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Abstract: The dismutation of O,~, catalyzed by Escherichia coli Mn dismutase, has been investgated. O~ was generated in
formate aqueous solutions by pulse radiolysis. When the initial concentration of O;~, [O27]o, is less than 10 times the total
concentration of the dismutase, [E]o, a reaction first order in both [O2~] and [E]o is observed, the apparent reaction rate
constant of which is 1.5 £ 0.15 X 10° M ~! sec™!. When [0O37]o/[E]o > 15, a biphasic process is observed. Under these con-
ditions only about 15 O, radical ions per each dismutase molecule react with a relatively fast rate. Excess O,~ is removed
by a less efficient reaction, also first order in [E]o and nearly first order in [O,7], which has an apparent rate constant 1.6 £
0.25 X 108 M1 sec™!- The results are interpreted in terms of four oxidation and reduction reactions, such as: (i) E + O~ —
E=+ 05k =13£015X109M 'sec !;or (i) E+ Oy~ + 2H* — E* + H,05; (ii) E- + O~ + 2H* — E + H,0,, k

=1.6£06X10°M1sec!; or(11)’E++02'—>E+Oz,(111)E + 0, —>E2'+Oz,k =~ 2 X 108 M ~'sec™!;or (iii) E
+ Oy~ — E~ + 0y; (iv) E2'+02 + 2Ht — E~ + H;0, k = 1 X 10’ M~ sec™'; or (iv) E~ + O,~ + 2H — E +
H,0,. E*, E, E™, and E2~ may represent forms of enzymes in which Mn!Y, Mnlll, Mn”, and Mn' are respectively present.
Alternative mechanisms involving additional oxidation states of the Mn are discussed. After the end of the catalytic process
the high enzyme activity is fully regenerated within less than 30 sec.

Enzymatic catalysis of superoxide dismutation has been
evident since the work of McCord and Fridovich.2 The rate
of catalysis and its mechanism have been extensively inves-
tigated for bovine superoxide dismutase.3-® It has been
shown that alternate reduction and oxidation of the copper
atoms is involved.®

Recently, competition experiments have shown a high
catalytic efficiency of Escherichia coli mangano superoxide
dismutase.” In this manuscript, we report a direct observa-
tion of the catalysis, followed with the aid of the pulse radi-
olysis technique.

When an oxygenated aqueous solution containing for-
mate ions is irradiated the following reactions take place.

Hzo —_— eaq-, H, OH, H30+, OH-, H202, H2 (1)

- - 10 7t gapet’
€y + 0, — Oy Ry =2 x 10" Mlsec 2)

9
H + 0, — HO, k = 2 x 10" M-1sec-! 3

10
H + HCO,” — H, + CO,” ky =5 % 105 M sec! (4)

OH + HCO,” —> H,0 + CO,~ ks = 3 x 107 M-1 sec'1(151

CO,” + 0, — CO, + 0, ®)

HO, == H' + 0,” K =

As a result, at sufficiently high [formate], O, radical ions
(in equilibrium with HO,) are produced as the only radical
species within less than | usec. O, radical ions decay away

1.6 % 1075 M5 14 (n

to form O, and H,0,. Under our conditions, reaction 8
competed efficiently with both (9) and (10). In the fol-

118,14

= 8.5 x 10" M1sec-
{8)

H02 + 02 —) H202 + 02 kg

HO, + HO, —

13,14
}1202 + 0, ky = 6.7 % 10°M1sec! (9)

0, + 0 B H,0, + O kyp = 102 Mt sec™ (10)
lowing we report the enhanced decay of the O, radical
ions, as followed in the uv, upon the addition of the E. coli

Mn dismutase.

