ucts of DCP action. The two enzymes were not separated by ion-ex-
change column chromatography on DEAE-celiulose. by gel filtration,
or by polvacrylamide gel electrophoresis. Even the aectivity—pH curves
were found to be very similar. Separation of the two enzyrzes was even
tually achieved by chromatography through hydroxyapatite columns.
The complementary action of the two enzvmes on the carboxyl ends of
polypeptide chains represents an alternative mechanism for carboxypep-
tidase action by which a polvpeptide chain is suceessively degradeg
from the earboxyl end to amino acids. An interesting regulatory mecha-
nism is indicated by the finding that the dipeptides formed by DCP
act as competitive inhibitors of this enzyme and in turn serve as sub-
strates for dipeptidase, the activity of which depends on 3Mn ions.

$
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[51] Exocellular pp-Carboxypeptidases-Transpeptidases
from Streptomyces

By Jeax-Marie Frere, MeLiNa Levu-BoviLLg, JEax-Marie GHTYSEX,
MaxteL NigTo, and Haroup R. PERKINs

Strains and Culture

Stratns. Strains R39 and R61 are soil isolates.* Their designations
are arbitrary. In strain R39, the cross-link between the peptide units
of the wall peptidoglvean extends from the C-terminal p-alanine of one
unit to the amino group at the D-center of meso-diaminopimelic aeid
of another unit® (peptidoglycan of chemotype I).* The interpeptide bond
is in a-position to a free carhoxyl group. In strain R61, the cross-link
extends from a C-terminal p-alanine of a peptide unit to a glyeine resi-
due attached to the e-amino group of Li-diaminopimelie acid of ansther
peptide unit® (peptidoglycan of chemotype 1I).# The exocellular pp-

' M. Welseh, Rev. Belge Pathol. Med. Exp. 18, Suppl. 2, 1 (1947},

M. We and A. Rutten-Pinckaers, Bull. Soc. R. Sei. Liege. 3-4, 374 (1963).
vsen. M. Levk-Bouille. J. N. Compbell. R. Moreno. 3 -M. Frére, C. Duez. !
M. Niets. and H. R. Perkins, Binchemistry 12, 1243 (1973). !
veen, Bacieriol. Rev. 32,425 (106S). .
-Bouille. B Bonalv. J-M. Ghuvsen, R, Tinelli, and D. J. Tipper. Buo-

v 9, 2044 (1970,

chem
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carhoxypeptidases-transpeptidases produced by both strains (11 catalvze
jivdrolysis and transier reactions according to the general equations
R-p-Ala-p-Ala 4 H,O — p-Ala 4- R-p-Ala {pp-carboxyvpeptidase activ-
itvi and R-p-Ala-p-Ala + NH.-R'— p-Ala - R-p-Ala-R’ (transpepti-
dase activity) and (2) react with g-lactam antibiotics (i.c., penicillins
and cephalosporing) to form equimolar and inactive antibiotic—enzyme
complexes of various half-lives. Both R39 strain and, to a much lesser
extent, strain R61 also produce an exocelular g-lactamase (penicillinase,
EC 3.5.2.61 which hydrolyzes penicillin to penicilloic acid.

Culture Media. Peptone oxoid medium contains 1% peptone oxoid,
0.1% K.HPO,, 0.19% MgS0,-7H.0, 0.2% NaNO;, and 0.005% KCI in
water.

Glycerol-casein medium contains per liter of final volume: 20 g of
glycerol, 40 ml of 10% casein solution (w/v), and 50 ml of salt suspen-
sion. The salt suspension contains per liter: 5 g of NaCl, 1 g of CaCO;,
1 g of MgSO,-7H.0, 10 g of K.HPO,, and 1 g of FeSO,-7H.O. The casein
is previously dissolved at 70° with the help of KOH (0.04 g per gram
casein). The solution is then cooled and neutralized.

