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INTRODUCTILON

The chemistry of peptide has so far advanced that physio-
logically active peptides and peptide antibiotics can be easily
synthesized in a pure form. A new target in peptide chem-
istry has been the total synthesis of proteins such as enzymes
and hormones. Recently, Gutte and Merrifield1) reported
the synthesis of bovine pancreatic ribonuclease A by the solid
phase method,g) which one of them had developed. Howéver,
they could not isolate the fully active enzyme. Furthér—
more, the investigation has been continued to synthesize vari-
ous enzymes by conventional‘method in many laboratories in the
past ten years,'whereas no success has been achieved so far.
The chemical synthesis of proteins will be acéomplished in the
near future judging from the great advancement of peptide chem-
istry. However, it seems very difficult to obtain desired
products by means of either the conventional method or the
solid phase method of peptide chemistry, because these methods
have not taken into account the chemical and biological insta-
bilities of biologically active polypeptides. Therefore,
it is necessary to develdp synthetic procedures suitable for
proteins on the basis of not only peptide chémistry, but also
protein chemistry. '

The studies on the chemical synthesis of hen egg-white

lysozyme have been carried out in our laboratory in the past



several years. Hen egg-white lysozyme is one of the enzymes
of which biochemical and physicochemical properties have been
studied extensively in many laboratories. Recently, Sharp
et a1.3) reported the synthesis of hen egg-white lysozyme with
3-2% of the activity of the native hen egg-white lysozyme by
the so0lid phase method. However, they could not purify the
material further. The chemical synthesis of hen egg-white
lysozyme seems very difficult, because the enzyme contains a
high content of tryptophan residues which are subject to seri-
ous modification on chemical treatments and also the enzyme
possesses labile asparagine residues which are easily deami-
nated under mild conditions. Thefefore, it is necessary to
improve presént synthetic methods and to develop novel synthe-
tic procedure for hen egg-white lysozyme, which should also be
generally applicable to the synthesis of other proteins.

This is the purpose of this thesis.

The chemical synthesis of proteins will be carried out by
the following procedures; 1) synthesis of protected peptide
fragments, 2) synthesis of protected polypeptide which covers
the entire sequence of protein molecule by the assembly of
protected peptide fragments, 3) removal of all the protecting
groups from protected polypeptide, and 4) finally, folding .the
deprotected polypeptide to the native form of protein. In
this thesis the procedures, 3) and 4), were mainly studied,
related to the chemical synthesis of hen egg-white lysozyme,

because the procedure 3) has never been established in any



protein and the chemical synthesis of proteins ig impossible
without the establishment of the procedure 3). The investi-

gations were conducted as follows: as shown in Figure, first,
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the influence of deprotecting reagents on native hen egg-white
lysozyme (Route I-= II), second, the influence of the deprotec—
ting reagent, which was best in the deprotecting reagents ex-
amined, on the reduced hen egg-white lysozyme (Route I— III—
II) and finally, the preparation of protected lysozyme deriva-
tives, which are similar to protected polypeptides covering

the entire sequence of the hen egg-white lysozyme molecule,



and the regeneration to the original enzyme from them (Route
I->= IV~ II, I-—= V-~ II and I— IV-> VI-= II).

Part I in this thesis deals with the problems concerning
the influence of anhydrous ligquid hydrogen fluoride on the
native hen egg-white lysozyme. Many reagents have been
used for removal of all the protecting groups from the pro-
tected peptides in the final step of peptide synthesis.
However, some of them are known to cause serious side-reactions
such as the cleavage of peptide bonds and the modification of
the side chains of some kinds of amino acid residues. For
example, sodium in liquid ammonia is known to cleave the pep-
tide bond of imino site of the proline residue, and especially,

4)

to do very easily the threonylprolyl bond, which exists in
the hen egg-white lysozyme molecule. Moreover, hydrogen
bromide in trifluoroacetic acid should not be used as a depro-
tecting reagent for protected peptides containing tryptophan
residues, because both hydrogen bromide and trifluoroacetic acid
degrade the indole nucleus of tryptophyl residues. On the
other hand, anhydrous liquid hydrogen fluoride has never been
known to bring about serious side-reactions, although the re-
agent causes N-» O acyl migrations of peptide bonds in peptides
containing B-oxyamino acids, which can be rearranged reversibly
to the nomal state. Recently, deprotecting reagents such as
methanesulfonic acid have been éuccessfullyvdeveloped by Yajima

et a1.5) However, these reagents seem not to be extremely

recommended in comparison with hydrogen fluoride.



Anhydrous liguid hydrogen fluoride was originally used in
studies on the chemistry of peptides and proteins by Katz,6)
and XKatz et al.6’7) examined its effect on some ndtural poly-
peptide hormones, such as insulin and corticotropin, and also
on enzymes such as ribonuclease and lysozyme. They reported
that considerable inactivation of these chpounds on exposure |
to hydrogen fluoride at a higher temperéture (0 - 25°C) and
for a longer time (22h), particularly in the case of ribonuc-
lease and lysozyme, while the biological activities of these
compounds were not irreversibly affected by hydrogen fluoride,
provided that the temperature of exposure was low ( -78°C) and
the exposure time was short (<2 h). These findings indicate
that biologically active polypeptides may be considerably
affected by prolonged exposure to hydrogen fluoride at high
temperature. Thereafter, anhydrous liquid hydrogen fluoride
was applied to peptide synthesis by Sakakibara et a1.8) and
since then it has been widely used for releasing free peptides
from the protected peptides, for the reason as mentioned above.
However, in the synthesis of complicated biologically active
polypeptides such as proteins, it is uncertain whether it can
be used to release free polypeptides from protected derivatives
without causing side-reactions. Therefore; the author in-
tended to use anhydrous liquid hydrogen fluoride in this inves-
tigation.

Part IT deals with the problems concerning the influence

of anhydrous ligquid hydrogen fluoride on the reduced form of



hen egg-white lysozyme. The native enzyme has a highly
oriented structure. Therefore, its denaturation on exposure
to hydrogen fluoride is considered to involve various factors
such as destruction of three dimentional structure of the native
enzyme, chemical modification of main and/or side chains in the
native enzyme and so on. Furthermore, the influence of
hydrogen fluoride toward the inner and outer part of the native
enzyme are also assumed to be different. Therefore, it is
necessary to investigate the effect of hydrogen fluoride on

the reduced form of hen egg-white lysozyme, which can be pre-
pared by unfolding of the native enzyme and has a random struc-
ture, because the aim of this thesis is in the findings of the
conditions, under which protected derivatives of the reduced
hen egg-white lysozyme should lead to a fully active enzyme.

In the course of investigations of the influence of hydro-
gen fluoride on the reduced form of hen egg-white lysozyme, the
effect of various compounds, which were added into the solution
of the reduced enzyme in hydrogen fluoride was examined.

It was found that some of them bring about an increase of the
recovery of the native lysozyme isolated from the hydrogen
fluoride-treated reduced lysozyme.

Studies were also made on'the effects of amino acid deri-
vatives which liberate cations during the treatment with hydro-
gen fluoride, on the reduced hen egg-white lysozyme. Ani-
sole has generally been used as a scavenger of cations liberated

9 o

from protected amino acids and peptides in acidic madium



8)

during the treatment with hydrogen fluoride. Therefore,
we also examined the effect of anisole during the treatment
with hydrogen fluoride of the reduced hen egg-white lysozyme
as preliminary experiments on treating the protected deriva-
tives of hen egg-white lysozyme with hydrogen fluoride, whose
preparatibn will be described in part III.

Part ITI deals with studies using the derivatives of hen
egg-white lysozyme preparéd from the native enzyme. The
results in part II that the fully active original lysozyme can
be recovered in a fair yield from the reduced hen egg—white
1yéozyme by the treatment with hydrogen fluoride in the pre-
sence of some thiol compounds suggest that the derivatives of
the reduced hen egg-white lysozyme will lead to the native
enzyme. In this case, the reduced hen egg-white lysozyme
must be substituted with suéh protecting groups that can be
removed by the treatment with hydrogen fluoride within short
period at 0°C. In order to make this suggestion clear, the
author attempted to prepare the derivatives of hen egg-white
lysozyme substituted with various protecting groups from the
native enzyme and to regenerate the original active enzyme
from them by treatment with hydrogen fluoride.

Amino protecting groups were introduced onto the amino
groups in the native hen egg-white lysozyme using various re-
agents. The protecting groups introduced were as follows;
1) t-butoxycarbonyl group which is readily removed from oligo-

peptides with formic acid, trifluoracetic acid and hydrogen



fluoride, 2) benzyloxycarbonyl group‘which is gradually
cleaved from peptides with reagents used for the removal of
o—amino-protecting groups during peptide synthesis, when the
protecting group is used as a protecting group for e-amino
group of lysine residue, and 3) benzyloxycarbonyl groups
chlorinated in the aromatic ring which are more stable in
acidic media than benzyléxycarbonyl group, and which are,
therefore, recommended to be used as protecting groups for the
g—amino group of the lysine residue for diminishing the produc-
tion of branching peptides. However, these chlorobenzyloxy-
carbonyl groups have only been examined to a limited extent.

For the purpose of protecting the thiol groups of cysteine
residue, there are widely used three types of protecting groups
which can be removed from peptides with sodium in liqu%d ammo-—
nia, or mercurous salt, or hydrogen fluoride. The treat-
ment of the reduced form of hen egg-white lysozyme with either
sodium in liquid ammonia or mercurous salt resulted in very
low recovery of the original enzyme from the reduced hen egg-
white lysozyme thus treated. Therefore, protecting groups
which can be cléaved from peptidés with hydrogen fluoride was
investigated in detail. S-protecting groups such as benzyl,
4-methoxybenzyl and 4-methylbenzyl were introduced to thiol
groups in the reduced hen egg-white lysozyme according to the
method of Meienhofer et a1.1o)

Finally, the native hen egg-white lysozyme was acylated

with amino protecting reagents, reduced with dithiothreitol



in ligquid ammonia, and alkylated with S-protecting reagents.
The derivatives of hen egg-white lysozyme thus prepared were
treated with hydrogen fluoride. The results showed that
2-chlorobenzyloxycarbonyl and 4-methylbenzyl substituents are
extremely suitable for protecting amino and thiol groups, re-
spectively, and that a fully active enzyme can be regenerated
from the derivatives of hen egg—white lysozyme that are blocked
with these protecting groups.

The results described in this thesis indicate clearly
that the protected polypeptides covering the whole sequence of
prdtein molecules lead to proteins. . The strategy has been
inferred from the success of the chemical synthesis of various
biologically active peptides, but has never been realized on
any protein. Now, the strategy has been established in the
present investigation that the protected derivatives of hen
egg-white lysozyme gives the fully active enzyme.in a crystal-
line state after the treatment with hjdrogen fluoride. The
author hopes that the procedures described in this thesis will
be extended to the total synthesis of hen egg-white lysozyme

and also will be generally applicable to other proteins.

