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ABSTRACT: Papain-catalyzed oligomerization of dietbyglutamate hydrochloride was conducted in phosphate
buffer at 40°C. Because of rapid oligomerization kinetics, high substrate concentrations were not needed to shift
the equilibrium for oligomer synthesis. For example, at 0.03 M diethylutamate hydrochloride, oligp{ethyl
L-glutamate) synthesis and precipitation from solution occurred in 55% yield. MALDI-TOF spectra of precipitated
products showed two series of ion peaks separated bynisTnits, the mass of oligptethyl+-glutamate)

repeat units. The most abundant signals were at DP 8 and 9, in excellent agreement.yjttalDBs determined

by IH NMR. Lower intensity peaks witlm/z less by 28 correspond to hydrolysis of one ester group either at a
chain end or a pendant group along chains. Ofigethyl-L-glutamate) synthesis at 4C in phosphate buffer

(0.9 M, pH 7) occurred rapidly so that by 5, 10, and 20 min the yield reached #Z%, 78+ 4% and 81+ 5%,
respectively. High product yields were observed over a broad range of pH values. As long as the pH was maintained
from 5.5 to 8.5, the product yield was60%. lonic strength had no significant effect on oligopeptide yield. The
dominant role of phosphate buffer in reactions was its control of pH. Other influences of phosphate ions on
papain, such as nonspecific salt interactions or a “salting out” of product, appear to be of little or no importance.
Loss in protein concentration and activity in the supernatant was observed after one reaction. A second reaction
cycle performed using recovered supernatants resulted in a decrease ip-eliggli.-glutamate) yield from

about 75% to 20%.

Introduction use of activated acyl moieties, such as esters, as donor com-
ponents which significantly accelerate the reaction rate. This
study makes use of principles from both kinetic and thermo-
dynamically controlled reactions in that reactants are activated
by formation of esters and products precipitate from reactions.
Advantages of protease-mediated oligopeptide synthesis
include (i) avoids racemization, (ii) decreased requirement for
protection-deprotection steps, (iii) utilization of readily renew-
able and potentially inexpensive amino acid monomers, and (iv)
mild nonhazardous operating conditioffsAso et al? reported
oligomerization of dialkyL-glutamate hydrochloride by protease
catalysis. By increasing the organosolubility of papain by its
modification with poly(ethylene glycol), Uemura et'@ishowed
oligomerizations of dialkylL-aspartate and dialkylglutamate
can be performed in benzene to yield a mixture of oligomers
with chain lengths from heptamer to decamer. Ester hydrochlo-
rides of methionine, phenylalanine, threonine, and tyrosine were
polymerized by papain catalysis in buffer, giving palyémino
acid)s with degree of polymerization (DP) less than't(3

Poly(amino acid)s are normally biodegradable in the environ-
ment. Furthermore, they may be biocompatible and provide
biological activities that are useful in therapeutics. A commonly
practiced route to synthesize paky@mino acid)s of high
molecular weight is by ring-opening polymerizationocemino
acidN-carboxylic anhydrides (NCAS)? However, this involves
toxic phosgene or their equivalents for monomer synthesis, and
the reaction conditions require strict removal of water and high
monomer purity. An alternative route is by thermal or acid-
catalyzed polymerizations. Thermal condensation polymerization
of aspartic acid followed by alkaline hydrolysis was used to
prepare poly(aspartic acid). This product is water-soluble and
biodegradable and is used as a metal chefattowever, the
harsh polymerization conditions result in racemization of
aspartic acid and formation of chains with bathandg-linked
units. When poly(amino acid)s of defined stereochemistry and
repeat unit composition are required, milder selective polym-

