3 at pH 5—1-.1 (aceﬁate
buffer) 6 volts per cm. '
M= N-lysoﬂz.yme’ (;l RIS mg) .
Pé {1.1 mg)
Py (1.0 nig)
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Fig. 22A.

rig. 22B.

Disc electrophmiesis}patterns of N-lysozyme,

P, and P3 on polyacrylamide gelj pH 4.3 gels
and run at pH 3.1 (aluminium lactate-lactie
acid buffer)j period of electrophoresig 75 min,
at 5 m. amps per tube.

N = Nelysozyme (40 pg)

Py (40 pg)

Py (40 pe)

Dise electrophoresis patterns of N-lysozyme,

P, and P3 on polyacrylamide gelj pH 8.9 gels
and run at pH 8.3 (Triseglycine buffer)s period
of eleetrophoresis 90 min, at 5 m. amps per tube.
N = N-lysozyme (40 pg)

P, (40 pg)

Py (40 pg)



FIG 22



- Fg. 22C. Disc electrophoresis patterns of N«lysozymej;
Py and P3 on polyaerylamide gel and their
microdensitometer tracings. pH 4.3 gels and
run at pH 4.5 (A-alanine-acetic acid buffer)
period of electrophoresis 80 min., at § m.amps
per tube.

N=N~lysozyme (40 ng)

P, (40 pg)
Py (40 pg).






Fig. 22D, Disc electrophoresis patterns of N.lysozyme}
P, and Py on polyacrylamide gel, pH 4.3 gels
eontaining 8,0M urea and run at pH %.5
(/3alanine-acetic acid buffer with 8.0M urea);

period of electrophoresis 75 min, at 5 m. amps
per tube,

N-Nelysozyme (40 yg)
Py (%0 pg)
P3 (%o Pg)



FIG 22 D



gel electrophoresis takes place both on the basis of molecular
size and on the basis of net charge on the protein molecule
(147, 148) . The fact that distinet diffuse bands are obtained
with P, and Py at pH 4.1 vhich are not well resolved may mean
that these derivatives constitute a mixture of sub DNP-derive-
tives which differ only slightly in charge. It therefore .
appeared that Py and P3 were not very homogeneous. It was now
important to separate the derivatives for individual study and
to establish in what way each sub DNP-derivative differed from
the other., Once the sub INP-derivatives species could be
separated and obtained in relatively pure form the number and
position of the dinitrophenylated lysine could be determined’,
Attempts were therefore made to separate the derivatives on
another ion exchange resin, In this case we used Amberlite
IRP-64. On a small column (1.5 x 6 om) P, resolved into two
components . When loaded on a long column (1.5 x 29 om) it was
resolved into three components (¥ig. 23B). The ratio of the
absorption at 360 mp to that at 280 mp decreased progressively
vhereas specific activity of the enzyme increased only slightliy.
The separation of this resin eonfirmed the heterogeneous pattern
observed on electrophoresis. All the proteln appears to be
dinitrophenylated as it had absorption at 360 mp. Further it was
observed that there was no unreacted lysozyme since there was no
peak at the position of N-lysozyme (Fig. 234) . However ,
chromatographiec patterns varied from one experiment to other,
Recovery of the DNP-protein from the column also varied. It is

known that INP-proteins often alsorb on the colums strongly.
The lack of reproducibility in the chromatographie patterns and
low recovery could be due to the varying adsorption of the DNP-~-

derivatives on the column. Therefore, our attempts to isolate



Fig. 234.