References

1) B.Gutte and R.B.Merrifield, J.Biol.Chem., 246, 1922 (1971):

2) R.B.Merrifield, J.Amer.Chem.Soc., 85, 2149 (1963).



3) J.J.Sharp, A.B.Robinson, and M.D.Kamen, J.Amer.Chem.Soc.,
95, 6097 (1973).

4) A.Marglin and R.B.Merrifield, J.Amer.Chem.Soc., 88, 5051
(1966).

5) H.Yajima, H.Ogawa, H.Watanabe, N.Fujii, M.Kurobe, and 3.
Miyamoto, Chem.Pharm.Bull.(Tokyo), 23, 371 (1975).

6) J.J.Katz, Arch.Biochem.Biophys., 51, 293 (1954).

7) A.L.Koch, W.A.Lamont, and J.J.Katz, Arch.Biochem.Biophys.,
63, 106 (1956).

8) S.Sakakibara and Y.Shimonishi, Bull.Chem.Soc.Jpn., ;ﬁ,
1412 (1965).

9) S.Sakakibara, Y.Shimonishi, Y.Kishida, M.Okada, and H.
Sugihara, Bull.Chem.Soc.Jpn., 40, 2164 (1967).

10) J.Meienhofer, J.Czombos, and H.Maeda, J.Amer.Chem.Soc.,

93, 3080 (1971).



Part I

Influence of Anhydrous Hydrogen Fluoride on Native Hen Egg-

White Lysozyme

In part I, the influences of anhydrous hydrogen fluoride
(HF). on the native form of hen egg-white lysozyme (HEL) were
investigated for establishing how much df the intact structure
of this enzyme is retained after exposure to HF under usual
conditions for peptide synthesis and how much of the original

enzyme can be recovered in an intact form after this treatment.

Materials and Methods

Substrates and Reagents Spray-dried cells of Micrococcus

Lysodeikticus (Lot. No. 21-88-778) were purchased from Seikagaku

Fine Biochemicals. Sephadex was purchased from Pharmacia Co.
(Uppsala) and hydrogen fluoride was a product of Daikin Ind. Co.
(Osaka). Urea of reagent grade was recrystallized from
ethanol before use. A11 other chemicals used were of analyti-
cal grade.

Hen Egg-White Lysozyme (HEL) Hen egg-white lysozyme (6 x

crystallised Lot. No. 7103) from Seikagaku Fine Biochemicals
was used without further purifications. It was dissolved in
dilute acetic acid, lyophilized and then dried over phosphorus
pentoxide in vacuo. The freeze—dried powder was used in all

experiments.



Treatments of Native HEL with HF The freeze-dried powder

(ca. 30 mg) of native HEL was weighed in a Daiflon cylinder of
the HF-reaction apparatus.1) HF (5 ml) was distilled into a
cylinder containing HEL previously cooled to ~78°C in a dry-
ice/methanol bath. The reaction was started transfering the
sample from the bath at -78°C to that at 0°C or 25°C, and then
resulting solution was kept for the required period with stir-
ring. After a given period, HF was completely removed from
the reaction mixture by evaporation in vacuo, and the residue
of the HF-solution of native HEL was dissolved in M/15 sodium
phosphate buffer solution at pH 6.2 (30 ml), and stirred at '
room temperature for 20-24 hr. Then, its enzymatic activity
was assayed. o

Enzyme Assays The specific activity of HEL after treatment

with HPF was determined by measuring the initial rate of lysis

of Micrococcus lysodeikticus cells suspended in M/15 sodium

phosphate. buffer solution at pH 6.2 containing 0.1% sodium

2)

chloride at 37°C using the method of Jolles, with six times

recrystallized native HEL as a standard. The extent of

lysis was measured spectrophotometrically at 540 nm.

Desalting of Protein Protein solutions containing various

salts were charged on a column of Sephadex G-10 (3 x 60 cm),
and eluted with 0.1M acetic acid. The fractions of eluate
with absorption at 280 nm were collected and lyophiligzed.

Gel-filtration The lyophilized powder of the material




recovered after treatment of native HEL with HF was dissolved
in a buffer containing 1M acetic acid and-BM urea and charged
on a column of Sephadex G-50 (fine, 2.2 x95cm) , equilibrated
with the same buffer. The column was eluted with the same
puffer and the absorption of each fraction at 280 nm was deter-
mined.

Ton-Exchange Chromatography The lyophilized powder obtained

after treatment of native HEL with HF was dissolved in a small
volume of 0.2M sodium phosphate buffer golution at pH 7.15 and
charged on a column of Bio-rex 0 (1.9 x 54 cm), equilibrated
with the same buffer. The absorptions at 280 nm of the
fractions eluted with the same buffer were measured and frac-
tions in each peak were combined and lyophilized.

Ultra-violed and Circular Dichroism Absorption Spectra

Ultra-violet absorption spectra were measured using a Hitachi
UV-spectrophotometer type-124, equipped with a recording attach-
ment. Circular dichroism spectra were measured in a Jasco

automatic spectropolarimeter J-20, equipped with a CD-attach-

ment. [6] represents the molecular ellipticity based on
the mean residue weight. Protein concentration was calcu-
lated using the value, E}%m =26.9 at 280 nm. The cell

length was 1 mm for the range of wavelengths of 220 to 250 nm
and {1 cm for those of 290 to 300 nm. The solvent was O0.1M
sodium chloride, adjusted to pH 3.0 with hydrochloric acid.

Spectra were measured at 25 °C.

-13— .



Crystallization of HPF-Treated HEL Crystallization was
3)

carried out by the method of Berthou and Jolles with some
modifications. The lyophilized protein (35 mg) was dis-
solved in distilled water (0.5 ml), and then first 0.2M acetate
buffer solution at pH 4.7 (0.063 ml) and distilled water

(0.187 ml) and then 10% sodium chloride solution (0.75 ml)

were added. The protein concentration was adjusted to 2.33%
and the solution was allowed to stand in a réfrigerator at 5°C

for 3 days. Crystals were deposited from solutions of enzy-

matically fully active materials.

Results

Treatment of Native HEL with HF The freeze-dried native

HEL was first treated with HF at 0°C or 25°C. After a given
period for 90 to 270 min, the reaction was stopped by complete
evaporation of the HF from the HF-solution of the freeze-dried
native HEL. The residue was dissolved in M/15 sodium phos-
phate buffer solution at pH 6.2 containing 0.1% sodium chloride

and after 20-24 hr its lytic activity on Micrococcus lysodeik-

ticus was compared with that of standard HEL. The enzymatic
activity of the solution of the freeze-dried native HEL treated
with HF at 0°C for 90 min was about 80% of that of standard HEL
and decreased gradually on longer treatment, On the other

hand, after treatment at 25°C for 90 min its activity was only

10% of that of standard HEL and after 270 min-treatment it was

14—



almost inactive. These results were summarized in Fig. 1.
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Fig. 1. Relative activity of HF-treated native HEL.
The procedure used for treatment of HEL with
HF and the method used of enzymatic assay of
HF-treated HEL are given in the section of
Materials and Methods.
—o—o : treated at )°C,
—A—&— : treated at 25°C

Gel-Filtration of HF-Treated Native HEL on Sephadex G-50.

The material recovered from an HF-solution of the freeze-dried



native HEL was desalted on Sephadex G-10 and subjected to
chromatography on Sephadex G-50 using buffer solution contain-
ing 1M acetic acid and 5M urea. The chromatogram of the
material recovered after treatment of the freeze—dried native

HEL with HF at 0°C for 90 min is shown in Fig. 2.

300 1 T I

Absorbance at 280 nm

0 50 100 150 200

Elution volume (ml)

Fig. 2. Gel-filtration of native HEL treated with HF
at 0°C for 90 min on Sephadex G-50 (2.2 x 95cm)
using buffer containing 1M acetic acid and
5M urea. The flow rate was 10 ml per hr.



Three fractions (I, II and III) were separated. The first
fraction: (I) was eluted in the void volume, the second fraé—v
tion (II) before standard native HEL and the third fraction
(I11) in the same position as the native HEL under the same
chromatpgraphic conditvions. Fraction II was subjected to
Sephadex G-50 column chromatdgraphy using 5% NaCl and 5M urea
buffer solution, and could be further separated into two frac-

tions, IIa and IIb, as shown in Fig. 3.
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Fig. 3. Gel-filtration of fraction II of Fig.2 on
Sephadex G-50 (2.2 x 95 cm) using buffer
containing 5% NaCl and 5M urea. The flow
rate was 10 ml per hr.
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Fraction III was rechromatographed on Sephadex G-50 using buffer

containing 1M acetic acid and 5M urea as shown in Fig. 4.
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Fig. 4. Rechromatogram of fraction III of Fig. 2
on Sephadex G-50 (2.2 x 95 cm) using buffer
containing 1M acetic acid and 5M urea.
The flow rate was 19 ml per hr.
—e—e— : fraction III of Fig. 2
—0—0— : native HEL

When the freeze-dried native HEL which had been treated with
HF under various conditions was subjected to gel-filtration on
Sephadex G-50 using buffer containing 1M acetic acid and 5M
urea, different chromatograms were obtained depending on con-

ditions of HP-treatment. On prolongation of the reaction



period at a given temperature the amount of fraction ITI in-
creased and the amount of fraction III_decreased. Further-
more, it was found that‘with a constant reaction period the
amount of fraction III decreased on increasing the reaction

temperature. Typical chromatograms are shown in Figs. 5 and

6.
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Fig. 5. Gel-filtration of native HEL treated with
HF at 0°C for 90 min (—e—e—) or 270 min
(-0--0-) on Sephadex G-50 (2.2 x 95 cm)
using buffer containing 1M acetic acid
and 5M urea. The flow rate was 10 ml
per hr.
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Fig. 6. Gel-filtration of native HEL treated with
HF for 90 min at 0°C (—e—e-) or 25°C
(noubm) on Sephadex G-50 (2.2 x 95 cm)
using buffer containing 1M acetic acid
and 5M urea. The flow rate was 10 ml
per hr. ' v '

Effects of Various Buffers on the Recovery of Fraction III.

The freeze-dried native HEL was treated with HF at 0°C for
90 min and then kept in various buffers at room temperature
for 20 hr. Then the solution was desalted and lyophilized
and the residues were subjected to gel-filtration on Sephadex

G-50. The recovery of fraetion III corresponding to native



HEL was calculated from its absorbance, as shown -in Table 1.

Table 1. Effects of warious buffers on the recovery

of fraction III from HF-treated native HEL

Sodium phosphate buffer

Average recovery:
of fraction 1II (%)

mol concnn (M) _ pH
0.067 3.5 46
0.067 6.2 47
0.067 8.0 54
0.1 6.2 49
0.1 8.0 55
0.2 6.2 40
Ion-Exchange Chromatography. The freeze-dried native HEL

was treated with HF at 0°C for 90 min and then chromatographed

on Sephadex G-50. _The fraction III obtained was subjected

to chromatography on Bio-rex 70 using 0.2M sodium phosphate

buffer solution at pH 7.15. This procedure is generally

used fdr purification of crude HEL
It was found that fraction III was

as native HEL, as shown in Fig. 7.

isolated from natural sources.

eluted in the same position
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‘Fig. T TIon-exchange chromatogram of HEL on Bio-rex
70 (1.9 x 54 cm) using 0.2M sodium phosphate
buffer solution (pH 7.15). The flow rate
was 16 ml per hr.