Experimental Section

The pulse radiolysis apparatus and the optical detection system
have been described previously.'* The solutions contained 10=4 M
ethylenediaminetetraacetate (EDTA) and 10~2 M formate unless
otherwise stated. Blank experiments were always carried out be-
fore the injection of the enzyme from a stock solution. In the blank
solutions, O,~ decayed away by two parallel reactions. One of
these was a second-order process and the other an apparent first-
‘order process. Similar observations were reported and discussed
previously.!? These results indicate a fairly low level of impurities
in our solutions. Phosphate buffer was used to adjust the pH. E.
coli dismutase has been isolated and purified as before.'* Other
materials were of high purity grade and were used as received. All
solutions were saturated with O, (Matheson). Unless stated other-
wise, measurements were carried out at 290 nm. Scattered light
measurements® were carried out for each of the enzyme concentra-
tions used. The scattered light was less than 10% and was ignored.
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absorption ——
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Figure 1. Process I1. O; saturated solution of 10~2 M Na,HPOy, 1073
M NaH,PO., 10~2 M sodium formate, 4.8 X 108 M dismutase.
[O27]o = 1.8 X 1073 M. pH 7.9. Half-life of O, in the blank solutions
was 200 msec. Measurements carried out at 290 nm.

~<j 5msec = 4%
[ |
]
|

% absorption

time ——
Figure 2. Oscilloscope traces showing both processes I and I1I. Mea-

sured at 280 nm in a 3.8 X 10~7 M dismutase solution; 1.8 X 107 M
O,~. Other conditions as in Figure 1.

To minimize photolysis, the shutter between the lamp and the irra-
diation cell was opened just (~1 sec) before irradiation. We have
found, however, that the opening of the shutter for | min before ir-
radiation had no effect on the decay rate of O,~. Appropriate light
filters were used to eliminate unnecessary light. Unless otherwise
stated, a 4-cm single pass cell and a 150 W Xe-Hg lamp were
used. The results represent the effects of single pulses on previously
unirradiated solutions. Enzyme was stored up to 2 weeks in a solu-
tion saturated with (NH4),SO4. Ammonium sulfate was removed
by dialysis 1 day before use. Oscilloscopes (Tektronix) (556 dual
beam and 549 memory), a | P 28 photomultiplier, and a B and L
monochromator were employed. The time resolution was less than
2 usec, excluding the pulse duration (0.1-1.5 usec).

The enzyme concentrations in the stock solutions were deter-
mined by the optical absorbances at 280 nm. An extinction coeffi-
cient 6.0 X 10* M~ cm~! was taken for the calculations of the
concentrations. The pH of the solutions was found to be unaffected
by the irradiation. The temperature was 23 + 2°.

Results

Decay of Absorbance by Two Processes. An initial rise of
absorbance at 290 nm due to the formation of O;~ radical
ions and its decay in the presence of 4.8 X 10~8 M dismu-
tase are presented in Figure 1. As shown by the semilogar-
ithmic plot, this decay is first order with respect to Oy~ for
approximately 80% of the reaction, after which deviations
are apparent. Such results are typical for total enzyme con-
centration [E]o < 3 X 1077 M. The optical density in Fig-
ure 1 decays back to zero. At higher enzyme concentra-

05

Fraction—
T

DBo/Dmax. A A‘;

=T A
142—’—"_‘""—"—‘(/“} ol | L

|
0 01 03 05
(ElouM—=

Figure 3. The effect of [E]o on processes | and II. pH 7.9 (phosphate
buffer as in Figure 1); 1.8 X 1073 M O,~. Measurements carried out
at 290 nm. Each value is an average of 1-4 runs.

tions, residual optical densities remain for at least several
hundred milliseconds. This will be presented later.