erization methods must be used. One such method is by 14 . .
rotease-catalyzed oligopeptide synthesis Uyam_a et af. reported protez_;lse-_catalyzeq regioselective po-
P ) i = o _lymerization and copolymerization of diethyl-glutamate
Basic to protease catalyzed oligopeptide synthesis is equi-pygrochloride. ByH—!H COSY NMR they showed that
librium or thermodynamic control to direct reversal of gligomers formed from diethyl-glutamate hydrochloride using
proteolysist~® Difficulties encountered include low reaction papain, bromelain, ana-chymotrypsin were exclusively-linked.
rates, high stoichiometric amounts of enzyme, and the need to\jatsumura et a5 reported that alkalophilic protease from
apply direct approaches to shift the reactions toward formation syreptomyces spcatalyzed the oligomerization of diethyl
of desired products. Reaction conditions that lead to product | .aspartate in bulk, forming a product with 88&linkages.
precipitation or extraction increase efficiency of the reverse gpeqa et &l found that diethyl-aspartate was oligomerized
reaction. Kinetically controlled syntheses has proved useful for py microbial protease BS in solutions containing small volumes
serine and cysteine proteases that form activated acyl enzymeyf water. For example, oligomerizations of diethyaspartate
intermediates during cataly$ighis approach generally involves using protease BS were performed at 4D, for 2 days, in
MeCN containing 4.5 vol % water. The resulting product was

* To whom all correspondence should be addressed. E-mail: rgross@ a'-lil?jked poly(3-ethyl L-aspartate) witivl,, up to 3700 in 85%
poly.edu. yie
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The above-cited publications demonstrate excellent progress Activity Assay. A stock solution was prepared consisting of a
has been made toward the synthesis of oligopeptides by proteasé:1 (v/v) mixture of Ac-Phe-Gly—p-nitroaniline (Ac-Phe-Gly—
catalysis. However, many of these studies did not take into PNA, 0.3 mg/mL) in DMF and 50 mM phosphate buffer pH 6.8.
account decreased pH during oligopeptide syntiédfReac- To 1 mL of substrate stock solution, p of papain (stock: 160
tion pH effects both catalyst activity and stability. Therefore, M/ML protein) was added, and the absorbance was measured
pH changes should be followed or eliminated by external spectrophotometrically using a Shimadzu UV-1601 at 405 nm for

dditi fb duri : In addit f the ab 100 s. Enzyme activity per minute was calculated from the initial
addition of base during reactions. In addition, many of the above jinear portion of the absorbance vs time curve. Activity units are

studies did not report catalyst activity on a standard substrate,the amount of enzyme activity which catalyzes the transformation
making it impossible for others to reproduce their wef.  of 1 umol of thep-nitroaniline per minute in phosphate buffer (pH
Given the importance of developing general, facile, and selective 6.8) at 25°C using 8 mg/mL protein catalyst.

routes to oligopeptides, our laboratory has begun studies to build  Instrumental Methods. Nuclear Magnetic Resonance (NMR)

on the above literature. However, given uncertainties from SpectroscopyProton {H) NMR spectra were recorded on a Bruker
previous publications, this paper reports a reinvestigation of DPX 300 spectrometer at 300 MHz. NMR experiments were
papain-catalyzed oligg¢ethyl-i-glutamate) synthesis under Performed in DMSQOds at 10 mg/mL with a data acquisition delay
defined conditions. Activity of the papain catalyst was deter- ©f 1S and a total of 64 scans. Data were collected and analyzed by
mined using a standard substrate (ARhe-Gly—p-nitro- MestRe-C. Proton chemical shifts were referenced to tetramethyl-

i . ) : silane (TMS) at 0.00 ppm.
analine). Oligof-ethylL-glutamate) synthesis was studied as a Mass-Assisted Laser Desorption/lonization-Time-of-Flight

function of buffer pH and normality. Changes in solution pH  (\ALDI-TOF). MALDI-TOF spectra were obtained on an
during reactions were recorded. Papain activity as a function omniFlex MALDI-TOF mass spectrometer (Bruker Daltonics, Inc.).
of pH was determined using pH control by automated or manual The instrument was operated in a positive ion linear mode with an
addition of sodium hydroxide. By performing reactions with accelerating potential of-20 kV. The TOF mass analyzer had
controlled pH, we explored whether the buffer causes “salting pulsed ion extraction. The linear flight path was 120 cm. Omni-
out” of products or it is involved in nonspecific protetion FLEX TOF control software was used for hardware control and

interactions. Enzyme activity retained in the reaction media for calibration. X-massOminFLEX 6.0.0 was used for data processing.