Agar-APG medium contains per liter of final volume: agar 20 g;
asparagine, 0.5 g; peptone oxoid, 0.5 g; glucose, 10 g; and K.HPO,, 0.5 g.

Agar-KC medium contains per liter of final volume: agar, 20 g;
partially hvdrolyzed keratin from white hens’ feathers, 2.5 ¢; partially
hvdrolyzed casein, 2.5 g; NaCl, 0.5 g; CaCOs, 0.1 g; eSO, 7H.O, 0.1
¢; K.HPO,, 1 g; and FeSO,-7H.0, 0.1 g. The final pH is 7.5. Hydrolyzed
keratin and casein are prepared as follows: 100 g of dried. white hens’
foathers are treated for 1 hr at 100° with 1 liter of 0.125 N KOH. After
centrifugation, casein (100 g) is added to the supernatant fraction and
dissolved by heating at 70°. The pH of the mixture (final volume, 1
liter) is adjusted to 7.5-8.0; 25 ml contain 2.5 g of both partially hy-
drolvzed keratin and casein.

Maintenance of Strains. Strain R39 is grown at 28 on slants of
agar-KC, and strain of R61 on slants of agar-APG. Abundant sporulation
occurs after 4-5 days. The strains arc then maintained at 47,

Assay Methods for DD-Carboxypeptidase Activity
Standard Reaction

Ace-1-Lys-p-Ala-p-Ala + H.0 — p-Ala + Ace1-Lys-p-Ala (1)

Unit. One unit of pp-carboxypeptidase catalyzes the hydrolysis of 1
sriole of NeNe-diacetyl-L-lysyl-p-alanvl-p-alanine into p-alanine and
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Ne Nediacetyl-L-lvsvl-p-alanine per minute at 37° under conditions of
enzyme saturation by the substrate.

Substrate. Tripeptide Ac.-L-Lys-p-Ala-p-Ala is prepared as deseribed
by Nieto and Perkins.®

Standard Incubation Conditions. Streptomyces R39 enzyme: Ae.-1-
Lys-p-Ala-p-Ala (0.25 pmole). is incubated with the enzyme at 37° in
30 ul (final volume) of 0.03 M Tris-HCI buffer, pH 7.5, supplemented
with 3 mW MegCL. Final substrate concentration is 8 ml/. i.e., 10 X the
K., value (0.8 mi/),

Streptomyces R61 enzyme: Ac,-L-Lys-p-Ala-p-Ala (0.36 pmole} is
incubated with the enzyme at 37° in 30 pl of either 5-10 mA sodium
phosphate buffer pH 7.5 or 10 mA Tris-HC! buffer pH 7.5. Final sub-
sirate concentration is 12 ml/. ie., equivalent to the K,, value. For this
€nzyme. assays are thus carried out at half the maximum velocity.,

The p-Ala released during the reaction is estimated by using one of
the following techniques.

Chemical Estimation of Free Alanine

The following is a modification of the technique of Ghuysen ef al®

FDNB Reagent. Fluorodinitrobenzene, 130 nl in 10 ml of 100%
ethanol.

Procedure. Samples containing 10-50 nmoles of alanine are mixed
with 109 K.B,0; and water to give a total volume of 100 ul of 1%
K.B.O:. FDXB reagent (10 ul) is added. The solutions are mixed and
incubated at 60° for 30 min. After acidification with 50 pl of 12 N H(Y,
the DNP-alanine is extracted three times with 200 ul of ether. The ether
extracts are evaporated in a stream of hot air and dried in vacuo. The
residues are dissolved in methano! and chromatographed at room
temperature on thin-layer plates of silica gel G in chloroform:meths-
nol:acetic acid (220:25:5. v/v/v). DNP-alanine moves faster than DNP-
Tris. After drying. the DNP-alanine spots are transferred to 1-ml tubes
and eluted by vigorous mixing with 500 pl of water:ethanol:25% (spe-
cific gravity 0.91) ammonia (100:100:0.54. v/v/v}. After centrifugation,
the optical density of the supernatant fractions is measured at 360 nm.
The molar extinction cocfficient for DNP-alanine is about 15.000.