—eo—o— : fraction III of Fig. 2
—-0—o0— : native HEL

Enzymatic Activity of the Fractions of HF-Treated Freeze-

dried Native HEL. The lytic activities of various frac-

tions of HF-treated freeze-dried native HEL, separated by gel-
and ionexchange-chromatographies, were datermined relative to

that of standard HEL on Micrococcus lysodeikticus cell walls.

Table 2 shows the specific activities of fractions I, IT and

I1I, separated by gel-filtration an Sephadex G-50.



Table 2« Relative activities of fractions I, II and III

HF-treatment Fraction I Fraction II Fraction IIT .
0°C, 90 min 0% 45-66% 97-100%
25°C, 90 min 0 10-15 _

Fraction ITII consistently showed fuil specific activity after
treatment with HF at 0°C for 90, 120, 150 or 270 min. The
main fraction separated by chromatography of fraction III on
Bio-rex 70 (Fig.7) was also fully active. However, the
fraction II’s, separated after treatment of the freeze dried
native HEL with HF under different conditions, showed different
activities.

Absorption Spectra. Figures 8 and 9 show the ultra-violet

absorption spectra of fractions II and III in Fig. 2, respect-
ively. The spectrum of fraction II was slightly different
from that of the native HEL, while that of fraction III was
the same as that of native HEL. In Fig. 10 the circular
dichroism of fraction III of Fig. 2 1is compared with that of
native HEL. The two spectra are identical in the range of
wavelengths measured.

Crystallization of Fraction III. The material, recovered

from fraction III in Fig. 2, was kept under conditions inducing

—23—
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Solvent : 0.1M sodium chloride buffer solu-
tion adjusted to pH 3.0 with hydrochloric
acid.

cryatallizations. The crystals obtalned were like those

of native HEL, as shown 1in PFig. 11.
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Fig. 11. Microphotograph of crystals of the
material from fraction III obtained by
the method of Berthou and Jolles. )

Discussion

The enzymatic activities of native HEL decreased during
treatment with HF. This suggests that HF may affect struc-
tures which are essential for enzymatic activity. After
treatment of native HEL with HF three fractions could be sepa-—
lated by gel-filtration in 1M acetic acid and 5M urea buffer.
The first fraction eluted, fraction I, was inactive, the
second, fraction II, was not fully active and the last, frac-
tion III, was fully active. This suggests that molecules
of native HEL were not affected uniformly by treatment with HF,

some being only slightly affected and others greatly affected.



This is supported by the finding that on prolongation of the
period of treatment of native HEL with HF, the amount of frac-
tion II increased while that of fraction III decreased.

The properties of fractions I, II and III were compared
with those of native HEL. Fraction I seemed to contain
polymeric materials formed during treatment of native HEL with
HF, because it was eluted in the void volume on gel-filtration,
and because it was poorly soluble in a buffer and was enzyma-—
tically inactive. Fraction IT was eluted before native HEL
on gel-filtration. The fraction II, separated after treat-
nent of native HEL with HF at 0°C for 90 min, had 45-66% of the
activity of native HEL. However, pfeparations obtained
after HP-treatments under different conditions had different.
activities. Fraction II could be furthef separated into
two fractions, IIa and IIb by gel-filtration in 5% NaCl and
5M urea buffer solution. After treatment of native HEL with
HF at 0°C for 90 min, fraction II had 45-66% of the activity
of native HEL, while fraction IIa had 2.5% and fraction IIb
had about 85% of the activity of native HEL. Chromatograms
of fractions ITa and IIb on Bio-rex 70 showed different patterns
from that of native HEL. Furthermore, when the material in
fraction IT was reduced and refolded under the method of BSaxena
and Wetlaufer,4) the resultant material did not move in the
position of fraction III on gel-filtration in 1M acetic acid
and SM urea buffer. Thus fraction II was a mixture of at

least two components formed by modifications of the structure



of HEL during treatment with HF. ‘

On gel-filtration fraction ITII was eluted in the same
position as native HEL, and it also gave the same pattern on
Bio-rex 70 as native HEL. These results suggest that frac-
tion ITI has the similar properties to native HEL. In ad-
dition, the yield of fraction III was about 50% of the initial
amount of native HEL. Accordingly, the properties of frac-
tion IIT were further investigated. The ultra-violet and
circular dichroism absorption spectra of fraction III were the
same as those of native HEL over the range of wavelengths exa-
mined. Moreover, the crystals obtained from fraction III
under the same condition used to crystallize native HEL could
not be distinguished from the latter.

The results described above indicate clearly that material
which was indistinguishable in various properties from native
HEL could be recovered in a crystalline state after treatment
of native HEL with HF under the usual conditions of peptide
synthesis. Investigations on the influence of HF on re-

duced HEL are described in the next part.
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Part II

Influence of Anhydrous Hydrogen Fluoride on Reduced Hen Egg-

White Lysozyme

‘In part I, the author described the effect of anhydrous
hydrogen fluoride (HF) on the native form of hen egg-white
lysozyme (HEL) under the ususl conditions of peptide synthe-
sis and a method for recovering active HEL from an HF-solution
of native HEL. In part II, studies on the influence of HF on
the reduced form of HEL are described. First, reduced HEL
was treated with HF under usual conditions for peptide synthe-
sis, in comparison with native HEL. Second, the effect of
thiol compounds during treatment of reduced HEL with HF was
examined, because thiol compounds prevent modifications, éuéh
as oxidation of proteins. Finally, studies were made on the
treatment of reduced HEL with HPF in the presence of amino acid
derivatives, which liberate cations on treatment with HF.

In the studies, the effect of a scavenger was also investigated.

' Materials and Methods

Materials Hen egg-white lysozyme (6.x crystallized Lot.

No.7103) and spray-dried cells of Micrococcus lysodeikticus

(Lot. No. 21-88-778) were purchased from Seikagaku Fine Bio-
chemicals (Tokyo). Sephadex was purchased from Pharmacia

Co. (Uppsala). - Hydrogen fluoride was a product of Daikin



Ind. Co. (Osaka). Urea of reagent grade was recrystallized
from ethanol before use. A1l other chemicals used were of
analytical grade.

Treatment of Reduced HEL with HF Reduced HEL was prepared

from native HEL by the method of Saxena and Wetlaufer,1) and
after desalting, it was frozen and lyophilized. The
freeze-dried powder of reduced HEL (ca. 15 mg) was treated
with HF (9 ml) under similar conditions to those used with
native HEL in part I. The residue of the HF-treated re-
duced HEL was dissolved in 0.2M sodium phosphate buffer solu-
“tion (15 ml) at pH 8.5 containing 1M mercaptoethanol, 8M urea
and O.2mM EDTA-2Na and the solution was stirred overnight at
room temperature. Then pH of the solution was adjusted to
below 4 by addition of glacial acetic acid and the solution
was passed through g column of Sephadex G-10 (3.2 x 60 cm) in
1M acetic acid. The fractions containing protein were col-
lected and treated under the conditions described below for
refolding reduced HEL. Then, the pH of the solution con-
taining regenerated HEL was adjusted to 4.5-5 with glacial
acetic acid. The regenerated HEL was adsorbed on a CM-
cellulose column (carboxylic acid cycle), and eluted with
0.3M sodium phosphate buffer solution at pH 8.0.

Refolding of Reduced HEL to Native HEL Refolding of re-

duced HEL (ca. 1O_6M) to form native HEL was achieved in 0.08M
tris buffer solution at pH 8.0 containing 5.4 x 10_3M L-cysteine

and 4.8 x 1074M L-cystine at 37°C following the procedure of



1)

Saxcena and Wetlaufer.

Gel-filtration and Ion-exchange Chromatography of HP—treated

Reduced HEL HF-treated HEL refolded as described above

was chromatographed on Seﬁhadex G-50 (2 x 95 cm) using buffer
containing 1M acetic acid and 5M urea, using the method des-
cribed in part I. The filtrations separated by gel-filt-
ration on Sephadex G-50 were. chromatographed on Bio-rex 70 (1
x 78 ¢m) using 0.2M sodium phosphate buffer solution at pH
7.18.

Enzyme Assays The specific activity of HP-treated HEL

was determined by measuring the initial rate of lysis of Micro-

coccus lysodeikticus cells spectrophotometrically at 540 nm

following the method described in part I, with native HEL,
purified on Sephadex G-50, as a standard.

Ultra-violet Spectra UV-absorption spectra were measured

using a Hitachi spectrophotometer, type-124, equipped with a
recording attachment. Spectra were measured at 25°C.

Crystallization of HF-treated HEL Crystallization was

carried out by the method of Berthou and Jolles2) with the

modifications described in part I.

Results and Discussion

Treatment of Reduced HEL with HF Reduced HEL was first

treated with HF at OOC for 90 min, since it has been found

that fully active HEL is recovered in good yield (about 50%),

—-33—



when native HEL is treated with HF under these conditions.

The HF was complétely evaporated off from the HF-solution of
reduced HEL. in vacuo, and the residue was mixed with 0.2M
sodium phosphate buffer solution at pH 8.5 containing 1M mer-
captoethanol, 8Y urea and 0.2 mM EDTA-2Na. This buffer
solution was used because it was thought that reduced HEL
might aggregate by forming random disulfide linkages in HF
and that this buffer solution might dissociate the aggregates,
because it has been used for reducing native enzyme.1)
In fact the residue did aggregate. However, the aggregates
did not easily dissolve in this buffer solution. The
supernafant was separated from aggregated material and desalted
and then treated under the conditions used for refolding re-
duced HEL. The refolded pfotein was desalted, lyophilized
and chromatographed on Sephadex G-50 in 1M acetic acid and 5M
urea buffer solution, as shown in Fig. 1. The recovery of
fraction II, eluted in the same position as native HEL, cor—
responded to only 5% of the original enzyme used. The re-
covery of this fraction was low probably because reduced HEL
aggregated to sparingly soluble‘material on treatment with HF.