Chromatography pattern of N-lysozyme on
Amberlite IRP-64; Column size 1.1 x 28 comj
eluant 0,2M sodium phosphate buffer pH- 7.18.
N-lysozyme (16ad 50.0 0.D. at 280 mp) '.
0—=6 0.D.at 280 mp., X%X--X specific
enzyme activity.
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Fig. 23B. Chromatography pattern of P, on Amberlite
IRP-64+; Column size 1.1 x 28 om; eluant
0.2M sodium phosphate buffer pH 7.18.
P, (load 702 280 mp). 0—0 0.D. at
280 mp. &—0 0.D,at 360 mu.
X --X specific enzyme activity.
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the derivatives in sufficient quantity were not successful.
However, in order to determine the position of the labelled
lysine it would be desirable to separate the mixture of the
DNP-derivatives, It is hoped that further attempts with some
new approach will eventually resolve the question of the

separation of the sub DNP-derivative species.

The results of the effect of modification on the physico-
chemical characteristics of the TNP-lysozymes prepared at pH
7.2 were desoeribed. The data indicate that incorporation of
one to six DNP-groups in the enzyme molecule doshot change
its shape or molecular size to any appreciable extent as shown
by the UV spectral and ultracentrifuge experiments, No aggre-
gation was found on gel filtration. However, tryptie hydrolysis
studies showed that P, vas hydrolysed much more than native
lysozyme during 12 hr period , suggesting small conformational
change in the derivative, The derivatives also showed the
presence of more than one sub derivative on electrophoresis
between pH %¥.0 - 4.5. On either side of this pH, the deriva-
tives moved on the electrophoresis column more or less as
single speeies, Derivatives could not be resolved on CM-
cellulose , using salt gradient, pH gradient or combined pH and
salt gradient. On electrophoresis DNP-protein bands were
diffuse and (M-cellulose column the derivatives emerged as
unsymmanterical and broad peaks. DNP-proteins adsoi'bed strongly
onkaﬁnPbia;rzlthough they were resolved in three sub-derivatives.
Results varied from experiment to experiment . DNP-content of
the sub-derivatives decreased progressively fmm/\gist eluted
peak to the third peak whereas enzyme activity increased only
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slightly.

It may be pointed out at this stage that the fact of
miero heterogeneity in the TNP-lysozymes does not vitiate
our conelusions mainly drawn from the enzyme activity studies
regarding the role of lysine residues. It was shown that
although TNP-content decreased from peak to peak, indicating
different DNP-content in each peak, change in the activity was
very slight, This means all the three peak proteins hadﬁgg
average the same activity. Therefore, our conclusions regarding

" the role of lysine residues should still be valid.

However, in this phase of the present investigation, it
is clearly shown that modifiecation of the enzyme even if
carried out under mild controled conditions ean lead to small
or limited conformational changes. The resulting modified
derivatives may not be hombgeneous or uniformly labelled . The
use of only one teechnique to detect homoged}ty or conformational
changes may lead to wrong conclusions. Our results clearly
show that the use of a combination of various techniques 1is

imperative in such studies to get a more satisfactory picture.
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Studies on DNP-lysozymes prepared by reaction with FINB
at pH 9.1,

As mentioned earlier dinitrophenylation studies were
also conducted at pH 9.1, These experiments were carried
out in sodium carbonate-biscarbonate buffer at 15° and 26°.
It was observed that at this pH inactivation of the enzyme
occurred very rapidly (within about 10 min.) at ¥DNB to
enzyme ratio of 31231, both at 26° and at 15°. The product
was completely inactive. Jowever, when a lower ratio of FDNB
to enzyme, namely 1831, was used at 26° and the reaction was
carried ontfor 15 min. a derivative with about 30% of the
original activity was obtained.

Bffect of time on dinitrophenylation at pH 9.1 'e

In Fig, 2l the effect of reacting lysozyme with FDNB
for different intervals of time is shown. The data were

obtained using F¥DNB to enzyme ratio of 1831 at 26°. Both
enzyme activity and absorbance at 360 mp were measured . The
increase in the INP-uptake and the decrease in the enzyme
activity proceed almost with a linear rate upto 15 min when
the enzyme has 30% of its original aetivity. At the end of
30 min reaction there is an increase in DNP-content and the

enzyme still retains 1% activity.