Enzymic Estimation of 4-Alanine

The foliowing modification of the technique of Ghuysen ef al.” permits
many sinniltaneous tests to be earried out in a very short time.
“M. Nieto and H. R. Perkins. Biochem. J. 123, 789 (1971).
“JAAL Ghuvsen, D J. Tipper. and J. L. Strominger. 1his series Vol. 8 1. 685.
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Feagents

o-Dianisidine (Merck. analvtieal gradei: 10 mg ml in methanol
{freshly prepared)

K pyrophosphate buffer, 0.1 31, pH 83

FAD tmonosodium; Boehringer), 0.3 mg ‘ml in pyrophosphate buffer

Peroxidase (Boehringer, Reinheitsgrad 1. fiir analyvtische Zwecke;
suspension 10 mg/ml) to be diluted to 10 pg/ml in H,O

p-Amino acid oxidase (Boehringer, fiir unalytische Zweke; Kristall-
suspension, § mg/ml)

Enzymes and coenzyme mixture (freshly prepared): pyrophosphate
buffer: FAD solution:diluted peroxidase solution:p-amino acid
oxidase suspension (20: 10:5:1, v/v/v/v)

Procedure. Samples (30 pl) containing 5-40 nomoles of p-alanine (from
the hydrolyzed substrate) are mixed with 5ul of o-dianisidine solution
and 70 pl of the enzymes-coenzynie mixture. To such solutions incubated
for 5 min at 37°, is added 400 pl of methanol-water (v v). After an ad-
ditional 2-min incubation at 37°. the optical density at 460 nm iz imedi-
ately measured. (Coloration of the solution is silghtly labilized after ad-
dition of the methanol-water solution.) Blanks consist of the same
mixtures as ahove lacking Ac,-L-Lys-p-Ala-p-Ala tripeptide. Standards
are blanks containing known amounts of p-alanine,

Assay Method for 8-Lactamase

DD-Carl‘)()xypcptidases—'transpoptidnsos and g-lactamases react with
penteillin. The reaction mechanisms and the reaction produets are, how-
ever, different (see below). A complete separation between these two
classes of enzymes is thus onc major coal of the purification procedure
of the DD-carl)oxypeptidases—transpoptidascs.

Standard Reaction for B-Lactamase

Benzylpenicillin + H.0 — benzylpenieilloie acid (2)

B-Lactamase Unit. One unit of B-lactamase catalvzes the hydrolyvsis
of 1 umole of benzylpenicillin per minute at 30° and under conditions of
“nzyme saturation by the suhstrate, The K, value of the 8-lactamase from
Rf?'f])(();)zg/rc.\- R39 is 70 xM.% That of the B-lactamase from Streptomyces
R61 is not known.

"KL Johnson. J. Dusart, J. N. Camphiell. and J-M. Ghuysen. Anfimicroh. Agents
Chrmother. 3. 989 (1973).



(11 EXOPEPTIDASES {51}

Reagont

743

Sodium acetate bufier. 1 M pH 3.6
Color reagent: equal volumes of a water-soluble starch solution
(08 . w viandof a 240 p M 1. + 4.8 m M Kl solution

Procedurc. The following is a microseale adaptation of the technique
of Nevick and Dubnau.* Benzylpenicillin (0.3 pmole) 1s incubated with
the enzyme preparation in 30 ul (final volume} of 0.025 A sodium phos-
phate buffer pH 7.0. The benzylpenicillin concentration in the mixture is
10 m ; henee. anv B-lactamase with a K,, value for thizs antibiotie equsal
to or lower than 1 m is saturated. After 10-30 min, 200 xi of 1 A1 acetate
buffer and then 200 ul of color reagent are added in sequence to the reae-
tion mixture. After 10 min at 25°, the optical density of the solution is
measured at 620 nm. A control consisting of the same mixture lseking
enzyme is ineubated as above. Acetate buffer, the same amount of enzyme
as used in the test, and finally the color reagent are added, and the
optical density at 620 nm is determined. A decrease of the optical density
of 0.1 corresponds to about 0.37 nmole of benzyvipeniciliole aeid produced.