multiple reaction cycles was assessed. The extraordinarily rapid SPectra were acquired by averaging at least 200 laser shots. The
formation of y-ethyl4-glutamate under controlled reaction pulsed ion extraction delay time was set at 200 ns. The spectrometer
conditions is reported was externally calibrated using angiotensin Il as a standard (1046.54

amu). To generate the matrix solution, a saturated solution of

Experimental Section a-cyano-4-hydroxycinnamic acid (CCA) was prepared in trifluo-
Materials. L-Glutamic acid diethyl ester hydrochloride and roacetic acid/acetonitrile (TA) 1 to 10 v/v. Oligopeptide samples

a-cyano-4-hydroxycinnamic acid (CCA) were purchased from dissolved in dimethyl sulfoxide (DMSO, 4L) were diluted with

Tokyo Kasei Co. Ltd. and Sigma, respectively, in the highest TA solution to 15 pmoljuL and mixed with SuL saturated matrix

available purity and were used as received. Crude papain (EC #Solution. Then, IuL of this mixture was applied onto the clean

3.4.22.2; sourc&arica papaya 30 000 USP units/mg of solid;  farget. The sample target was dried in a stream of cold air from a

molecular weight 21K) and chromogenic papain substrate Ac ~ dryer.

Phe-Gly—p-nitroaniline (Ac-Phe-Gly—PNA) were purchased ) )

from CalBioChem. Co. Ltd. Water-insoluble materials in the as- Results and Discussion

received papain were removed by dissolving 300 mg/mL crude  For cysteine-protease-catalyzed peptide synthesis, the kinetic

papain powder in deionized water, centrifugation at 5000 rpm for model mechanism (see Schemé&1)1° reveals that, prior to

30 min, collecting the clear supernatant, and dlsc_e_lrdlng the 'USOlUblepeptide bond formation, activated amino acid and enzyme

precipitate. The clear supernatant was lyophilized overnight to interact, forming a MichaelisMenten complex (i.e., acyl

obtain fully water-soluble papain as a beige powder that was used int diate). Thi lex is th titivel
for all studies herein. The protein content of the powder, determined enzyme intermediate). IS compiex IS then competltively
by the bicinchoninic acid (BCA) method, is 40 wt %. Its activity deacylated by water and a nucleophile. If the nucleophile is an

was determined by the AcPhe-Gly pNA assay (see below). amino acid or oligopeptide, a new peptide bond is formed.
Methods. General Procedure for Papain-Catalyzed Oliggg- Precipitation of oligog-ethyli-glutamate) from the reaction
ethyl-L-glutamate) Synthesis.L.-Glutamic acid diethyl ester hy-  solution during synthesis further shifts the equilibrium toward
drochloride (600 mg, 2.5 mmol), papain (100 mg of water-soluble peptide formation. Concurrent with peptide bond formation is
powder containing 40 mg protein), and 5 mL of phosphate buffer release of HCI, which can lead to changes in medium pH during
solution set at a predetermined pH Were.trans.ferred to a 15 mL yeactions. Papain prefers toeposition overy of L-glutamate
Erlenmeyer flask. The flask was gently stirred in a water bath at because of nature of its active site pocket. Uyama & allso

40°C for a predetermined reaction time. Then, the reaction mixture reported the regioselective production of the oligoglutamate
was cooled to room temperature, and deionized water (20 mL) was, " : . L
having an exclusiver-peptide linkage.