Treatment of Reduced HEL with HF in the Presence of Thiol

Compounds It was thought that an appropriate thiol com-

pound may prevent the aggregation of reduced HEL on treatment
with HF. Therefore, reduced HEL was treated with HF under
the same conditions in the presence of the thiol compounds

listed in Table 1.
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1. Sephadex G-50 gel-filtration of reduced HEL

after treatment with HF at 0°C for 90 min
and refolding at pH 8.0. The column (2.2
x 95 cm) was eluted with buffer containing
1M acetic acid and 5M urea. The flow rate

was 10 ml per hr.
reduced HEL refolded after HF-treat-

ment
reduced HEL refolded without HF-

treatment
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Table 1. Effects of thiol compounds on the recovery of

fraction II from HF-treated reduced HEL

Exp. Thiol HF - Recovery Spegifica)
of fraction act1v1ty.
No. Compound treatment IT (%) of fraction
IT (%)
1 — _b) 65 98
2 - 0°C, 90min 5 95
3 HSCH2CH20HC) 0°C, 90min 0-1 : 43
4 L-Cysteine*HCl- 0°C, 90min 24 97
H,0°)
5 L—Cysteinec) 0°C, 90min 29 98
6 1,4-Butane- 0°C, 90min 33 99
dithiol &) '
7 Dithiothreitol®)  00C, 90min 19 100

a) 6 x crystallized HEL purified on Sephadex G-50 was used as
a standard; b) reduced HEL was refolded without HF-treatment;
¢) 0.8 mmol of thiol compound was added per umol of protein;

d) 0.4 mmol of thiol compound was added per umol of protein.

In this case, the residue of HF-treated reduced HEL dissolved
_easily in 0.2M sodium phosphate buffer solution containing 1M
mercaptoethanol, 8M urea and Q.2mM EDTA-2Na and the aggrega-
tion did not appeared. - This protein fraction was isoclated
by gel-filtration on Sephadex G-10, treated under the condi-
tions leading to refolding of reduced HEL and then chromato-

graphed on Sephadex G-50. I+t was found that the recovery



of fully active HEL, eluted in the same position as native

HEL, was improved considerably using L-cysteine or 1,4-butane-
dithiol as the thiol compound and was improved slightly using
dithiothreitol. However, scarecely any fraction II was
obtained using mercaptoethanol. The chromatogram of regene-
rated protein on Sephadex G-50 obtained using 1,4-butanedithiol

as a thiol compound is shown in Fig. 2.
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Fig. 2. Sephadex G-50 gel-filtration of reduced HEL
after treatment with HEL at 0°C for 90 min
in the presence of 1,4-butanedithiol and re-
folding at pH 8.0. The column (2.0 x 95
cm) was eluted with buffer containing 1M
acetic acid and H5M urea. The flow rate

was 10 ml per hr.



The amount of fraction II in Fig. 2 corresponds to the re-
covery shown in Table 1.

Treatment of Native HEL with HF in the Presence of Thiol

Compounds It was found that the aggregation of reduced
HEL was extremely prevented on treatment with HF in the pre-
sence of thiol compounds. Since native HEL aggregates
slightly in HF as described in part I, the effect of fhe thiol
compounds was examined on the treatment of native HEL with HF.
Native HEL was treated'with HF under the same conditions as
reduced HEL in the presence of various thiol compounds.

After treatments similar to those used with reduced HEL the
regenerated protein was subjected to chromatography on Sephadex
G-50 using buffer solution containing 1M acetic acid and 5M
urea. | The yields of fraction II, eluted at the same posi-
tion as native HEL, are summarized in Table 2. The re-
coveries of fully active enzyme from native HEL treated with
HF in the presence of T,4—butanedithiol and L-cysteine were 32
and 36%, respectively, while the recovery of fully active enzyme
from native HEL treated with HF in the absence of thiol com-
pounds was 25%. Thus thiol compounds also improved the yield
on treatment of Native HEL with HF. Since the recoveries of
fully active HEL from reduced and native HELs treated with HF
in the presence of the thiol compounds were much higher than
those in the absence of the thiol compounds, respectively, the
thiol compounds seemed to prevent both these aggregations.and

also structural modifications of HEL in HF. It was also



found that the presence of L-tryptophan during treatments of
native HEL with HF greatly decreased the recovery of fully

active HEL under the present conditions.

Table 2. Effects of various compounds on the recovery of

fraction ITI from HF-treated native HEL

Compound Average recovery Ratio
of fraction II (%)

1) =2 65 | 100
2) None | 25 38
3) 1,4-Butanedithiol®) 36 55
4) I-Cysteine® 32 49
5) L—Cysteine-HCl-H2Ob) 32 49
6) HSCHZCHZOHb) 0 | 0
7) L—Methionineb) 34 52
8) L-Alanine®) 26 40
9) L—Tryptophand) 18 28
10) L—Tryptophane) ' 3 5
11) L-Tryptophan®) 0 0

a) Native HEL was reduced and refolded without HP-treatment.
The amounts of compounds added per pmole of native HEL were;
b) 2.5 mmol; c) 4.0 mmol; d) 0.5 mmol; e) 1.8mmol
and f) 2.4 mmol.



Treatment of Reduced HEL with HF in the Presence of Amino

Acid Derivatives Next, the author made preliminary ex-

periments on the removal of protecting groups from the protected
derivatives of HEL, the synthesis of which are described in the
next part. Reduced HEL was first treated with HF in the
presence of anisole, because anisole has generally been used

as a scavenger of cations liberated from protected amino acids

and peptides on treatment With;HF.3)

1,4-Butanedithiol was
also added to the reaction mixture, because among the thiol
compounds tested it caused the greatest imﬁrovement in recovery
of fully active enzyme, as shown in Table 1. When reduced
HEL was tested with HF at 0°C for 90 min with 1,4-butanedithiol,
the recovery of fully active enzyme was 14% in the presence of
anisole and 33% in its absence. The reason for this lower
recovery in the presence of anisole seemed to be that the ex-
cess anisole could not easily be removed from the HF-reaction
mixture, so that the HF could not be removed rapidly. On
increase in the time of reaction (150-270 min) of reduced HEL
with HF at 0°C, the amount of fraction II decreased. Fur-
thermore, the yield of fraction II was very low when reduced
HEL was treated with HF at a higher temperature (25°C), even
after reaction for only 60 min. These results are summa-

rized in Table 3.



Table 3. Recoveries (%) of fraction II, from reduced HEL
(15 mg) treated with HF (9 ml) under various
conditions in the presence of 1,4—butanedithiol
(0.3 ml) and anisole (1 ml), refolded at pH 8.0

and chromatographed on Sephadex G-50

60 min . 90 min 150 min 270 min
0°C 17 14 4.1 2.4

25°C 1.1 0.5 0.6 0.3

Second, reduced HEL was treated with HF in the presence
of anisole, 1,4-butanedithiol and amino acid derivatives,
which bind protecting groups and liberate them as cations on
treatment with HF. The amino acid derivatives used were Ne—
benzyloxycarbonyl-L-lysine, Na—benzyloXycarbonyl-s—benzyl~L—
cysteine andVS—p—methoxybenzyl—L—cysteine which liberate the
benzyl group on treatment with HF, Na—benzyloxycarbonyl—Nw—
tosyl-L-arginine which liberates a tosyl group, t-butoxycarbo-
nylglycine which liberates t-butyl group and N”-nitro-L-argi-
nine which liberates a nitro group. The results in Table 4
show that most of these amino acid derivatives did not affect
the yield of fraction II but N-nitro-L-arginine decreased the

yield greatly. The reason for this is unknown.



Table 4. Effects of various amino acid derivatives on
the recovery of fraction II from HF-treated

reduced HEL

Exp. Amino acid derivative (mmol)a) Recovery of
No. : fraction II(%)

1 H-Lys (Z)-0H 1.0 13

2 Z-Cys (Bzl)-OH 0.5 | 15

3 H-Cys (Bzl(0OMe) )-OH f.O 13

4 Z-Arg(Tos)-0H - 1.0 16

5 Boc-Gly-OH ' 1.0 14

6 H—Arg(NO2)—OH 1.0 3

a) Reduced HEL (15 mg), 1,4-butanedithiol (0.3 ml), anisole
(1 ml) and the indicated amino acid derivatives (0.5 mmol
or 1.0 mmol) were mixed and treated with HF (9 ml) at 0°C
for 90 min.

Third, reduced HEL was treated with HF at 0°C for 90 min
in the presence of the mixture of amino acid derivatives given
in Fig. 3. The regenerated fraction was chromatographed on
Sephadex G-50 using buffer solution containing 1M acetic acid
and 5M urea, as shown in Fig. 3. - The amount of fraction II
obtained was 33% of the initial amount of enzyme. This
yield was better than those obtained on treatment of reduced

HEL with HF in the presence of any of the amino acid deriva-



tives alone.
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Fig. 3. Sephadex G-50 gel-filtration of reduced HEL
treated with HF. The column (2.0 x 95 cm)
was eluted with buffer containing 1M acetic
acid and 5M urea. Reduced HEL (38 mg) was
mixed with anisole (1.5 ml, 14 mmol), 1,4-
butanedithiol (1.0 ml, 8.8 mmol), Z-Arg(Tos)-
OH (231 mg, 0.5 mmol), H-Cys(Bzl)-OH (106 mg.
0.5 mmol), H—CyS(le(OMe))—OH HC1 (130 mg,
0.5 mmol) and Boe-Gly-OH (88 mg, 0.5 mmol),
treated with HF (15 ml) and refolded at pH 8.0.

—o—o— : HF-treated reduced HEL
—0—0— : native HEL

When fraction II of Pig. 3 was subjected to chromatography on
Bio-rex 70 at pH 7.18, the main fraction eluted in the posi-
tion of native HEL (Fig. 4) was fully active on Micrococcus

lysodeikticus cell walls, and it had the same UV-spectrum as

—43— .



shown in Fig. D.
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Fig. 4. Ton-exchange chromatogram of HEL on Bio-rex
70. The column (1 x 78 cm) was eluted
with 0.2M sodium phosphate buffer solution
(pH 7.18). The flow rate was 16 ml per hr.

—eoo— : fraction II of Fig. 3
—0—0— : native HEL

During this chromatography, a fairly large fraction with bio-
logical activity was eluted in front of the majn fraction,
but its properties were not examined. The main fraction
in Fig. 4 was desalted on Sephadex G-10 and lyophilized.

The lyophilized powder was treated under conditions inducing
crystallization. The crystals obtained were like those of

native HEL, as shown in Fig. 6.
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Fig. 5. Ultra-violet Crystals were obtained
absorption spectra of by the method of Berthou
the main fraction of and Jolles.2)
Fig. 4 ( ) and
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Solvent : 0.2M sodium
phosphate buffer solu-
tion (pH 7.18).

The present results show that material with similar to
original HEL could be recovered in fairly good yield and also

in a crystalline state after treatment of reduced HEL with HF



in the presence of a thiol compound such as 1,4-butanedithiol

under usual conditions for peptide synthesis. In the next

part, attempts are described to recover fully active HEL from

the protected derivatives of native and reduced HELs.