Excretion of pb-Carboxypeptidase-Transpeptidase and §-Lactamase
by Streptomyces R391°

Streptomyces R39 is grown for 24 hr at 28° with shaking in peptone
medium. After two successive subcultures of increasing size, 100 liters of
culture in exponential phase are used to inoculate 400 liters of the same
peptone medium contained in a 500-liter tank. This eulture is grown at
28° for about 90-100 hr with mechanical stirring (120 rpm). and an sir-
flow rate of 100 liters/min at an air pressure of 1.5 X 10° Pa. Silicone A
emulsion (Dew Corning Co., Midland. Michigan; 20 ml) is used as anti-
foam. After centrifugation, the pp-carboxvpeptidase activity in the eulture
fluid is about 2.5 munits/ml or 1.5 munits/mg of protein, and p-lactamase
activity is 50 munits/ml. Similar results are obtained on a smaller geale
by erowing Streptomyces R39 in a New Brunswick Shaker incubator, in
1-liter flasks containing 400 ml of peptone medium. Under hoth condi-
tions, maximal pp-carboxyvpeptidase activity and maximal p-laetamase
activity occur almost simultaneously. Both activities then disappear pro-
gressively and are negligible after 6 davs. With time. the two enz¥me
activities increase and deecrease independently of each other.

*R. P. Novick. J. Gen. Microbiol. 33, 121 (1963).

J-M. Frére, R. Moreno. J-AM. Ghuvsen. H. R. Perkins. L. Diericks. a=d L.
he, Biachem. J. 143, 233 (1974).
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Excretion of bp-Carboxypeptidase- Transpeptidase and o-Lactamase
by Streptomyces R61!

Streptomuyces R61 exeretes larger amounts of 1ts pp-carboxypeptidase—
transpeptidase in glvecrol-casein medinm than In peptone medium. The
strain is grown at 28° in a New Brunswick Shaker incubator in 1-liter
flasks containing 500 ml of glveerol-cazein medium. Often. the eultures
exhibit two peaks of pp-carboxypeptidase activity, the first one oceurring
after about 100 hr (about 11 mU/ml or 13 mU/mg protein) and the

second one after about 300 hr (about 18 mU/mli. No corresponding

increase in myeelium production is observed. Large amounts of free amino
acids are present in the 100-200 hr cultures, and they subsequently dis-
appear, suggesting that part of the bacterial population resumes growth
from autolvsis products. Under the above growth conditions, Streptomy-
ces R61 is a poor producer of exocellular g-lactamase. Its B-lactamase
has not been studied.

Purification of the pb-Carboxypeptidase-Transpeptidase from
Streptomyces R39 (for 500 Liters of Culture Fluid)?!®

Step 1. The enzyme is adsorbed from 500 liters of culture fluid on
3.7 kg (wet weight) of DEAE-cellulose (\N 2100 DEAE. Macherey,
Nagel and Co.. D-156 Diiren. Germany) equilibrated against 0.1 M
Tris-HCL pH 7.5. All subsequent steps are performed at 47 The enzyme
is eluted from the DEAE-eccllulose by two subsequent treatments with
5 liters of 0.1 M Tris-HC1 bufier. pH 7.5. containing 1 m} MeCl, and
0.4 M NaCl The solution iz concentrated to 1.5 liter on Carbowax 4000
and solid ammonium sulfate iz added to 50¢¢ saturation. The precipitate
is discarded. and the (NH,).S0, concentration in the supernatant is in-
creased to 907 saturation. The precipitate is collected by centrifugation,
dissolved in 240 ml of 0.1 M Tris-HC1 buffer, pH 7.7. containing 1 mM/
MeClL, and the solution is dialvzed against the same buffer.