added. The insoluble product was separated by centrifugation (6000 . A
rpm) and washed once with dilute HCI (2% v/v) and then twice ~_ Effect of Substrate Concentration.Figure 1 shows the effect

with deionized water. The resulting product was lyophilized, giving ©Of substrate concentration on percent yield precipitated product
a beige powder. for 20 min reactions under noncontrolled pH conditions
Controlling System pH. Since the pH decreases during oligo- (phosphate buffer 0.9 M). At initial pH 7, the percent yield
merizations, manual and automatic pH control was employed. increased from 56 3% to 714 4% by increasing the substrate
Manual control was performed by using a VWR SympHony SB301 concentration from 0.03 to 0.3 M. The yield remained un-
pH meter and manual addition of 10 M NaOH in response t0 changed as the substrate concentration was increased from 0.3
observed pH changes. By manual control the reaction pH was to 0.5 M and then decreased to 983% by increasing the

maintained within+0.1 pH units of the set value. Automatic . g
controlled pH was performed using a Tiamo titration control system substrate concentration to 0.7 M. A similar trend was observed

and Metrohm CH9101 dosing unit. The dosing solution (10 M When reactions were performed at initial pH 8, except that
NaOH) was added at 0.6®.1xL/min, and the frequency atwhich ~ Product yields were higher than those at pH 7 for substrate
the probe checked the pH was set to 1.0 s. By automatic controlledconcentrations 0.030.5 M. The apparent maximum percent
pH with this hardware and software the pH was controlled within Yields (714 4% and 81+ 4%) occurred at 0.3 M substrate
+0.05 units of the set value. concentration for reactions at pH 7 and 8, respectively.
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Scheme 1. Mechanism for Peptide Bond Formation (See Refs 5 and-1¥9)
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Scheme 1 shows that chain growth is accompanied by and assignments are identical to those described in ref 14 for

liberation of HCI fromc-glutamic acid diethyl ester hydrochlo-
ride. Hence, by using initial pH 8 instead of 7, the reaction pH

oligo(y-ethyl--glutamate). Relative integration of methane
proton signals F and D (4.3 and 3.8 ppm, respectively) was

may remain within an optimum range of values where papain used to calculate DRy for oligo(y-ethyli-glutamate)s. The

has higher activity for longer periods of time. This might explain

DPavg 8.7 + 0.3, varied little for oligog-ethyl+-glutamate)

relatively higher yields at pH 8 for substrate concentrations up synthesized herein over a wide range of reaction conditions.
to 0.4. However, as the substrate concentration increases affhe MALDI-TOF spectrum displayed in Figure 3 is of the

constant product yield, more HCI is liberated, creating the

identical product characterized above Iy NMR. Two series

potential for decreased solution pH and lower yields. This may of ion peaks, separated by 1§Yz units, equal to the mass of

explain identical values of percent yield at pH 7 and 8 at high
substrate concentrations (6:8.7). However, without knowledge
of pH values during the course of reactions, it is difficult to

oligo(y-ethylL-glutamate) repeat units, are observed and the
peaks are isotopically resolved. Mass peaks corresponding to
DP values 711 are seen in Figure 3. The most abundant signals

provide definitive explanations. Substrate concentration is not were at DP 8 and 9, in excellent agreement with./gRalues

an independent variable since higher substrate concentrationsletermined by'H NMR. The major series of signals with/z

can lead to larger changes in solution pH that effects enzyme 1169, 1326, 1483, 1640, and 1797 was accompanied by a series
activity. These results, where explanations required knowledge of lower intensity peaks witln/z less by 28. This corresponds

of pH change, motivated the studies below where pH was eitherto hydrolysis of one ester group either at a chain end or a

monitored or controlled during reactions.

pendant group along oligp{ethyl+-glutamate). Thus, results

Figure 1 showed that, regardless of pH change, oligomer- of MALDI-TOF suggest that the product is a mixture of com-

izations at initial pH 7 and 8 occur over a broad range of

pletely esterified and monocarboxylic acid oligomers. A route

substrate concentrations with yields greater than 50%. Thus,by which amide formation is the major pathway accompanied

kinetic constants for chain propagation forming oligomers that
precipitate from solution must be large. Rapid oligomerization
kinetics allows formation of product without relying on high
substrate concentration to shift the equilibrium.

Structural Analysis. The'H NMR spectrum of the precipi-

by less frequent hydrolysis is depicted in Scheme 1.