1)

3)
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Part III

Regenaration to the Native Form of Hen Egg-White Lysozyme

from its Protected Derivatives

Previously the author reported the effect of treatment
of hen egg-white lysozyme (HEL) with anhydrous liquid hydrogen
fluoride (HF) under the usual conditions for peptide synthesis.
The author recovered fully active enzyme in a crystalline
‘state from HF-solutions of the native and reduced forms of
HEL. As a further step in ouf studies on the chemical syn-—
thesis of HEL, this part describes the preparation of various
protected derivatives of HEL from native HEL and the regenara-
tion of active enzyme from them. The protected derivatives
synthesized were similar to protected polypeptides covering
the entire sequence of HEL, that must be synthesized to ob?
tain the complete lysozyme molecule. Studies were made on
the introduction of protecfing groups into HEL using the re-
agents t-butoxycarbonyl azide (Boc—NB), benzyl 2,5-dioxopyr-
rolid-1-yl carbonate (Z-0NSu) and its.derivativeg with the
aromatic ring chlorinated for the amino groups of native HEL,
and the reagents 4-methoxybenzyl and 4-methylbenzyl chlorides
for the thiol groups of reduced HEL. The later reactions
were performed to find suitable protected derivatives of HEL
that could be regenerated to the original enzyme by treat-
ment with HF under appropriate conditions for peptide synthe-

sis. The results showed that o-chlorobenzyloxycarbonyl
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and 4-methylbenzyl substituents are extremely suitable for
protecting amino and thiol groups, respectively, and that
fully active enzyme can be regenerated from derivatives of

HEL that are blocked with these protecting groups.

Materials and Methods

Hen egg-white lysozyme (6 x crystallized lot. E5201) and

spray-dried cells of Micrococcus lysodeikticus (Lot. No. 21-

88-778) were purchased from Seikagaku Fine Biochemicals
(Tokyo). Sephadex was purchased from Pharmacia Co. (Upp-
sala). Hydrogen fluoride was a product of Daikin Indust-
rial Co. (Osaka). Urea of reagent grade was recrystallized
from ethanol before use. Chlorinated benzoic aclds of ex-
tra pure reagent grade were purchased from Nakarai Chemicals
Itd. (Kyoto). A1l other chemicals used were of analytical
grade. Melting points were measured by the capillary me-
thod and are given as uncorrected values. HEL derivatives
were hydrolyzed in 6M hydrochloric acid with phenol in sealed
'tubes for 48 h at 105°C, and amino acids in the hydrolysates
were examined in a Hitachi KLA-5 analyzer by the method of
Moore et a1.1) The abbreviations used in this text are
those recommended by IUPAC-IUB: J. Biol. Chem., 247, 977 (1972).

Synthesis of benzyl 2,5-dioxopyrrolid-i-yl carbonate (Z-ONSu) «

Benzyloxycarbonyl chloride (17.1 g, 100 mmol) and N-hydroxy-

succinimide (11.5 g, 100 mmol) were dissolved in dioxane



(200 ml). Pyridine (9.5 g, 120 mmol) was added dropwise to
the solution at 8-10°C with stirring, and then the mixture was
stirred at room temperature for an hour. The mixture was
concentréted in wvacuo, and the residue was dissolved in ethyl
acetate: The solution was washed with water and dried over
anhydrous sodium sulfate. The dried solution was concenfra~
ted to a crystalline residue in vacuo, and the material was
recrystallized from ethyl acetate and hexane; wt 16.0 g; mp
79,5-81.5°C.

Found: C, 57.74; H, 4.55; N, 5.80%. Calcd for
c,H,,0.N: C, 57.83; H, 4.45;. N, 5.62%.

1271175
" Synthesis of benzyl 2,5-dioxopyrrolid-1-yl carbonate with the

aromatic ring chlorinated. 2-Chlorobenzoic acid was re-

duced with LiA1H4'in dried ether to give the corresponding
alcohol, 2-chlorobenzyl alcohol, in about 90% yield. This
2-chlorobenzyl alcohol (10.0 g, 70 mmol) was added to an ether-
eal solution (200 ml) of phosgen (25 g). The solution was
kept for 20 h at room temperature in a closed vessel. The
excess phosgen was removed by passing a stream of dry nitrogen
gas through the solution, and the solvent was evaporated off
under reduced pressure. The residual o0il (2-~chlorobenzyl-
oxycarbonyl chloride) was dissolved in dioxane (160 ml) with
thydroxysuccinimide (9.2 g, 80 mmol) and pyridine (7.19 g,
100 mmol) at 8-10°C. The solution was treated in a similar
way to that of the benzyl derivative. 2-Chlorobenzyl 2,5-

dioxopyrrolid-1-yl carbonate [Z(2-C1)-ONSu] was obtained in

—49— .



62% yield; mp 103°C.

Found: C, 50.63; H, 3.51; N, 4.99; Cl, 12.59%. Calcd
for 012H1005N01: ¢, 50.81; H, 3.55; N, 4.94; €1, 12.50%.

The following derivatives were prepared in a similar way.

3-Chlorobenzyl 2,5-dioxopyrrolid-1-yl carbonate
[Z(3-C1)-ONSu]: mp 129.5-130.5°C. Found: C, 50.74; H, 3.51;

N, 5.04; Cl, 12.52%. Calcd for C NCl: C, 50.81;

1221095
H, 3.55; N, 4.94; (1, 12.50%.

4-Chlorobenzyl 2,5-dioxopyrrolid-1-yl carbonate
[Z(4-C1)-ONSu]: mp 125°C. Found: C, 50.64; H, 3.52; N,
5.05; Cl, 12.58%. Calcd for C12H1005N01: ¢, 50.81; H,3.55;
N, 4.94; ClL, 12.50%.

2,4-Dichlorobenzyl 2,5-dioxopyrrolid-1-yl carbonate
[Z(2,4—012)—ONSu]: mp 3$2-3°C. Found: C, 45.15; H, 2.82;
N, 4.52; Cl1l, 22.30%. Calcd for C12H905N012: C, 45.31; H,
2.85; N, 4.40; Cl, 22.29%. ‘

3,4-Dichlorobenzyl 2,5-dioxopyrrolid-1-yl carbonate
[Z(3,4—012)—ONSu]: mp 118-9°C. Pound: C, 45.08; H, 2.79;
N, 4.54; C1, 22.34%. Caled for C,,H4O-NCl,: C, 45.31; H,
2.85; N, 4.40; Cl, 22.29%.

2,6-Dichlorobenzyl 2,5-dioxopyrrolid-1-yl carbonate
[2(2,6-C1,)-ONSul: mp 127-8°C.  Found: G, 45.20; H, 2.84;
N, 4.54; €1, 22.03%. Calcd for C12H905N012: c, 45.31; H,
2.85; N, 4.40; Cl, 22.29%.

Reaction of native HEL with t-butoxycarbonyl azide. A

solution of native HEL (100 mg) in distilled water (1.4 ml)



was mixed with pyridine (0.6 ml) and then t-butoxycarbonyl
azide (Boc—NB) (0.428 g, ca. 3 mmol) in dimethyl sulféxide (4
ml). The mixture Was'gently stirred until it became homo-
geneous, and then kept for 48 h at 38°C without stirring.

It was concentrated under reduced pressure and the residue

was mixed with a large volume of ethyl acetate. The pre-—
cipitate formed was collécted by centrifugation, dissolved in
dimethyl sulfoxide and reprecipitated by adding ethyl acetate.
The precipitate was again collected by centrifugation and re-
precipitated in the same way several times. Finally, the
precipitate was dissolved in dimethyl sulfoxide and dialyzed
against dilute aqueous acetic acid and then distilled water.
The dialyzed solution was lyophilized and the powder was dried
over diphosphorus pentoxide 1in vacuo. This material is
denoted as Boc-HEL.

Reaction of native HEL with benzyl 2,5-dioxopyrrolid-1-yl

carbonatve and its derivatives. Native HEL was allowed %o

react with benzyl 2,5-dioxopyrrolid-1-yl carbonate (Z-ONSu) or

its derivatives [Z(X)-ONSu] under the same conditions as those

used with Boc—N3. These materials are denoted as Z-HEL and
Determination of free amino groups in proteins. The free

amino groups in proteins were measured by a modification of the

method of Moore and Steinz)

using ninhydrin solution. The
reagent was prepared in the following way: stannous chloride

(0.8 g) was dissolved in 0.2M citrate buffer (500 ml) at pH 5.0.
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The solution was mixed with a solution of ninhydrin (20 g) in
methylcellosolve (500 ml), and the mixture was saturated with
nitrogen gas and kept in a closed vessel in a refrigerator.
Protein was dissolved in 3% agqueous sodium dodecyl sulfate and
the solution was mixed with the above stocked solution (1 ml),
heated for 20 min in a vigorously boiling water bath, cooled
rapidly to room temperature and mixed with 50% aqueous 2-
propancl (5 ml). Then within 15 min, the absorbance of the
solution at 570 nm was measured. Protein contents of 3%
aqueous sodium dodecyl sulfate solutions were determined by
measuring the absorbance at 290 nm. The percentage of free
amino groups (F %) in a protein was calculated as a ratio to
free amino groups of native HEL using the following equation:
570 sample
290 sample

570
290 native

x 100

native

e i W

where A57O sample and A57O native mean the absorbances at 570
nm of the sample protein and native HEL solutions after treat-
ment with ninhydrin solution, and A29O sgmple and A290 native
mean the absorbances at 290 nm of solutions of sample protein
and native HEL in 3% aqueous sodium dodecyl sulfate.

Treatment of Boc—HElL with formic acid. Lyophilized powder

(ca. 30 mg) of Boc-HEL was dissolved in 99% formic acid (10 ml).
The solution was stood for 24 h at 15°C and then liyophilized.

The resulting powder was dissolved in buffer solution (7.9 ml),



consisting of 0.2M tris (3 ml) at pH 8.6, 5% EDTA*2Na (0.3 ml),
urea (3.61 g) and B—mercaptoethanol (0.5 ml), under a nitrogen
atmosphere, and stirred overnight at room temperature. Then
the solution was acidified to below pH 4 with glacial acetic
acid and charged on a column of Sephadex G-10 (3 x 60 cm).

The eluate containing the protein was added to 0.08M tris buf-
fer solution at pH 8 (1 liter) containing 5.4 x 10—3M L-cys-

4 T-cystine.d) The pH of the solution

teine and 4.8 x 10~
was adjusted to 8.0 with gracial acetic acid or concentrated
ammonia. Then, the solution was kept for over 5 h at 37°C,
and the pH of the solution was adjusted to 4.5-5 with glacial
acetic acid. The solution was applied to a CM-cellulose
colum (2 x 30 cm, carboxylic acid cycle). The absorbed
protein was eluted with 0.3M sodium phosphate buffer at pH 8.0.
The eluate containing the protein was acidified with glacial
acetic acid and lyophilized. The lyophilized material was
desalted by passage through a column of Sephadex G-10 (3.2 x
60 cm) in 1M acetic acid and fractions containing the protein

were collected and lyophilized.

Treatment of native HEL and derivatives of HEL with HF.

Iyophilized powder (ca. 30 mg) of native HEL or its derivatives
was weighed with 1,4-butanedithiol (0.5 ml) and anisole (1.0
ml) in the Daiflon éylinder of an HF-reaction apparatus.4)
The cylinder containing the protein was cooled to -78°C in a

dry—ice/methanol bath and HF (10 ml) was distilled into it.