Step 2. After step 1. the enzyvme solution iz applied to a 600 ml column
of DEAE-cellulose (4 x 48 em) equilibrated against 0.1 3 Tris-1HCl bui-
fer. pH 7.7. containing 1 mM MgCl. and 0.1 3 NaCl. Some enzvmically
inactive proteins are eliminated by washing the column with the same
buffer. and others ave eluted by increasing the NaCl concentration in the
buffer to 0.19 M. The resin is then treated with an increasing convex gra-
dient of NaCl (mixing flask: 970 ml of 0.1 3] Tris-HCI buffer + 1 ml

AL Levh-Bouille, J. Covette. J.-ML Ghuyvsen, J. Tdezak. H. R. Perkins. and M. Nieto,
Binchemisiry 10, 2163 (1971).
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Ae(Cl — 019 M NaCl; upper flask: 0.1 M Tris-HCI buffer + 1 mM
MeCl + 0.28 M NaCli. The enzyme is eluted at a NaCl concentration
of about 0.24 M. The active fractions are pooled and concentrated te
20 mi by ultrafiferation through Amicon UNM-10 membranes.

Step 5. After step 2. the concentrated solution is filtered through a
400-m} column of Sephadex G-100 (3 X 45 em) previously equilibrated
against 0.05 M cacodylate-HC1 buffer, pH 6.0, containing 1 mM MgClL
-+ 0.3 A Xall. The enzyme is eluted at a Ky value of 0.21 {and weil
separated from two vellow-brown pigments presenting K, values of 6-
0.02 and 0.72, respectively ). The active fractions are pooled (90 ml).

Step 4. After step 3, the solution is applied to a 30-mi (2 X 10 em)
column of DEAE-Sephadex A-50, previously equilibrated against 0.05 3
eacodviate-HCT buffer, pH 6.0, containing 1 m3 MgCl. +— 0.3 M NaCL
Enzymieally inactive proteins are eliminated by washing the column
first with 300 ml of the same cacodylate-HCI-MgCl, buffer containing
0.4 3] NaCl and then with 300 ml of the same buffer containing 047 3
Xall The enzvme is then eluted with a eonvex gradient of NaCl {mixmg

flack 500 mi of cacodylate-HCI buffer -+ 1 mA MgClL + 0.47 M NaCr;
upper flask: eacodvlate-HC] buffer + 1 mM MgCl, - 0.5 M NaCli: A
single peak of protein is obtained, which closely correlates with the activ-
itv. The active fractions are pooled and concentrated to 20 ml by ulira-
filtration. The eoncentrated solution is filtered through the 400-mi column
of Rephadex G-100. in 0.05 M cacodylate-HCI buffer. pH 6.0, contaming
1 nﬂI \IUC and 0.4 M NaCl. The most active fractionz of the eluted
yrezk exhidét the same high specifie activity. They are pooled. comewz-
trated by ultrafiltration and dialvzed against 0.1 3f Tris-HCl bhufler,
pH 7.7. containing 0.2 M NaCl and 0.05 M MgCl, (fraction A, Table I,
specifie activity: 17.1 units/mg protein}. The other fractions of the
eluted peak have lower specific activities. They are pooled. concentrated,
and dialvzed (fraction B, Tahle I). Fraction B (specific activity: 13
units mg proteins mav be stored as it is and used for experiments that
do mot require an enzvme of ahsolute purity. Fraction A behaves as 2
homogeneous protein in several analvtical tests (see below). However,
henzylpeniciliin binding oecurs at a ratio of 0.9 mole of henzrlpenicitlim
per mole of enzyme, showing that some impurities are still present mn

the pre wamtion (see below, Fig. 4).
After step 4. to fraction A (1 ml, 1.6 mg of protein) 1s added
acetone previously cooled to —20°. The mixture is stirred for 30
— 2071 the precipitate iz coliected by centrifugation at —3&° and
ved in 1 ml of 0.1 M Tris-HCI bufier. pH 7.7. containing 0.2 M
NaCt and 0.05 M MeCl.. At this stage. benzyipenicillin binding oceurs
2 rotio of 1.04 = 0.03 mole of berzvlpenicillin per mole of enzyme