Aso et al? and Uyama et at* found that crude papain extracts
catalyzed oligomerizations of-glutamic acid diethyl ester
(conditions: pH 78.5, 0.5 M, ionic strength 2.0 M phosphate
buffer, 25°C and pH 7.0, 40C, 3 h) giving oligomers with

tated product synthesized by papain catalysis (8 mg/mL catalyst,DP 5-9 and DRyg 9.5 from FAB—mass spectroscopy afH

0.9 M phosphate buffer, at 40, for 20 min under noncon-
trolled pH conditions) is displayed in Figure 2. Peaks positions

8 3
\H
HH
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S 50
E
T 40
2
> a3 —o— Initital pH = 8.0
—a— Initial pH = 7.0
20
10
0 - : T T T T
0 0.1 02 0.3 04 05 06 07
Substrate Concentration (M)

Figure 1. Effect of substrate concentration on percent yield of oligo-
(y-ethylL-glutamate). Reactions were conducted with 8 mg/mL catalyst,
0.9 M phosphate buffer, at £, for 20 min, under noncontrolled pH

NMR analysis, respectively. Hence, the molecular weights of
products formed in this and related published work are in good
agreement. This is largely due to that molecular weights of
products are determined by their solubility in the reaction
medium. In other words, when chains grow to a length at which
they are poorly soluble, they precipitate from solution.

Effect of Enzyme Concentration. Figure 4 displays the
effect of papain concentration on percent yielfslutamic acid
diethyl ester hydrochloride (0.5 M) oligomerizations were
conducted in 0.9 M phosphate buffer at pH 7.0 for 20 min under
noncontrolled pH conditions. By increasing the catalyst con-
centration from 2.0 to 2.8 to 4.0 mg/mL (based on the protein
content of the powder), the percent yield increased from:29
2% to 53+ 2% to 74+ 4%, respectively. Further increase in
enzyme concentration resulted in no significant change in
product yield. From the above, 8 mg/mL catalyst was used for
other experiments described below. Uyama ét e¢ported that,
with 0.5 M L-glutamic acid diethyl ester in phosphate/sodium
chloride buffer (pH 7.0)] = 2.0 M), maximum yields (61%)
were obtained afte3 h using 40 mg/mL papain. Thus, the
reaction was performed 9 times longer and required a much

conditions. Values reported are the mean from at least duplicate X ; s !
experiments, and error bars define the maximum and minimum values higher papain concentration. This may be explained by lower
obtained. purity and/or activity of the papain preparation that was used.
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Figure 2. 'H NMR (300 MHz, DMSQ#g) spectrum of oligog-ethyl+ -glutamate) synthesized using 0.5.Mylutamic acid diethyl ester hydrochloride,
8 mg/mL catalyst, 0.9 M phosphate buffer, at 4D, for 20 min, under noncontrolled pH conditions.
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Figure 3. MALDI-TOF spectrum of oligog-ethyl1-glutamate) synthesized using 0.5 iMglutamic acid diethyl ester hydrochloride, 8 mg/mL
catalyst, at 40C for 20 min, pH 7.0, under noncontrolled pH conditions.

However, Uyama et &t did not report papain activity, making  crucial to accurately assess effects of reaction parameters on
it difficult to interpret differences observed. product yield. However, previous work used longer reaction
Time Course of Oligo+-(glutamic acid ester) Synthesis.  times for such studies. For example, Uyama ét aked higher
To investigate the time course of oligeéthyli-glutamate)  concentrations of papain (40 mg/mL) than this study and 3 h
synthesis, 8 mg/mL papain catalyst and 0.5 M substrate werereaction times to assess effects of monomer concentration,
incubated at 40°C in phosphate buffer (0.9 M, pH 7). No enzyme concentration, and ionic strength on oligethyl
induction period was required, and by 5, 10, and 20 min, the glutamate) yield. Similarly, even though Aso et’akeported
yield reached 70%, 78%, and 81 5%, respectively (Figure  high oligomer yield after 1 h, they assessed effects of substrate
5). Further increase in the reaction time beyond 20 min did not concentration, reaction time and buffering agent for 3 or 24 h
significantly increase product yield. Hence, under these condi- reactions. In these cases, it may be that differences in polymer
tions, the oligomerization is rapid, making this reaction attractive yields due to changes in reaction parameters are blurred since
from both fundamental and commercial viewpoints. Investiga- time is given so that slow reactions can “catch up” to those
tion of reaction progress at short time intervatls2Q min) is under more optimal conditions.
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diethyl ester hydrochloride (0.5 M) as monomer in 0.9 M phosphate
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reported are the mean from at least duplicate experiments, and erro
bars define the maximum and minimum values obtained.