In Fig. 25 the effect of reacting lysozyme with FDNB for
different intervals of time with ¥DNB to enzyme ratio of
31231 is given. At 15° or 26° in about 10 min of reaction time
the enzyme is completely inactivated. The absorbance at 360 mp
has been measured to determine the extent of dinitrophenylation.

At 10 min of reaction time the enzyme was completely inactive



Fig. 24,

Fg. 250

The extent of dinitrophenylation of lysozyme

as a ﬁmction of time of reaction and its
effect on enzyme activity of lysozyme at 26°3
pH 9.1, &—A 0.0, at 360 mp and N—=0D
relative enzyme activity.

[¥oNB/Enzyme , 1831 mole/molel, 0—0 Activity
of Nelysozyme . '

T™e extent of dinitrophenylation of lysozyme

as a function of time of reaction and its effect

on enzyme activity at 15° and 26%; pH 9.1.

¢—=8 0.D.at 360 mpj and 0—0 relative

enzyme activity 15° or 26° 'B'DNB/Enzymo , 31231 mole/

molé] .
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and the DNP content reached a maximum value,

The following DNP-derivatives were prepared at pH 9.1,
The effect of modification was then examined on the enzyme
activity and physicochemical properties, It may be mentioned
here that at pH 7.2 derivatives were obtained with minimal or
no conformational change, W&hereas at pH 9.1 the derivatives

obtained were almost drastically changed in conformation.

1) A derivative with 30% of its original activity was
obtained at 26° by reacting lysozyme with FDNB for 15 min,
using FDNB to enzyme ratio of 1831,

2) A second derivative with less than 10% activity was
obtained by reaecting lysozyme with ¥DNB at 26° for 10 min
using FINB to enzyme ratio of 312:1.

3) A third derivative agin with less than 107 residual
activity was obtained by reacting lysozyme with FDNB at 15’°
for 10 min, using FDNB to enzyme ratio of 31231,

INP-amino acid analysils,

The amino acid analysis of the three preparations showed
that the ether extraect contained only di-DNP-lysine. The
butanol extraect (i.e. water soluble DNP-amino acids) of all
the preparations, when run on, butanol-acetic acid-water system
gave two yellow DNP-spots. out of these two spots one
coingided with standard DNP-lysine (R, 64-68), the other, fast
moving spot appeared to coincide with O-DNP-tyrosine (Ry 70-7%) ,
gince the second spot had bright yellow colour it did not appear
likely to be O-DNP-tyrosine. The butanol extract was also rum
on a second solvent system namely phthalate buffer system. In
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this also two yellow spots were obtained; one had Rf'Valuo
similar to the standard €-DNP-lysine (Re 33-38) and the other
fast moving yellow spot and had Rf value approximately close
to the standard 2 )+ dinitroaniline (R, 85-90). The fast
moving TNP-spot was eluted with 1% NaHCO3 and the spectrum
taken. The spectra of standard 0-DNP-tyrosine , standard

2,4 dinitroaniline and the unknown fast moving DNP-spot are
shown in Fig. 26. ¥From the spesctra it 1s clear that the
unknown DNP-spot material is not 0-DNP-tyrosine, But it
corresponds with the speetrum of dinitroaniline . Therefore
the wunknown DNP-spot may be dinitroaniline or it may be some
DNP breakdown product of DNP-amino acids produced during acid
hydrolysis (177). The unknown DNP-spot is not due to dinitro-
phenol as tested by exposure to HCl. The yellow eolour did
not disappear after exposure to H0l. The occurrance of
unknown DNP-spots in the hydrolysates of INP-proteins has been
reported by several workers (138) . It may be mentioned here
that no unknown spét was detected from the derivatives

prepared at pH 7.2.

The order of TNP-amino acid spots in a given solvent
was entirely reproducible but the absolute Rf'Values were not.
Therefore for every chromatographic run gtandard DNP-amino

aclds were also run simul taneously.