Tio 4 When commnared 1o fraction A, the final vrepa
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=peciile acuviy Inerewsed 1y shout 119, The CHEVIDC Terovers is sbout
907 . Table T gives the totai recoverios and enrichments it spoecifie aetive

ity after each step of the purification procedure.

Purification of the pD-Carboxvpeptidase-Transpeptidase from
Strepromyces R61 (for 400 Liters of Culture Fluid!

he following is an adaptation of the technique of Frére et al.’

Step 1. The enzyme is adsorbed from 400 liters of culture fiuid on
10 kg of Amberlite XE64 H- or CG50 H* by adjusting the pH t0 4.0 with
acetie acid. The Amberlite-adsorbed enzyine complex 1s suspended in 20
Iiters of cold 0.1 M K.HPO,. and the pH of the suspension is brought to
8.0 by dropwise addition of concentrated ammonia. The resin is removed
by filtration. and the filtrate is elarified by centrifugation. The adsorpiion
of the enzyme on the resin and its clution as well as all subsequent steps
are performed at 4°. Solid {NH,1.80), is added to the eluted enzvme solu-
tion and the precipitate obtained at 409 saturation is discarded. Protein
1128 ¢ wet weight) preeipitated when the (NH, 1,80, concentration is
ratsed to 60% saturation is redis=olved in 1 iiter of 0.01 / Tris-HCY bui-
fer and dialvzed twiee against 50 liters of the same hufier. The dialyzed
solution 1s stirred with 500 ¢ (wet weighty of DEAE-cellulose previously
cquilibrated against 0.01 3/ Tris-HCI buffer pH 8.0. The mzyme is
cluted from the DEAE-cellulose by treating the resin, batchwise, with 1
hter of the same bufier containing 0.1 M NaCl. The clunte is dialvzed
against water.

Step 20 After step 1. the enzyme is adsorbed on a 600 ml column of
DEAE-cellulose 14 % 40 em couilibrated againsy .01 M Trie-HQO
huffer pH 8.0. The column is treated with an inereasing convex gradient
of NaCl imixing flask. at constant volume: 800 ml of 0.01 37 Tris-HC1
buffer: solution added: same huffer - 0.13 3 NaClr. The active fractions
are pooled. concentrated 1o 20 ml by ultrafiltration and filtered through
a 425-mi column (3 X 60 emy of Sephadex G-75 equilibrated against
¢.01 A7 cacodvlate-HCT bufier pH 6.0. The column is washed with the
same carodyiate-HCT buffer and the enzyme i~ cluted just before the main
peak of protein. The aetive {ractions are pooled. At this stage, the solu-
tion is «t1ll faintly vellow.

Step 3. After step 2, the enzvine is adsorbed on o 30-ml cojumn 12 X
10 emy of DEAE-Rephadex A-50 previously equilibrated against 0.01 M

FIAAL Frdve, JAML Glonsen. H. R, Perkins, and M. Nivto, Bichem. J. 135, 463
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weorivinie-HOD butfer pH 6.0 The enzyvme i< eluted with an inereasing
wenr gradient of NaCl (0w 0,15 M+ the same buffer. The vellow
prgmient remains fixed on the wop of the cohnnn. The aetive Tractions in
the center of the elnted peak of protein exhibit a constant high specific
activity. They are pooled, concentrated 1o 100 ml by ultrafiliration. and
extensively dialyzed against water (preparation 3A1. The other fractions
are treated likewise (preparation 3B1. Table I gives the totul reeoveries
and enrichments in specific activity after each step of the purification
proccdure.