Figure 6. Change in pH during oligof-ethyl+-glutamate) synthesis
rfor the control (0.9 M) and reactions in 0.5, 0.9, and 1.3 M phosphate
buffer. Time course of oligo(-ethyli-glutamate) synthesis was
performed at 40°C in 0.9 M phosphate buffer at pH 7 under

100.0 noncontrolled pH conditions. Values reported are the mean from at

least duplicate experiments, and error bars define the maximum and
90.0 minimum values obtained.
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Figure 5. Time course of oligof-ethyl+-glutamate) synthesis. Reac- 0 f

tions were conducted with 8 mg/mL papain catalyst, 0.5-§lutamic

acid diethyl ester hydrochloride, at 4C, in phosphate buffer (0.9 M, 45 5 85 6 65 7 75 8 85 9

pH 7) under noncontrolled pH conditions. Values reported are the mean PH Value
from at least duplicate experiments, and error bars define the maximumrigure 7. Relationship between reaction pH and olig@thyl-.-
and minimum values obtained. glutamate) yield. Reactions were conducted using an automated pH-

stat, 0.9 M phosphate buffer, 0.5 Mglutamic acid diethyl ester
o hydrochloride, 8 mg/mL catalyst, at 4C for 20 min. Values reported
The possibility that products may be hydrolyzed by extended are the mean from at least duplicate experiments, and error bars define

time exposure to protease was studied. Products obtained at 20he maximum and minimum values obtained.
min and 3 h were both analyzed by MALDI-TOF ald NMR.
However, no observable difference in percent hydrolysis of ester concentration, pH values in reactions decreased to larger extents.
side chains was found for these products. This is explained by For example, at 0.5 M phosphate buffer, the reaction pH
precipitation from solution of oligg(-ethyl glutamate) limiting decreased from 7.0 to 4.1 in 20 min. Even using a moderately
its accessibility to protease. high phosphate buffer concentration (0.9 M), decrease in pH
Interplay between pH, Buffer Concentration, and lonic by 20 min is substantial (from 7 to 5.3). A no-enzyme control,
Strength. Biotransformations should be performed within the performed at 0.9 M phosphate buffer, showed no change in
optimum activity range of the enzyme catalyst. In the present reaction pH to greater than 40 min. Excellent correlation was
system, pH decreases as the reaction progresses due to Hdbund between oligomer formation and pH decrease over time.
liberation. One method to control pH change is by adjusting For example, at 0.9 M phosphate buffer (initial pH 7.0), the
the buffer strength. However, increasing the buffer concentration pH decreases as oligomer formation increases to 15 min, after
also increases salt concentration, which might alter enzyme which neither showed any further change.
activity. Furthermore, after attaining a certain molecular weight,  The relationship between reaction pH and product yield was
the product precipitates from solution. The salt concentration studied to establish a suitable pH range at which papain-
in reactions may change product yield and molecular weight catalyzed oligog-ethyl+-glutamate) synthesis can be performed
by lowering the products solubility in the reaction medium (i.e., (Figure 7). The reaction pH was maintained at different pH
“salting out” effect). This complex set of variables was values (5.6-9.0) using an automated pH-stat (see Experimental
systematically studied as described below. Section). Reactions were performed as follows: 0.5LM
Oligomerizations were performed as a function of reaction glutamic acid diethyl ester hydrochloride monomer, 8 mg/mL
time and phosphate buffer concentration. Figure 6 shows that,catalyst, 40°C, 20 min. High product yields were observed over
at 1.3 M phosphate buffer, the reaction pH decreased from 7.0a broad pH range. As long as the pH was maintained at from
to 5.9 in just 20 min. By further reducing the phosphate buffer 5.5 to 8.5, the product yield was60%. Maximum product
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Figure 8. Effect of ionic strengthlj on oligo(/-ethylL-glutamate) P