In Table 7 the details of chromatographic runs in

different solvent systems and the Rf values are given.

Solubilitys All the three DNP-lysozymes described above wvere
soluble in aecidified aqueous solution but preeipitated slightly



Fig. 26 . Absorption spectra in U.V, range.
¥—X standard O0-DNP-tyrosine;
[— standard dinitroaniline;
0—=€ unknown DNP-spot (30%f active hydrolysate)j
60— unknown DNP-spot (< 10% active hydrolysate).






TABLE Ro. 7

Re VALUES OF DNP-AMINO ACIDS OBTAINED USING DIFFERENT

SOLVENT SYSTEMS

Standard DNP Solvent
amino acids system Rr values
or samples used
Di-DNP-lysine Toluenes 2-chloro- 70-75
ethanol: Pyridines
ammonia
¢-DNP-lysine Butanol tacetic acidiwater 6468
0-DNP«tyrosine " 7075
Unknown DNP-spot " 70-75
¢-DNP~lysine Phthalate system 33-38
O-DNP-tyrosine 5053
2,4+ dinitroaniline 909k
Unknown DNP=-spot 90
Di-DNP-lysine Butanol sPyridinevater 85-90

and phenol
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and slovly when dialysed against distilled water or 0.2 M
phosphate buffer (pH 7.18), However, they were readily
solubllized in 0.1M acetie acid. During the dialysis period
under the above conditions N-lysozyme remained in solution.
These INP-lysozyme preparations could also be erystallized
easily when the solutions were made 0.1 M in KN03, while native

lysozyme under the same conditions remained in sdution.

The relative insolubility of these DNP-lysozymes in
distilled water and phosphate buffer at nearly neutral pH
and their ease of crystalligation accompanied by complete or
partial loss of the enzyme activity suggested a substantial
change in the conformation as a consequence of the introduetion

of DNP-groups in the molecule at pH 9.1,

Because the solubility of the derivatives was rather low
detailed experimentation was not possible. However, both gel
filtration'experiments and ultracentrifugation experiments
revealed heterogeneity of these samples., In each case two
peaks were observed, one which shewsd eluted from the colum
at the same place as N-lysozyme and the other of aggregates’,
The gel filtration patterns of 304 aetive DNP-lysozyme and two
other almost completely inactive lysozymes are given in
Fig. 274, B.

-

It may be mentioned that the proportion of the material
which emersd from the column earlier than N-lysozyme increases
to some extent as inactivation inereases, For example the

proportion of the first fraction in the 304 active INP-lysozyme



Fig. 27A.

The gel filtration pattern of Nelysozyme
and 30f active DNP-lysozyme on Sephadex
G-100. Column size 1.1 x 47 cm; eluant
0.1M acetic acid; Nelysozyme (load 32,0 0.D),
at 280 mu)3 30% active DNP-lysozyme (load
22,0 0.D. at 280 mp).

0—0 0.D. at 280 mp

—¢ ©.D. at 360 mp.
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FIG. 27A
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Fig. 27B. The gel filtration pattern of N-lysozyme and
inactive DNP-lysozyme on Sephadex G-100,
Colum size 1.1 x 47 emj eluant 0.1M acetie
acid: N-lysozyme (load 22,0 0.D. at 280 mu)
Tnactive DNP-lysozyme , 26° preparation (load
21.5 0.0, at 280 mp) and inactive DNP-lysozyme ,
15° preparation (load 28.5 0.D. at 280 m).
0——0 0.D,at 280 mp
&—0 0.D.at 360 mp.
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is about 30f and in the completely inactive derivative it is
about 40f v The first fraction in each case 1s nearly completely
‘inactive ( < 10%). However, the second fraction of the 30¢
active DNP-lysozyme was about 55-60% active whereas the

second fraetion of the inaetive derivatives had negligible
activity.