This process, which we shall call process 11, was preceded
by a more rapid decay whose extent increased with increas-
ing [E]o. Under the conditions used in Figure I, the rapid
initial decay could not have accounted for more than a few
per cent of the total change, and therefore is not clearly
seen in the figure. The faster decay process, at constant
[O327]o, becomes more important at higher enzyme concen-
trations. Thus, at [E]o = 4 X 10=7 M, about 40% of the ab-
sorbance decays away before process II can be observed.
This is demonstrated in Figure 2. We shall call the rapid
initial decay of O,~ process I. In Figure 3 we present data
showing the relative contributions of process I and process
II to the decay of absorbance at 290 nm. Under the condi-
tions of Figure 3, the maximum optical density change,
D max, is equal within experimental error to the initial opti-
cal density of the O, radical ions. D! and D,!' are the
optical density changes at the end of processes I and II, re-
spectively. The time separation between process I and pro-
cess II was not good, as the rates of these two processes var-
ied by a factor of about 10 only. (See Figure 2 for the sepa-
ration between processes I and I1.) Values of D.! could be
roughly determined as will be seen later.

There is a continuous decrease in the contribution of pro-
cess 11, and an increase in the contribution of process I, as
[E]o increases from 0.05 to 0.7 uM. Although we have cho-
sen to plot straight lines, the scatter of results (Figure 3)
does not make it possible to attach special physical signifi-
cance to the apparent linear dependencies.

Both processes I and II are characterized by apparent
reaction rate constants “k ;" and “k;,” which are defined
from eq 11. Plots of In (D,;! — D!) vs. time were made lin-

"k = (1/[Elpd/dd1n (D, — DM

"k = (I/[E])d/d)In (D, — DD av

ear up to at least 90% reaction by an appropriate choice of
D.!. D! values, so determined, were similar to the D'
values estimated intuitively from figures such as 2.

The apparent rate constants “k|” and “‘k;”” were found
to be independent of [E]o. Namely, both processes I and II
are first order in [E]o. As will be seen later, similar “k”
values were obtained at {E}o > 0.7 uM, where there was lit-
tle or no interference from process I, and where the decay
of absorbance was found to obey strictly a first-order rate
law. Under such conditions, we found that process I was
first order also in [O,7].
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Table I1. Values of “k1” Measured in >0.7 uM Dismutase®

“hki” X 1078, “hkn” X 1078, “kr” X 1079,

[Eln sM  [Orl uM  pHY  M7isec™ M7 sec™) [Eb pM  [OslouM  piP M- sect
0.050 18 7.9 1.6 0.77 20 6.8 2.0
0.050 8 7.9 1.5 1.4 5.0 7.9 1.9
0.050 18 6.9 2.3 1.5 19 7.9 1.6
0.083 18 7.9 1.3 2.3 20 6.8 1.2
0.13 18 7.9 1.5 2.4 19 7.9 1.2
0.13 18 7.4 1.3 2.4 7.6 7.9 1.4
0.13 8 7.4 2.0 2.4 3.0 7.9 1.1
0.17 18 7.9 1.3 2.4 19 7.9 0.9
0.24 18 6.8 1.9 2.4 19 7.9 1.6
0.24 18 7.9 1.9 4.7 19 7.9 1.7
0.38 18 7.8 20 2.0 7.1 19 7.9 1.2
0.38 8 7.8 15 9.4 19 7.9 1.7
0.45 18 7.9 11 1.9 12 1.2 7.9 1.3¢
0.60 18 7.9 15 1.5

+ Measured at 290 nm, Solutions contain 10 mM formate and
10-* M EDTA. ¢ pH 7.9 adjusted with 10~2 M Na,HPO, 4 1073
M NaH,PO.. pH 7.4 adjusted with 10-2 M Na,HPO, 4 3 X
10-% M NaH;PO.. pH 69 adjusted with 10-* M Na,HPO, +
10-3 M NaH,PO.,.

’

In Table I we present “k” and “k,” values measured
under various conditions. The results show little, if any, de-
pendency on pH in the range 6.9-7.9. Measurements at pH
~10 seem to give similar values of “k;” but considerably
lower (about threefold) “k.”