yield. The ionic strength of each buffer was adjusted to 1.9 M by

addition of NaCl. Reactions were performed with 0.5tAglutamic Figure 9. Effect of phosphate buffer concentration on olig@thyl-
acid diethyl ester hydrochloride, 8 mg/mL catalyst, at°@for 20 L-glutamate) yield. Reactions were performed with 0.5 #glutamic
min, without external pH control. acid diethyl ester hydrochloride, 8 mg/mL catalyst, @@ pH 7.0 for

20 min with and without external pH control. Values reported are the
mean from at least duplicate experiments, and error bars define the

. 0 N
yields between 70 and 75% were reached by maintaining the maximum and minimum values obtained.

pH between 6 and 8. Product yields decreased t&- &% and
24 + 1% by performing reactions at pH 5.5 and 5, respectively. At phosphate buffer concentrationd.9 M (i.e., 1.3 M, see
Similarly, product yields decreased to £8% and 6.8+ 0.5% Figure 6), reaction pH remains above 5.5, papain activity
by performing reactions at pH 8.5 and 9, respectively. Therefore, remains high, and product yields are optimal. In contrast, by
care must be taken to ensure that the reaction pH does not falldecreasing phosphate buffer concentration from 0.9 to 0.5 M,
below 5.5 or above 8.5. oligomer yield decreased from 76% to 60%. This decrease in
To study the effect of ionic strength)(on product yield oligomer yield is due to the relatively poor buffering capacity
(Figure 8), phosphate buffer (pH 7.0) was prepared in which of 0.5 M phosphate buffer (Figure 6). Hence, by performing
the phosphate ion concentration of buffer was maintained at reactions with 0.3 and 0.1 M phosphate buffer, oligethyl-
0.1 and 0.3 M. The ionic strength of each buffer was then L-glutamate) yield decreased to 3A53.0% and 3.8+ 2.0%,
adjusted to 1.9 M by addition of NaCl. Reactions were respectively.
performed as above with 0.5 Mglutamic acid diethyl ester Increasing the buffer concentration also increases the phos-
hydrochloride, 8 mg/mL catalyst, at 4C for 20 min; however, phate content in reactions which might alter enzyme activity.
pH of reactions was not controlled. Results in Figure 8 show Also, after attaining a certain molecular weight (see below),
that the ionic strength had no significant effect on yields of oligo(y-ethyli-glutamate) precipitates from solution. By in-
precipitated oligopeptide. Furthermore, L calculated from creasing the phosphate salt concentration ojiggtfyl-L-
1H NMR, was found to be independent of ion strength. At 0.3 glutamate), the yield might increase due to “salting out” of
M phosphate buffer, product yield was unchanged irrespective product. To investigate these possibilities, reactions were carried
of the NaCl concentration. Furthermore, the rapid decrease of out with controlled pH at different buffer concentrations (Figure
pH for reactions run at 0.1 M resulted in little product yield for 9). Without pH control, at 0.1 and 0.3 M phosphate buffer
ionic strengths ranging from 0.1 to 1.9 M. Thus, it is not ionic concentrations, product yields were quite low: 38.0% and
strength (adjusted by NaCl) that determines oligomer yield but, 37.5+ 3.0%, respectively. However, by externally controlling
instead, it is the capacity of regulating system pH that is crucial. the pH at 7.0, product yield at these low buffer concentrations
In contrast, Uyama et af. reported that buffer ionic strength  increased to about 62%. This proves that high product yields
(pH 7.0) plays a decisive role in determining the yield of the can also be achieved at low phosphate buffer concentrations as
same oligomerization reaction. In addition, they did not consider long as the pH of the reaction is controlled. At phosphate buffer
the role of pH change on the oligomerization. concentrations=0.5 M, differences between percent product
To further clarify relationships between phosphate concentra- yield with and without pH control are small. Therefore, the
tion, pH change, and oligomers yield as well as to investigate dominant role of phosphate buffer in reactions was its control
phosphate buffer concentration as an independent variable,of pH. Other influences of phosphate ions on papain, such as
experiments were performed at varying phosphate buffer nonspecific salt interactions or a “salting out” of product, appear
concentrations with and without external pH control. Reactions to be unimportant.
were performed with 0.5 ML-glutamic acid diethyl ester The high sensitivity of papain to pH changes in reactions is
hydrochloride, 8 mg/mL protein catalyst, 4C, pH 7.0 for 20 consistent with what is known about enzyme structure and
min. Without external pH control, the percent yield oligomers mechanism of action. The catalytic activity of papain is based
increased from about 4% to 82% as phosphate buffer concentra-on a nucleophilic attack of the cystein residue, and the activity
tion was increased from 0.1 to 1.1 M (Figure 9). Results above requires two ionizable residues: Cys-25 and His-159. Only near
showed that, by maintaining the pH at between 5.5 and 8.5, theneutral pH do these key amino acids have the appropriate
product yield was>60% (see Figure 7). ionization state that favors synthedtsAt low or acidic pH
However, papain activity decreased when the pH dropped to values, His-159, which must be in the deprotonated state for
5.0. Without pH control, using 0.9 M phosphate buffer, the pH acylenzyme complex formation, remains protonated, leading
remained a& 5.5 to 10 min and gave product yields at 10 min to low enzyme activity. In contrast, at high or alkaline pH values,
of 79% (see Figure 6). It follows that nearly optimal yields were a proton is abstracted from Cys-25, destabilizing the intermediate
attained without pH control by using 0.9 M phosphate buffer. transition state of the acylenzyme complex.
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Table 1. Papain in the Supernatant for Catalysis of a Second Reaction Cycle