The reaction was started by transferring the sample from the

-53— .



bath at -78°C to a bath at 0°C. The resulting solution was
stirred at 0°C for a certain period and then the HF was eva-
porated off as rapidly as possible from the reaction mixture
under reduced pressure. The residue was washed repeatedly
with hexane and the amorphous powder obtained was treated in
the way used for Boc-HEL.

Reductive alkylations of native HEL with benzyl, 4-methoxy-

benzyl and 4-methylbenzyl groups in liquid ammonia.

Native HEL was reduced with dithiothreitol in liquid ammonia
at its boiling temperature for 3 h by the method of Meienhofer
et al.5) Then an alkylating reagent was added and the solu-
tion was refluxed for 3 h. The ammonia was evaporated off
from the reaction mixture through a water aspirator.

When benzyl chloride was used as an alkylating reagent,
the residue was kept overnight over concentrated sulfuric acid
in vacuo, and then washed successively with ether, ethyl acetate
and methanol. The crude material obtained was dissolved in
a buffer containing 1M acetic acid and 5M urea, and chromato-

graphed on Sephadex G-75 (3 x 60 cm) in the same buffer.
| The fractions containing protein were collected, dialyzed
against distilled water and lyophilized. | The material ob-
tained is denoted as HEL(S-Bzl).

When 4-methoxybenzyl and 4-methylbenzyl chlorides were
used as alkylating reagents, the residues were dissolved in
dimethyl sulfoxide, and ethyl acetate was added to the solu-

tions. The insoluble material formed was collected by



centrifugation, washed repeatedly with ethyl acetate, and then
dissoived in dimethyl sulfoxide. The resulting solutions
wére dialyzed against agueous acetic acid and then distilled
water. The dialyzed solﬁtions were lyophilized and these
materials are denoted as HEL(S-Bzl(OMe)) and HEL(S-Bzl(Me)),
respectively.

Reductive alkylations of 7(2-C1)-HEL with 4-methoxybenzyl

and 4-methylbenzyl groups in ligquid ammonia. 7(2-C1)-HEL

was reduced with dithiothreitol in liguid ammonia and allowed
to react with 4-methoxybenzyl or 4-methylbenzyl chloride under
similar conditions to those used with native HEL. The

crude products were purified by a similar procedure to that
used in the preparations of HEL(S-Bzl(OMe)) and HEL(S-Bzl(Me)).
The purified products are denoted as %(2~C1)-HEL(S-Bz1(0Me))
and 7(2-Cl)-HEL(S-Bzl(Me)), respectively.

Determination of remaining thiols in proteins. The amount

of thiols in HEL(S-Bzl) that remained to be alkylated was cal-
culated from the amount of S-benzylcysteine in the acid hydro-
lysate of the protein, determined by amino acid analysis.

On the other hand, the amounts of thiols that remained to be
alkylated in HEL(S-Bzl(OMe)), HEL(S-Bzl(Me)), Z(2-Cl)-HEL(S-
Bzl(OMe)) and 7(2-C1)-HEL(S-Bzl(Me)) were calculated from the
amount of S—carboxymethylcysteine measured as follows:
Lyophilized powder (ca. 15 mg) of the proteins was dissolved
invbuffer solution consisting of 0.2M tris (1.2 ml) at pH 8.6,

5% EDTA+2Na (0.12 ml) and guanidine hydrochloride (2.87 g).



The solution was diluted with 0.2M tris (1.5 ml) at pH 8.6
and 5% EDTA+*2Na (0.15 ml), mixed with dithiothreitol (24.6 mg)
and stirred overnight at room temperature under a nitrogen
atmosphere. Then monoiodoacetic acid (270 mg) in 1M NaOH
(1 ml) was added. The mixture was stirred for 15 min in a
dark room, acidified with formic acid and dialyzed against
distilled water, and the dialyzed solution was lyophilized.
‘The resulting powder was hydrolyzed with 6M hydrochloric acid,
and the ratios of the amount of S-carboxymethylcysteine to the
average amounts of glycine and alanine in the hydrolysate
were determined by amino acid analysis.

Treatments of the reduced and alkylated derivatives of HEL

with HF. Reductively alkylated derivatives of HEL were
treated with HF as described above.

Gel-filtration and ion-exchange chromatography. Gel-

filtration and ion-exchange chromatography were used to iso-
late fully active HEL from the derivatives of HEL treated with
HF, as described in the preceding part. Materials were
detected by measuring the absorption of the eluate at 280 nm.

Enzyme assays. The specific activity of HEL was determined

by measuring the initial rate of lysis of Micrococcus lyso-

deikticus cell walls spectrophotometrically at 540 nm by the
method described in the preceding part, with native HEL as a
standard.

Ultra-violet absorption spectra. UV-absorption spectra

were measured using a Hitachi spectrophotometer type-124,



equipped with a recording attachment.

Crystallization of HEL. Crystallization was carried out

by the method of Berthou and Jolles6) with the modofication

described in the preceding part.

Results

Reaction of native HEL with Boc—N3. When native HEL was

treated with Boc—-N3 in the presence of pyridine in a mixture
of dimethyl sulfoxide and water, only 76% of its amino groups
were acylated with Boc groups, as estimated by the ninhydrin
reaction. However, when the partially acylated native HEL
was treated with Boc—N3 repeatedly under the same condition,
but without water, 98% of its amino groups could be acylated.

Reactions of native HEL with Z-ONSu and 7 (X)-ONSu. Native

HEL was tréated with Z-ONSu in ratios of 1.3 to 65 equivalents
of the reagent to one amino group of native HEL, then the
product was isolated and its acylated amino groups were esti-
mated by the ninhydrin color reaction. | The relation be-
tween the ratio of Z-ONSu to amino group of native HEL and the
percentage of amino groups acylated with Z groups is summa-
rized in Table 1. Native HEL was also treated with the
derivatives of Z-ONSu [Z(X)-ONSu] using a ratio of 6.5 equi-
valents of the reagents to one amino group of native HEL.
Measurements with ninhydrin showed that these derivatives cause
valmost complete acylation of the amino groups. with Z(X) groups,

as seen in Table 2.



Table 1. Effect of the ratio of equivalents of Z-0ONSu to
amino groups of native HEL on the percentage of

amino groups acylated

A B c D E F

7Z-ONSu (equivalents) 1.3 2.6 6.5 13.0  26.0 65.0
Acylated amino grou;s 95.5 96.6 98.0.- 99.0 98.4 98.3

0

Table 2. Percentages of acylated amino groups in

7 (X)-HELs .
X in Z(X)-ONSu Acylated amino groups (%)
2-C1 98.0
3-Cl 98.0
2,4—012 97.0
3,4—012 97.0
2,6—012 97.0

Removal of Z groups from Z-HEL by treatment with HF.

7-HEL was treated with HF at 0°C for periods of O to 120 min,

and then the reaction was stopped by evaporating the HF off



completely. The residue was dissolved in 3% agueous sodium
dodecyl sulfate. The protein concentration in the solution
was determined by measuring the optical density at 290 nm and
free amino groups in the protein regenerated by HF-treatment
were determined by the ninhydrin method. The recovery of
regenerated amino groups was calculated from the equation

given in the methods, and the results are shown in Fig. 1.

100

Regenerated amino groups (%)

0 1 ! | L 1
0 30 60 90 120
Preatment with HF (min)

Fig. 1. Removal of Z groups from Z-HEL by HF-
treatment. '
-—o- : Z-HEL, OO ¢ Native HEL
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Removal of Z(X) groups from Z(X)-HELs by treatment with HF.

7Z(X)-HELs were treated with HF at 0°C for periods of O to 120
min, and the free amino groups of the proteins recovered were

estimated. The results are shown in Table 3.

Table 3. Percentage of free amino groups recovered

from Z(X)-HELs by HF-treatment

HF-treatment at 0°C (min)

Z(X)-HEL 0 30 60 90 120
2-C1 21 96 98 94 83
3-C1 18 62 97 89 92
4-C1 74 94 92 90 75
2,4-C1, 18 94 95 83 82
3,4-C1, 13 58 99 92 75
2,6-012 18 60 93 90 92
Regeneration to native HEL from Boc-HEL. Treatment of Boe-

HEL with formic acid for 24 h at 15°C or with HF for 90 min
at 0°C gave fully active HEL in yields of 46 and 25%, respec-
tively. After treatment of native HEL under the same con-
ditions as Boc-HEL, fully active HEL was recovered in yields
of 72 and 50%, respectively.

Regeneration to native HEL from Z—HEL. Z2-HEL, prepared




under condition C in Table 1, was treated with HF at 0°C for
periods of 30 to 90 min. Then the residues of HF-treated
7-HEL were reduced and reoxidized, as described in the methods
and the resultant protein fraction was chromatographed on
’Sephadex G-50 using buffer solution containing 1M acetic acid
and 5M urea. The fraction eluted in the same position as
native HEL was fully active. After treatment of Z-HEL with
HF for 30 min at 0°C the recovery of this fraction was 41%.

The recovery of fully active HEL decreased with increase in the
period of HF-treatment and after periods of 60 and 90 min the
yields of fully active HEL were 28 and 23%, respectively.

When the Z-HELs prepared under the various conditions described
in Table 1 were treated with HF for 30 min at 0°C, the recover-
ies of fully active HEL varied depending on the conditions used
for preparation of the Z-HELs. The relation between the re-
coveries of fully active HELs and the conditions used for pre-
paration of Z-HEL are shown in Fig. 2.

Regeneration to native HEL from 7 (X)-HELS . 7(X)-HEL was

treated with HF for 60 and 90 min at 0°C. Then the HF-
treated Z(X)-HEL was reduced, reoxidized and chromatographed
on Sephadex G-50, as described in the methods. Two frac-
tions (I and II) were eluted from the column: the first (I)
had less enzymatic activity than native HEL, whereas the

second (II), eluted in the same position as standard native HEL,
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Recovery of HEL (%)
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Z-ONSu (equivalents)

Fig. 2. Effect of the ratio of equivalents of
7Z-ONSu to amino groups of native HEL
used in the synthesis of Z-HEL on the
recovery of fully active HEL from Z-
HEL by HPF-treatment.

had full enzymatic activity. A chromatogram of the protein

fraction recovered after HF-treatment of Z(2-Cl)-HEL for 60 min
at 09C is shown in Fig. 3. The recovefies of fraction II,s

from 7(X)-HELs are summarized in Table 4.