The effect of changing initial [O,~] at constant [E]o was
investigated. Generally, decreasing [O;7]o had an effect
similar to increasing [E]o; namely, it resulted in a relative
increase of the contribution of process I and of the residual
absorption (D!1), at the expense of process II. Thus, re-
ducing [0;7]o from 1.8 X 1073 t0 9 X 107% M, in a 4 X
10-7 M dismutase solution (pH 7.8), decreased (D! —
D ")/ D ax from 0.52 to 0.20 and increased (D max — D)/
Dmax and Do'1/D o from 0.42 and 0.06 respectively to
0.72 and 0.08, respectively.

At relatively high [E]o, process II is not observed. Pro-
cess [, however, is still followed by a relatively small partial
decay of absorbance (amounting to about 10% of the initial
absorbance change). The half-life of this partial decay is
about 10 msec, independent of [E]g above 1 uM. It will be
referred to as “process II".” At 1 uM dismutase, process 11
is expected to have a lifetime of about 10 msec and cannot
be separated from the {E]¢ independent process II’. We do
not know the reason for process II’. It may be connected
with some conformational changes in the enzyme which af-
fect somewhat its optical absorption at 290 nm. The con-
centration of E at which process II disappears is a function
of the initial [O,] present. At lower [O,7]¢ the elimina-
tion of process II takes place at lower [E]qo. The résidual op-
tical absorption, at the end of process 11, decays back to
zero after at least several seconds. The instability of our
light source made it impossible to investigate quantitatively
the last process. A possible role of photochemistry by the
light source is still open to question.

In Table II we present “k” values measured under vari-
ous conditions in solutions containing [E]q > 0.7 uM.
Under these conditions, plots of In (D,! — D&!) vs. time
were usually linear up to at least 85% reaction. The values
of “k” (Table II) are similar to those measured in low [E]o
solutions (Table I). This shows that in both cases we ob-
served the same process.

In order to test the possibility that low molecular weight
impurities were responsible for the catalysis, an enzyme so-
lution was divided into three parts: one part was kept for 16
hr without treatment; another part was dialyzed for 16 hr;
the last part was heated to boiling in the presence of 10~4

¢ See footnote a to Table 1. ® See footnote b to Table 1. ¢ 30
mM formate. 4 3 mM formate. © Measured at 248 nm, | c¢m light
path.

M EDTA for a few minutes. The enzyme solutions were
tested in the presence of 1072 M formate, 107* M EDTA,
at pH 7.9. The solutions which have not been boiled re-
tained their full activity and gave results identical with
those obtained in freshly prepared solutions. The solution
which was boiled lost at least 97% of the activity. EDTA
and catalase (10=® M) did not have any effect on the re-
sults.

Discussion

Processes I and II. A Four-Step Mechanism. Our results
are in agreement with a reaction sequence such as eq 12-15

E +0, — E~ + 0O (12)
on’
for E + O, — E* + H,0,)
H+
E- + O, —> E + H,0, (13)
(or E* + 0, — E + Oy)
E" + 0y — E¥ + 0O, (14)
(OI‘ E + 02' — E° + 02)
2H*
E* + 0,7 — E- + H,0, (15)

+

oH
for E- + O, — E + H,0,)

between O,~ and different forms of the enzyme. A similar
reaction sequence has been previously proposed for Bovine
Cu-Zn dismutase.® E¥, E, E~, and E2~ may involve Mn!V,
Mn!ll, Mnll, and Mn!, respectively.

The reaction rate constant k5 = 1.3 £ 0.15 X 109 M~!
sec™' was measured at the relatively high [E]o/[027]o =
10 (see Table II). We propose that at relatively high cata-
Iytic dismutase concentrations, where process II is absent,
reactions 12, 13, and to some extent 14 are responsible for
the decay of O,~. Reaction 15 is slow (this will be justified
later) and can be neglected under the conditions of Table
I1. The average “k;” which can be calculated from Table II
is 1.5 £ 0.1 X 10° M~!sec™' at pH 7.9, at constant 102 M
formate. The apparent effect of [formate] on “k,” is proba-
bly an ionic strength effect. (In the calculation of this “k|”
value we excluded the experiments at [E]o = 12 uM, since
in these experiments the concentration of E was not catalyt-
ic.)