total protein conch(ug/mL) specific activityx 1073 units product yield (mol %)

before after before after cycle 1 cycle 2
0.9M 7693 1064 0.89 0.11 764 3.0 20.9+ 2.0
0.9 M (maintaining pH) 7273 2023 0.94 0.31 74:63.0 20.2+2.0

aProtein was measured by the bicinchoninic acid (BCA) method, and papain protease fraction activity was measured using the chromogenic substrate
Ac—Phe-Gly—PNA (see Experimental Sectiorf)Unit is defined as the amount of enzyme activity which catalyzes the transformationuofol of
p-nitroaniline per minute at pH 6.8 phosphate buffer and@5using 8 mg/mL protein catalyst.

Potential of System for Multiple Reaction Cycles.Work below 5.5 result in decreased papain activity for oligethyl-
above demonstrated that oligeéthylL-glutamate) is synthe-  L-glutamate) synthesis. The dominant role of phosphate buffer
sized in high yields within 20 min. This learning motivated us in reactions was its control of pH. Other influences of phosphate
to explore whether papain remaining in the reaction medium on papain such as nonspecific salt interactions, or a “salting
after one reaction could be used for a second oligomerization out” of product, appear to be of little or no importance. The
reaction. The total protein concentration (TPC) and specific predominant species in the molecular weight distribution by
activity were determined before and after reactions performed MALDI-TOF analysis are DP 8 and 9. This agrees with.[3P
in 0.9 M buffer with and without external pH control (see Table calculations fromH NMR. Analysis of reaction supernatant
1). As above, reactions were carried out with 0.5 4glutamic after product formation and precipitation showed large losses
acid diethyl ester monomer at 4C for 20 min. Table 1 shows  in both protein concentration and enzyme activity. Recycling
that, after one reaction cycle, the TPC and specific activity for of the reaction supernatant resulted in a decrease in glgo(
the reaction without external pH control decreased by 86% and ethyl+_-glutamate) yield from 75% to 20%.

88%, respectively. After one reaction cycle with external pH
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