Physicochemical Properties of bb-Carboxypeptidases—-Transpeptidases
from Streptomyces R39 and R61

The properties deseribed in the present paragraph (together with the
techniques of titration of the Streptomyces enzvmes bv g-lactam anti-
biotics: see below) constitute the bhest available criteria of purity. For
more detalls, see Frére et al.1o 12

Diffusion Constant 11,401, Molecular Weight (MW, and Frictional

Ratio (4

Bufiers. The following buffers are used: 0.1 3 Tris-HClL pH 7.7 =
3 mM MeCl. + 6.5 M NaCl tdensity. 1.021 for the R39 enzyme: 0.01 A
Tris-HCI pH 8.0 -+ 0.09 3 NaCl (density. 1.0021 for the R61 enzyme.

Procedure. The enzyme solutions (dialvzed against the relevant buf-
fery are analyzed by equilibrium sedimentation at a gpeed of 13.000 rpm
for 22 hir at 20° and initial protein concentration of 2-3 mg ‘ml. The rates
of diffusion are measured by plotting 42 (JI*F*) against ime (4 = area
and H = maximum height of the peak: F = total enlargement used!.
The apparent molecular weights (M) at any point x of the solution
columm (about 2 mm long) are caleulated according to the equation

Mo = [RT/(1 — Tpra®{(1C ) (ded)

where © = partial specifie volume (supposed to be equal to 0.75 cem?
o = density of the solvent (sce abovel: (0 = protein concentration
4t point & The molecular weights are obtained by plotting 173/, against
f?on(‘(-mr:xtion at 0.1-mm intervals of the column. The results are given
i Table I1.
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TABLE II
Monecrnar Weigir (MW}, Dirrusion Constant (D), Frictionan Rartro
(f/fo), axp MoLar Activiry or pD-CARBOXYPEPTIDASES~TRANSPEPTIDASES
rros Streptomyees B39 ann RE10

Do Molar activityl‘
Enzyme MW (X107% em? see™) S/ fe (min~1)
R3% 23,500 7.88 1050
R61 37,000 8.45 3300

« From J.-M. Frére, R. Moreno, J. M. Ghuysen, I R. Perkins, L. Dierickx, and
L. Deleambe, Biochem. J. 143, 233 (1974); and J.-M. Frére, J.-M. Ghuysen,
1. R. Perkins, and M. Nieto, Bioch-m. J. 135, 463 (1973).

b On Acy-L-Lys-p-Ala-p-Ala.

Remarks

1. With a homogencous protein, the plot of 1/M,,, vs (', during sedi-
mentation equilibrium gives rise to a line parallel to the abscissa. Fig-
ures 1A and 1B show the results obtained with the R61 cnzyme after
various steps of purification, and Fig. 1C with the purified R39 enzyme.

2. When cquilibrium sedimentation of the purified R39 enzyme is
earried out in the same Tris-HCI-MgCl, buffer as above except that the
NaCl concentration is 0.2 M instead of 0.5 M, the plot of 1/M,,, vs con-
centration gives a line with a slope of —1.1 X 107 (with the same coor-
dinates as in Fig. 1). This is because the R39 protein aggregates at low
ionic strength,

Sephadex Filtrations. Filtrations are carried out on 1.5 X 65 em col-
umns of Sephadex G-100, using dextran blue, ovalbumin, myoglobin, bo-
vine serum albumin, and chymotrypsinogen as molecular weight stan-
dards. In 0.01 M Tris-HCI buffer, pH 8.0, the apparent molecular weight
of the R61 enzyme is about 38,000. The apparent molecular weight of the
R39 enzyme decreases as the ionic strength of the buffer increases. Tonic
strengths equal to or higher than 0.07 M and ionic strengths lower than
0.07 M are obtained with 0.1 M and 0.01 M Tris-HCI buffers, pH 7.7,
respeetively, supplemented with the appropriate amount of NaCl. The
apparent moleeular weight is over 100,000 at I = 0.008 M, 86,000 at
I = 0.025 M, 70,000 at I = 0.070 37, and about 60,000 at 7 > 0.20 M.