The absence of process 11, the good first-order fits, and
the independence of “k;” on [E]g indicate that the accumu-
lation of the relatively unreactive form of the enzyme was
only little, under the conditions of Table II. Thus, had the
product of reaction 14 accumulated up to 50% of [E]o, a
similar decrease of the O, decay rate would have been ob-
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served, contrary to the results of Table II. Therefore we feel
justified to assume that reactions 12 and 13 do have the
major contribution to O, decay under the conditions of
Table II. Using ky; = 1.3 X 10° M~ "sec™!and “k;” = 1.5
X 10%° M~ sec™' (average of the experiments of Table II,
pH 7.9, 10-2 M formate, in which the [0,7]¢/[E]o ratios
were fairly low), we calculate k3 = 1.6 £ 0.6 X 10° M~!
sec™!. This value is based on kj4 = 2 X 108 M~ sec™!
which we will justify later. In any case, the calculation of
k12 is only little affected by k4, provided k3 > k4 asis
indeed found. The calculation of k3 was carried out using
a Hewlett-Packard calculator with a Schmidt type pro-
gram,'6

Now we turn to process II. A sufficient excess of [027]g
over [E]o (low [Elo and high [O,7]o; see Table I and Fig-
ures 1-3) is expected to convert E to a steady state mixture
of all three forms of the enzyme, in which the less reactive
form is predominant. Consequently, due to the inefficiency
of reaction 15, the overall rate of O,~ decay slows down, as
is indeed observed during process II. It can be shown that
under such steady state conditions, the apparent reaction
rate constant “ky;” can be expressed in terms of the param-
eters k12 — ks (eq 16). This is in agreement with process

Tl = 2(kyy + ky)/ (1 4 Rys/kyy + kyy/Rys) (16)

I being first order in both [E]o and [O;7]. However, we
found that deviations from first-order time dependency oc-
curred when both [E]g and [O,™] were very low. The devia-
tions were caused by a too fast decay of O;~, when its con-
centration decreased. This may perhaps be due to reaction
—14, which is the reverse of reaction 14. If (—14) becomes

E* + 0, — E° + O, (—14)

or E- + 0, — E + O,

important the steady state is shifted toward higher concen-
trations of the more active forms of the enzyme. Conse-
quently, the more efficient reactions 12 and 13 have an in-
creased contribution to the decay of O»~ radical ions.

The average value of “ky”" (from Table I) is 1.6 £ 0.25
X 108 M~ sec™' (pH 7.8-7.9). If the values of “ky;,” k2.
and k3 are inserted in eq 16, it can be seen that if values
of k14 are chosen in the range 0-10° M ~' sec™', the ratios
k14/k1 s which can be calculated range from 2 X 10' to 3 X
10'.

Preliminary computations, with an attempt to find the
pair of k4 and ks which gives the best fit with the data
(“k1,” “k1,” and the fractions of absorbance decay during
processes I and II), indicate that k4 is about 2 X 108 M !
sec”!and ks is about | X 107 M~ sec™'.

Our proposal is then, when only a slight (up to tenfold)
excess of [0 ] over [E]o is present, the catalysis takes
place by reactions 12 and 13, with a considerably smaller
contribution from reaction 14.

When [O;7]o/[E]o is larger than 15, the fast process I
still takes place in the beginning. However, an enzyme form
with relatively low reactivity toward O,~ accumulates after
some time due to the slowness of reaction 15. When steady
state is established, this form is the predominate form of the
enzyme. The inefficiency of reaction 15 causes the catalysis
to be relatively slow as indeed observed during process 11.
Since process I may consume not more than about 15 O;~
radicals per each E molecule, which was initially present, a
decrease of [E]o at constant [O;7]¢ is expected to-decrease
the fraction of O, that decays away by process [ and in-
crease the fraction of O,~ that decays away by process II.
This is confirmed by the experiments (Figure 3). A similar
effect is expected upon increasing [0z ]o at constant [E]o,
as is indeed observed.