Purification and crystallization of fully active HEL regene-

rated from Z(2-Cl)-HEL. Fraction II in Fig. 3 was desalted
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Fig. 3. = Gel-filtration of Z(2-Cl)-HEL treated with
HF for 60 min at 0°C (—e—e—) and native HEL
(—o—o—) on Sephadex G-50 (2 x 95 cm) using
buffer containing 1M acetic acid and 5M urea.

by passage through Sephadex G-10, and the eluate containing
protein was lyophilized. Then the powder was subjected to
chromatography on Bio-rex 70 in 0.2M sodium phosphate buffer
solution, pH 7.18, as shown in Fig. 4. In this way four
fractions (II-1, II-2, II-3 and II-4) were separated. Frac-—
tlon II-4 was eluted in the same p081t10n as the main fraction

of native HEL. The lytic activities of the four fractions,
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Table 4. Recoveries of fully active

Conditions Native 7—HEIL

for HF-treatment HEL 2-C1

0oC, 60 min 59 28 22

0°C, 90 min 50 23 23
Table 5. Reductive alkylations of native HEL
Product Starting material

(mg) (umol)

HEL(S-Bzl) native HEL 1000 67
HEL(S-Bzl(0Me) ) " 300 20
HEL(S—BZI(MG)) " 200 13

7(2-C1)-HEL(S-Bz1(OkKe)) 7(2-C1)-HEL 120 8
7(2~C1)-HEL(S-Bzl (Me)) " ' 240 16

*) DTT: Dithiothreitol

11-1, II-2, II-3 and II-4, were 65, 96, 101 and 101%, respect-
ively, of that of native HEL in M/15 sodium phosphate buffer
© solution containing 0.1% sodium chloride, and 18, 29, 48 and

100%,vrespextive1y, of that of native HEL in the same buffer
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HEL from Z(X)-HELs by HF-treatment

7 (X)-HEL
3-C1 4-Cl 2,4—012 3,4—012 2,6—012
10 20 16 7.3 16
18 26 14 9.5 16
and Z(2-Cl)-HEL
Lig.NH, prr*) ) Alkylating : ) Alkylated SH
. (mmol reagent mmol) groups
(1iter) (residue mol)
2.0 5.3 Bz1-Cl 26.4 8.16
2.0 2.0 Bzl(OMe)-C1l 20.0 6.80
1.0 1.0 Bzl(OMe)-C1 10.0 7.36
1.8 2.0 Bzl (Me)-Cl 19.0 7.36
solution containing 1% sodium chloride. The UV absorption
spectrum of fraction II-4 is shown in Fig. 5. Fraction II-

4 was desalted by passage through Sephadex G-10, and the eluate

containing protein was collected and lyophilized. When the
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Fig. 4. Ion-exchange chromatogram of fraction IT

of Fig. 3 (-e—e—) and native HEL (-0—o0—)
on Bio-rex 70 (1.5 x 33 em) in 0.2M sodium
phosphate buffer solution (pH 7.18)

lyophilized material was stood under conditions inducing crys-
tallization, it formed crystals identical with those of native
HEL.

Reductive alkylations of native HEL with benzyl, 4-methoxy-

benzyl and 4-methylbenzyl groups in liquid ammonia.

Native HEL was reduced and alkylated under the conditions des-
cribed for Table 5. The degree of alkylation with benzyl
groups was estimated from the ratio of the amounts of S-benzyl-

cysteine to the average amounts of glycine and alanine, deter-



mined by amino acid analysis of the acid hydrolysate of the

alkylated product, as shown in Table 5. It was difficult

Absorbance

Wavelength (nm)

Fig. 5. Ultra-violet absorption spectra of fraction
IT of Fig. 4 ( } and native HEL (-——-—- ).
Solvent: 0.2M sodium phosphate buffer (pH

7.18).




to estimate the degree of alkylation with 4-methoxybenzyl

and 4-methylbenzyl groups by measuring S—4-methoxybenzylcys—
teine and S-4-methylbenzylcysteine in acid hydrolysates of
the alkylated products by amino acid analysis, because these
S—4-methoxybenzgyl- and S-4-methylcysteine residues are des-
troyed during acid hydrolysis. Therefore, they were esti-
mated by analysis of the amount of thiols in the protein that
remained unalkylated; namely, the reduced and alkylated deri-
vatives of HEL were carboxymethylated, and the amounts éf S~
carboxymethylcysteine residues in the carboxymethylated pro-
teins were determined by measuring the amounts of amino acids
in their acid hydrolysates with an amino acid analyzer.

The results are summarized in Table 5.

Treatment of HEL(S-Bzl) with HF. HEL(S-Bzl) was treated .

with HF under various conditions, the resultant material was
hydrolyzed with 6M hydrochloric acid, and S-benzylcysteine in
the acid hydrolysate was measured by aminb acid analysis.
Table 6 shows the percentages of S-benzyl groups cleaved by
treatment of HEL(S-Bzl) with HF under various conditions.

The products of the reactions were treated under similar con-
ditions to those used to isolate enzymatically active HEL from
the products of Z-HEL. ' However, no enzymatically active
material was recovered under any of the conditions examined,

as shown in Table 7.



Table 6. Percentages of S-benzyl groups cleaved by

HF-treatment of HEL(S-Bzl)

90 min 120 min 150 min
=75°C : 10 1 2
-250C -15°C 4 : 2 5
o°ecC 20 32 35

Table 7. Recoveries of fully active HEL from

HF-treated HEL(S—B?l)

90 min 120 min 150 min
-75°C 0 0 0
-250C -15°C 0] 0 0
0°cC o 0 0

Treatments of S-4-methoxybenzyl and S-4-methylbenzyl deriva-—

tives of native HEL and Z(2-C1)-HEL with HF. The deriva-

tives of HEL were treated with HF at 0°C for 60 and 90 min,

and the materials isolated from their HF-solutions were treated



under similar conditions to those described above. The
percentages of fully active HEL recovered from them are shown

in Table 8.

Table 8. Recoveries of fully active HEL from HEL
(S-Bz1(0OMe)), HEL(S-Bzl(Me)), Z(2-Cl)-

HEL(S—BZl(OMe)) and Z(2-C1)-HEL(S-Bzl
(ME)) by HPF-treatments

HF-treatment (%)

Material

0°C, 60 min 0°C, 90 min
HEL(S-Bzl(OMe)) 0 1.6
HEL(S-Bzl(Me)) 19 12
Z(2-C1)-HEL(SH) 20 15
2(2-C1)-HEL(S-Bz1(OMe)) 0 0.5
7(2-C1)-HEL(S-Bzl(Me)) 8.3 Ted

Purification and crystallization of fully active HEL regene-

rated from Z(2-Cl)-HEL(S-Bzl(Me)). The material obtained

from Z(2-C1l)-HEL(S-Bzl(Me)) by HF-treatment for 60 min at 0°C
was reduced, and reoxidized under similar conditions to those
used for Z(2-Cl)-HEL. The reoxidized material was chromato-
graphed on Sephadex G-50 using buffer containing 1M acetic acid

and 5M urea, as shown in Fig. 6.
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Fig. 6. Gel-filtration of 7(2-C1)-HEL(S-Bzl (Me))
treated with HF for 60 min at 0°C (-e—e—)
and native HEL (—o-o—) on Sephadex G-50
(2 x 95 cm) in buffer containing 1M acetic

acid and 5M urea.

Fraction II, eluted in the same position as native HEL, was
fully active. The yield of fraction II was 8.3% on the
basis of the protein content of the 7(2-C1)-HEL(S-Bzl (Me))
preparation used, as shown in Table 8. Lyophilized material
was obtained from fraction IT by desalting and chromatographed
on a Bio-rex 70 colum using 0.2M sodium phosphate buffer

solution at pH 7.18. Fraction IT was separated into four



fractions (II-1, II-2, II-3 and II-4), as shown in Fig. 7.
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Fig. 7. Ton-exchange Chromatogram of fraction IT of
Fig. 6 (-e—e—) and native HEL (-o-o—) on
Bio-rex 70 (1.5 x 33 cm) in 0.2M sodium
phosphate buffer solution (pH 7.18).

Fraction IT-4 was eluted in the same position as the main
fraction of‘native HEL. These four fractions, II-1, II-2,
II-3 and II-4, had 79, 99, 101 and 102%, respectively, of
the lytic activity of native HEL in buffer containing 0.1%
sodium -chloride, and 13, 30, 39 and 102%>of the latter in
buffer containing 1% sodium chloride. The.UV absorption

spectrum of fraction II-4 is shown in Fig. 8. When the lyo-



philized powder obtained from fraction II-4 (Fig. 7) after
desalting was stood under conditions inducing crystallization,

it yielded similar crystals to those of native HEL, as shown

in Fig. 9.
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fraction II-4 of Fig.
7 (———) and native
HEL (———-—- ). Solvent:
0.2M sodium phosphate
buffer (pH 7.18).



Discussion

In this work we first prepared derivatives of native
HEL in which the amino groups were combined with t-butoxy-
carbonyl (Boc) or benzyloxycarbonyl (Z) groups or derivatives
of the latter, [Z2(X)]. These derivatives first were pre-
pared by treating the enzyme With'Boc—N3 or benzyloxycarbonyl
azide (Z—N3)Q These reagents were not very reactive so
that repeated treatments were reQuired to achieve complete
acylations of the amino groups of native HEL. Therefore,
we next tested Z-ONSu, which can easily be prepared by the
reaction of benzyloxycarbonyl chloride (Z-Cl) with N-hydroxy-—
succinimide (HONSu), instead of Z—N3 as an acylating reagent
and found that with this reagent Z groups could be infroduced
almost quantitatively onto the amino groups of native HEL in
a single reaction. We also found that the reaction was
complete using a ratio of at least 6.5 equivalents of the re-
agent to one amino group of native HEL, as shown in Table 1;
derivatives of the Z group in which the aromatic ring was
chlorinated could be introduced onto the amino groups of
native HEL almost completely using 6.5 equivalents of the re-—
agents to one amino group of native HEL.

Next, we examined conditions for removal of the substi-
tuents from the derivatives of HEL suitable for regenerating

fully active HEL. Treatments of Boc-HEL with formic acid



for 24 h at 15°C and with HF for 90 min at 0°C gave fully
active HEL in yields of 46 and 25%, respectively, and treat—
ment of native HEL with formic acid and HF under the same
conditions gave recoveries of 72 and 50%, respectively, of the
active enzyme. However, enzymatically active material

could not be recovered by HF-treatment of Z-HEL, prepared using
Z—N3. When native HEL was treated without Z—N3 under simi-
lar conditions to those used for Z—N3 treatment in preparation
of Z-HEL, enzymatically active HEL was recovered in good yield
and it was indistinguishable from the original enzyme in gel-
chromatographic and ion-exchange chromatographic behaviors,

and enzymatic activity. This suggests that some side-
reactions occur during introduction of the Z group onto native
HEL using Z—N3, and that these reactions are not reversed by
HP-treatment. Therefore, we next tested to regenerate enzym-
atically active HEL from Z-HEL, prepared by treatment of native
HEL with Z-ONSu. When Z-HEL was treated with HF at 0°C for
O and 30 min, the regenerated free amino groups were estimated
as 78 and 100% of those of native HEL, respectively. These
results indicate that Z groups could be removed from Z-HEL as
easily as from oligopeptides by HF-treatment. HELs, substi-
tuted with Z-groups chlorinated at position(s).2, 3, 4, 2 and
4,3 and 4, and 2 and 6 of the benzene ring, were treated with
HF. The free amino groups of the original enzyme could be
regenerated almost quantitatively with HF, by 30 min—-treatment

of Z(2-Cl) , Z(4-Cl)- and Z(2,4—012)—HELS and by 60 min-treat-



ment of Z(3-Cl)-, Z(3,4-Cl,))- andZ(2,6-C1,)-HELs. Thus
the relative stabilities of these groups on HF-treatment are
proportional to their relative stabilities on acidolysis in
50% trifluoroacetic acid in methylene chloride reported by
Merrifield et a1.7) The results show that the free amino
groups of HEL can be regenerated almost quantitatively from
all the derivatives of HEL examined by HF-treatment for up to
60 min at 0°C.