The ultracentrifugal measurements in acidified agueous
solutions (pH 3-4) gave a saaa;ue of 11-16 for the fast moving
component and a value of 1.8 to 2,0 for the slow moving component.
In conformity with the gel filtration experiments the proportion
of the 11168 component is higher in the totally inactive DNP-
lysozyme than in the partially-active lysozyme. Since the §
value of the slow moving peak agrees with of N-lysozyme it may be
concluded that the higher aggregate may have a molecular weight
15-16 times that of native-lysozyme. It may be mentioned that
lysozyme undercoes a dimerisation reaction between pH 5.0 = 9.0
and above pH 9.0 higher aggresates of lysozyme are formed (104).
Dinitrophenylation at pH 9.1 appears to favour the aggregation
of the DNP-derivatives., Our results that the aggregates are
also dinitrophenylated may mean that the sites of aggreration
perhaps do not involve lysine residues which are modified. In
view of the complexity introduced by aggregation it was not
possible to draw any definite conclusions on the relationship
between the activity of lysozyme and the number of lysine groups
that are dinitrophenylated.,

The data presented above show that dinitrophenylation of
lysozyme at pH 9.1 is very fast at either temperature 15° or 26°
although the extent of dinitrophenylation is still dependent on
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FDNB concentration. Thus at a FONB to enzyme ratio of 31231
the enzyme was modified within 10 min.at the above two tempera -
tures and'the derivative was found to be completely insctive.
These derivatives which were prepared at alkaline PH were less
soluble, easily orystallisable and were aggregated. The
aggregated and the monomer derivatives were detectable by
ultracentrifuge experiments and were also resolved on gel
filtration. From the above observations it was clear that the
derivatives have conformation very much different from the native
lysozyme., The change in the conformation of the derivetives
results probably from aggregation. The aggregate appears to
have molecular weight 15-16 times that of the native lysozyme,

Because of the above manifest properties detailed studies
on the effect of modification on the activity and physicochemical
properties were not possible. On the basis of the above findings
it was concluded that the loss of the enzyme activity due to
modification of lysine residues at alkalime pH is caused by
the aggregation of the derivatives., Thus the inactivation of
lysozyme due to dinitrophenylation appears to be different at
the two pH values, Whereas at pH 7,2 there 1s little or no
aggregation of lysozyme due to modification there is considerable
aggrecsation at pH 9.1,

The data obtalned from the studies conducted at pH 9.1
support the conclusions drawn from the modifications made at
M 7.2, in that the blocking of lysine residues reduces the
solubility of the enzyme molecule and enhances its eapacity to be
alsorbed on resins. In this case protein-protein interaction of

the derivatives leads to the aggrezation of the modified engyme’,
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This interchain interaction is perhaps being enhanced by the
DNP groups.

But it is not clear why the introduction of TNP-groups
into the enzyme molecule at pH 9.1 leads to insolubilisation
and aggregation of the derivatives but not at pH 7.2. There,
probably, are many answers to this question, However, the
following speculation may explain the phenomena partially;

In either extreme environment , acidic or alkaline, enzyme
molecule tends to expand due to electrostatic repulsions. If
the modification is carried out when the molecule is in an
expanded state the bulky DNP groups linked to the side chains
may sandwitoch in between the folded ehains and loops and thus
freeze the expanded state of the molecule by hindering the
refolding of the molecule. The sandwiteched TNP-groups could
make interchain eontaects with other side chains of amino acid
residues making a sort of bridge between the polypeptide chains.
T™e charge distribution on the expanded molecule would help
these interactions. The result would be that the molecule

may permanently remain slightly eipanded in comparison to its
original stateﬂ The above interactions of the DNP groups
together with blocking of the basic residues (lysines) essen-
tially required for the solubilization may probably enhance the
insolubility of the protein molecule., 8imilar phenomena may
explain the protein-protein interactions leading to the

aggregation,