Forman and Fridovich? have reported an apparent reac-
tion rate constant 1.8 X 10° M~ sec™' for the E. coli Mn
dismutase at pH 7.8. This value, based on competition
work, is in good agreement with our “k,” measured by
pulse radiolysis.

Forman and Fridovich did not find evidence for the slow-
er catalytic process II. Under their conditions, only low
steady state concentrations of O,~ are involved. Under such
conditions, reactions 14 and 15 may be neglected even at
low [E]o, as the more active forms of the enzyme prevail,
perhaps due to reaction —14. In any case, we have found
that the regeneration of the active forms of the enzyme is
relatively fast (of the order of seconds). This is in agree-
ment with the enhanced O,~ dismutation at low [E]o and
low steady state concentrations of O, as observed by For-
man and Fridovich. The conditions used by Forman and
Fridovich are closer to the natural conditions at which this
dismutase operates, and the higher activity, measured by
“k,,” describes the activity of the enzyme in vivo.

The E. coli manganese superoxide dismutase was origi-
nally reported to contain 1.8 atoms of Mn per molecule of
enzyme,'> but subsequent studies corrected this value to
1.2.'7 The optical and nmr properties of this enzyme indi-
cate that the valence of the metal in the resting enzyme is
Mn!l'® Since O, possesses both oxidizing and reducing
properties, reaction 12 may involve formation of either
Mn!! or Mn!V enzymes. If the enzyme contains actually
two Mn atoms per molecule, then E2~ may be the enzyme
with both atoms of manganese in the plus 2 valence state. If
there is only one atom of manganese per molecule, as seems
likely, one might propose that the conversion of E~ to E2~
involved the reduction of Mn!! to Mn!, or alternatively the
reduction of an unidentified component of this enzyme. It is
not possible to conclude, on the basis of our results, which
are the three states of the enzyme involved. Alternative
mechanisms, similar to (12)-(15), but involving other oxi-
dation states of the enzyme, are also possible. We have
proved, however, that there are three forms of the enzyme,
two of which are interconverted rapidly by O,~; a third is
formed about 5 times more slowly and is considerably
(about two orders of magnitude) less reactive as compared
with the most efficient dismutase reactions.
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Kinetic Studies of the Liquid Phase Peptide Synthesis
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Abstract: Kinetic studies were carried out on the newly developed “liquid-phase” method (LPM) for peptide synthesis, using
soluble polymer esters of amino acids. The reaction rates of these polymer-bound amino acids (esters of polyethylene glycol
with molecular weights in the range of 2,000 to 20,000) were compared with those of the low molecular weight components
used in classical peptide coupling reactions. New techniques for evaluating spectroscopic data have enabled the peptide cou-
pling reaction to be studied precisely. The reactions were shown to be of the second-order type. The comparison indicated
that the LPM system showed analogous kinetic behavior to the system used for classic peptide synthesis. The reaction rates
are of the same order of magnitude and both systems revealed linear kinetic behavior. Under otherwise identical conditions
the presence of the polyethylene glycol esters caused an increase in reaction rate compared with the corresponding low mo-
lecular weight analogs. This was interpreted as being due to tautomeric catalysis.

The “solid-phase” method for peptide synthesis, intro-
duced some 10 years ago, was initially considered a very
promising and exciting new technique which gave rise to
great hopes and expectations.?2 It thus seemed that the au-
tomated synthesis of biologically important peptides or even
proteins was within reach.2b-4

However, criticism of the method grew as the new tech-
nique became popular in many laboratories.>-¢ In addition
to pure synthetic problems the utilization of an insoluble
matrix and therefore heterogeneous reaction conditions
causes new difficulties such as steric hindrance,”8 solva-
tion® problems, etc. These problems were of such impor-
tance that they tended to question the general viability of
this technique.