Next, we tried to recover fully active HEL by HF-treat-
ment of derivatives of HEL. We found that on HF-treatment
for 30 min at 0°C fully active HEL could be recovered in 41%
yield from Z-HEL, in which the amino groups had been acylated
almost completely under condition C in Table 1. However,
the recovery decreased on increasing the period of HF-treat-
ment. These findings are in accordance With results on HF-
treatment of native HEL, described in part I. When Z-HELs
prepared by the reaction of native HEL with Z-ONSu under con-
ditions D, E and F in Table 1 were treated with HF for 30 min
at 0°C, the recoveries of fully active HELs decreased in order;
namely with increase in the ratio of equivalents of the reagent,
Z-0ONSu, to amino groups of native HEL, the recovery of fully
active HEL decreased. Since fully active HEL could be re-
covered in 60% yield from native HEL on HF-treatment under the
same conditions, the results suggest that the acylation of
native HEL with Z-ONSu did not cause an irreversible change

in the molecule of native HEL, but caused some side-reactions



of the molecule or that HF-treatment of Z—HEL caused some
modification of the HEL molecule. Therefore, it is essen-
tial to use only the minimal amount of the reagent necessary
to achieve complete acylation of the amino groups of native
HEL.

In studies on the recovery of HEL from Z(X)-HELs by HF-
treatments at 0°C for 60 and 90 min, fully active HEL was re-
covered from Z(2-Cl)- and Z(4-Cl)-HELs in approximately the
same yield as from Z-HEL, but the yields from other Z(X)-HELs
were lower, as shown in Table 4. These results seem incon-
sistent with the fact that all the Z(X) groups could be com-
pletely removed from 7(X)-HELs under the same conditions, as
described already, because if this is so fully active HEL
should be recovered in the same yield from all the derivatives
of HEL examined. This inconsistency remains to be explained.
It may be due to various exfent of side-reactions during pre-
paration of Z(X)-HELs and their treatment with HF.

We also investigated the reductive alkylations of native
HEL and Z(2-C1l)-HEL and the regeneration of enzymatically
active HEL from reduced and alkylated enzyme by HF-treatment.
KMeienhofer et a1.5) reported that native HEL can be reduced by
dithiothreitol in liquid ammonia, and that the resulting thiol
groups can be almost completely alkylated by benzyl chloride.
Accordingly native HEL and Z(2-Cl)-HEL were reduced and alky-
lated by benzyl, 4-methoxybenzyl and 4-methylbenzyl chlorides

by their method. Amino acid analyses of acid hydrolysates
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of the products showed that native HEL and Z(2-Cl)-HEL wére
reduced and alkylated almost completely by benzyl groups, but
partially by 4-methoxybenzyl and 4-methylbenzyl groups, as

seen in Table 5. When these derivatives of HEL were treated
with HF to regenerate enzymatically active HEL, it was found
that the S-benzyl substituents were too stable to be cleaved
from HEL(S-Bzl) under the mild conditions used for peptide
synthesis, as presented in Table 6. Moreover, HEL would

be destroyed under ‘the stronger conditions necessary for com-
plete cleavage of the S-benzyl group from HEL(S-Bzl), as des-
cribed in Part IT. Thus, fully active HEL could not be re-
covered from the HEL(S-Bzl) by HF-treatment, as shown in

Table 7. It seemed probable that the S-4-methoxybenzyl
substituent should be removed from HEL(S-Bzl(OMe)) and Z(2-
C1)-HEL(S-Bz1(OMe)) uncder appropriate conditions for HF-treat-
ment, because it is known that the S-4-methoxybenzyl group can
be almost completely removed from oligopeptides containing the
S—-4-methoxybenzylcysteine residue(s) by HP-treatment for 60
min at 0°C, and completely removed by treatment for 90 min at
QoC. However, only traces of fully active_HEL could be
recovered from either HEL(S-Bzl(OMe)) or Z(2-C1)-HEL(S-Bzl(OMe))
by HF-treatment for 90 min at 0°C, and no fully active enzyme
could be recovered by treatment for 60 min at 0°C. These
low recoveries of fully active enzyme seemed to be due to use
of unsuitable reaction conditions for preparing HEL(S-Bzl(OMe))

and Z(2-C1l)-HEL(S-Bzl(OMe)), because these derivatives of HEL



were always obtained as pale yellow materials. Next, HEL
(S-Bzl(Me)) and 7(2-01)-HEL(S-Bzl(Me)) were treated with HF
at 0°C for 60 and 90 min, because Erickson. and MerrifieldS)
reported that the S—4-methylbenzyl group like the S—4-methoxy-
benzyl group of S—-4-methoxybenzylcysteine can be completely
removed from S-4-methylbenzylcysteine by HF-treatment at 0°C
for 60 min and we observed that trace amounts of S-4-methyl-
benzyl groups remain in S-4-methylbenzylcysteine after treat-
ment with HF for 60 min at 0°C, whereas the groups are com-
pletely removed by HF-treatment for 90 min at 0°C. Fully
active HEL was recovered in 19 and 12% yield from HEL(S-Bzl
(Me)) by HF-treatment at 0°C for 60 and 90 min, respectively;
Since the results seen in Table 5 indicate that about 11% of
the thiol groups remained unalkylated in the HEL (S-Bz1(Me))
preparation, assuming that the reduced form of HEL constituted
11% of the HEL(S-Bzl(Me)) preparation, and that no active
enzyme could be recovered from completely alkylated HEL(S-Bzl
(Me)), we calculated that fully active HEL could be recovered
in only 3—5% yield from the HEL(S-Bzl(Me)) preparation by HF-
treatment for 60 min at 0°C. Therefore, the 19% yield of
fully active HEL was probably mainly derived from the HEL(S-
Bzl(Me)) preparation. Next, Z(2-C1)-HEL(S-Bzl(Me)) was
treated with HF at 0°C; fully active enzyme was recovered in
yields of 8.3 and 7.4% after treatment with HF for 60 and 90
min, respectively. On the other hand, fully active HEL

could be recovered in 20% yield from the reduced form of Z(2-



Cl)-HE1, iﬁ which not all the thiol groups were alkylated, by
HF-treatment for 60 min at 0°C. These findings indicate
that fully active enzyme was mainly obtained by cleavage of
72(2-C1) and Bzl(Me) groups from Z(2-Cl)-HEL(S-Bzl(Me)) with
HF, although 8% of the thiol groups remained to be alkylated
in the 7(2-C1)-HEL(S-Bzl(Me)) preparation.

The fully active HELs recovered by HF-treatment of Z(2-
C1)-HEL and Z(2-C1l)-HEL(S-Bzl(Me)) were purified by chromato-
graphy on a Bio-rex 70 column. The main fraction, eluted
in the position of native HEL, had the same activity on

Micrococcus lysodeikticus cells as native HEL also purified on

Bio-rex 70. The fractions eluted before the main fraction
had similar activity to native HEL in buffer containing 0.1%
sodium chloride, but had very low enzymatic activity in buffer
containing 1% sodium chloride. They may represent deami-
nated derivatives of HEL formed during the chemical treatments.
The main fraction eluted from the Bio-rex 70 column had the
same UV-spectra as native HEL, as shown in Figs. 5 and 8.
Furthermore, when the protein in this fraction was treated
under appropriéte conditions, it gave crystals that were .
identical with those of native HEL, as shown in Fig. 9.

As a further step in the chemical synthesis of hen egg-
white lysozyme we prepared Z(2-Cl)-HEL(S-Bzl(Me)) as a model
since it closely resembles the protected polypepfide covering
the whole sequence of the lysozyme molecule required to syn-

thesize the whole molecule. The present work showing that



fully active HEL can be regenerated in fair yield and in a

crystalline state from Z(2-Cl)-HEL(S-Bzl(Me)) by treatmenf

with HF is an encouraging indication that chemical synthesis

of this enzyme should be possible. f
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Summary

The present work has been undertaken as the framework
for the chemical synthesis of protein. This work is consisted
of the following studies. |

1) The influence fo anhydrous hydrogen fluoride on the
native form of hen egg-white lysozyme under standard conditions
of peptide synthesis were investigated by measuring the enzymatic
activities of materials recovered from mixtures of anhydrous
hydrogen fluoride and hen egg-white lysozyme. The enzymatic‘
activity of hen egg-white lysozyme gradually decreased on
incubation with anhydrous hydrogen fluoride at a given tempera-
ture. After incubation of the mixture at OOC for 60 min,
at least three fractions could be separated by gel-filtration
on Sephadex G-50. One of these was eluted in the same posi-
tion as native lysozyme and was fully active enzymatically.
Its ultra-violet, and circular dichroism absorption spectra
were identical with those of native lysozyme, and the crystals
obtained from this fraction could not be distinguished from

those of native lysozyme.

2) The influences of anhydrous hydrogen fluoride on
reduced hen egg-white lysozyme were investigated under standard
conditions for peptide synthesis. i) Engymatically fully

active protein was recovered in poor yield (5%) from reduced



hen egg-white lysozyme after treatment with hydrogen fluoride.
ii) The yield (29-33%) was improved by addition of 1,4-butane-
dithiol or L-cycteine during the treatment of the reduced hen
egg-white lysozyme with hydrogen fluoride. iii) The crystals
which were indistinguishable from those of native hen egg-white
lysozyme were recovered after treatment of reduced hen égg—
white lysozyme with hydrogen fluoride in the presence of 1,4-
butanedithiol, anisole and amino acid derivatives. Thus, the
original intact lysozyme could be recovered from an HF-solution

of the reduced form.

3} The following derivatives of hen egg-white lysozyme
were prepared from native hen egg-white lysozyme, 2-chloro-
benzyloxycarbonyl-lysozyme, S—4-methylbenzyl-reduced-lysozyme
and 2-chlorobenzyloxycarbonyl-S-4-methylbenzyl-reduced-lysozyme.
Treatment of these derivatives with anhydrous liquid hydrogen
fluoride for 90 min at 0°C yielded fully active lysozyme with
recoveries, in order, of 23%, 12% and 7.4%. The properties
of the lysozyme recovered were identical with those of native
hen egg-white lysozyme, and crystals of this materiallwere

indistinguishable from those of native enzyme.
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