In order to solve these problems, we have recently devel-
oped the “liquid-phase” synthesis which basically consists
of the following:'%!! a soluble, linear homopolymer serves
as the C-terminal protecting group for the peptide which is
to be synthesized. Mono- or bifunctional polymers such as
polyethylene glycol have proved themselves as being espe-
cially good. All reactions are carried out under homoge-
neous conditions but contrary to the classical method, the
activated components can be used in large excess so that
quantitative coupling is achieved. The yields from the indi-
vidual coupling steps can then be determined using simple
tests.

Two properties of the polymer enable the polymer-bound
peptide to be separated from the low molecular weight ma-
terial, namely: (a) its molecular weight, which means sepa-
ration can be achieved via ultrafiltration; (b) and the poly-
mer’s tendency to crystallize which remains unaltered by
the peptide chain.'2'3 Thus, by using this new method the
difficulties of the ‘“solid-phase” synthesis can be avoided
and at the same time its positive aspects are preserved. In
this paper we wish to report the effect of the macromolecu-
lar protecting group upon the coupling reaction rate and
compare the latter with that encountered in classical pep-
tide synthesis, where low molecular weight protecting
groups are used. In order to study the reaction rates, exact
kinetic data were necessary.

If one succeeds in reaching rate constants using the “lig-
uid-phase” method which are equal to those in classical

peptide synthesis, no additional problems caused by the
polymer would disturb a peptide synthesis. Then only the
chemical problems of peptide coupling have to be consid-
ered.

The coupling reaction using p-nitrophenyl esters has
proved itself to be especially suitable for kinetic studies
since the reaction can be followed easily spectroscopically.
In order to detect and recognize slight differences in the ki-
netic behavior of various substrates used here, it was found
necessary to develop new and accurate techniques which
have been mentioned elsewhere.'4 rert- Butoxycarbonylgly-
cine p-nitrophenyl ester was coupled to various glycine es-
ters under identical reaction conditions whereby the high
and low molecular weight C-terminal protecting group was
varied. The glycine esters of the following alcohols were
used: tert-butyl alcohol, ethanol, 2-methoxyethanol, and
polyethylene glycol with the molecular weight 2,000, 4,000,
6,000, 10,000, and 20,000. A comparison between polyeth-
ylene glycol triglycine ester and the triglycine ethyl ester
should show whether the results obtained in synthesizing
the dipeptide can be applied to larger peptides.

Experimental Section

Materials. The following commercial products were used: aceto-
nitrile (Uvasol Fluka and Uvasol Merck), further dried over mo-
lecular sieve (3 A, Merck) and distilled; glycine rerz-butyl ester
hydrochloride (puriss, Fluka); glycine teri-butyl ester (puriss,
Fluka); glycine ethyl ester hydrochloride (puriss, Fluka); triethyl-
amine (puriss, Fluka); triglycine ethyl ester hydrochloride.'s The
commercial polyethylene glycols (Chemische Werke Hiils) were
purified by ultrafiltration and by precipitation from solutions in
methylene chloride with diethyl ether. The molecular weight distri-
bution is less than £7% of the molecular weights given.

Synthesis of Glycine Polyethylene Glycol Ester Hydrochloride
with Various Molecular Weights. Polyethylene glycol (I mmol)
was dissolved in dry methylene chloride to form a 10% solution
(w/v). BOC-Gly (1.75 g, 10 mmol) and DCC (2.06 g, 10 mmol)
were added and the mixture was stirred at room temperature
under anhydrous conditions for 6 days. The insoluble dicyclohexyl-
urea was removed by filtration and the solvent removed in vacuo.
The residue was then dissolved in 1.2 N HCl-acetic acid (10% so-
lution, w/v) and stood at room temperature for 30 min to ensure
complete cleavage of the protecting group.
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