Analytical Polyacrylamide Gel Electrophoresis

In the Absence of Sodiwm Dodecyl Sulfate (SDS). The gels (6 X 71
mm) are prepared with 7% acrylamide and 0.18% N,N’-methylencbisi-
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Fra. 1. Reciproeal of the apparent molecular weight (1/3f.,,) of Streptomyces
bu-carboxypeptidases-transpeptidases as o function of the concentration in the
cohmn (€,) during sedimentation equilibrium. (A) R61 enzyme (849 pure) ;
(B) R61 enzyme after step 3A of purificalion; (C) R39 cnzyme after step 5 of
purifieation. Experiments are carried out in 001 M Tris-IICH buffer, pll 80, with
ionie strength adjusted to 0.1 with NaCl for the R61 enzyme and in 0.1 M Tris-HCI
buffer pH 7.7 4-3 mM MgCl and 05 M NaCl for the R39 enzyme. For other con- |
ditions, see text and the following articles, from which Fig. 1 iy reprinted by
courtesy of the Biochemical Society. J-M. Frove, R. Moreno, J-M. Ghuysen, H. R,
Perkins, L. Dierickx, and L. Deleambe, Biochem. J. 143, 233 (1874) ; J.-M. Fréve,
J-M. Ghuysen, H. R. Porkins, and M. Niclo, Biochem. J. 135, 163 (1973).

erylamide in 0.375 3/ Tris-HCIl bufier, pIT 8.4, and polymerized in the
presenee of 0.08% ammonium persulfate and 0.03% NV, N/ N’-tetra-
methylethylenediamine. The clectrolyte is 0.025 A (in Tris) Tris-glycine
buffer pH 8.4. In some cases, gels are submitted to prior electrophoresis
for 3 hr at 4 mA/gel (preruns). Eleetrophoreses of the samples (25 pg of
protein) are performed for 135 min at room temperature and at 3 mA/gel.
Quartz tubes are used so that the same gel can be seanned at 280 nm and
then removed from the tube and sliced into seetions (which are cluted and
assayed for pp-carboxypeptidase activity). Parallel gels are stained with
Coomassic blue as usual. Trrespective of the procedure used for detection,
the enzymes give a single band. On gels that are not prerun, migrations
toward the anode are 3.5 em for the R61 cnzyme, 4.4 em for the R39 en-
zyme, and 4.4 em for bromophenol blue. On gels that are prerun, mi-
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orations toward the anode are 4.3 ¢m for the R39 enzyme and 6.4 for
bromophenol blue. '

In the Presence of SDS. Electrophoreses are performed at room tem-
perature in 0.01 A sodium phosphate, pH 7.1, in the presence of 0.1%
(w/v) SDS (Weber and Osborn,'™) with prior incubations of the pro-
teins for 15 hr at 37° in the same phosphate buffer containing 1% (w/v)
SDS, with or without the addition of 2-mereaptocthanol (1%, final vol-
wme). FBaeh enzyme gives rise to a single band and the mobilities (when
compared to that of similarly troated standard proteins) indicate a molee-
ular weight of 56,000 == 3000 (7 doterminations) for the R39 enzyme
and of 39,000 = 1600 (4 determinations) for the R61 enzyme. These
values are unaltered when mercaptocthanol is omitted during pretreat-
ment of the proteins with SDS. Each of the R39 and R61 cnzymes thus
congists of one single polypeptide chain.

Electrofocusing. The gels (6 X 0.5 em) contain 2.5% carrier ampho-
lytes (pH 3-6), 7% acrylamide, 0.18% N,N’—motlwlcncbisacrylamidc, and
0.08% ammonium persulfate. For other conditions, sce Fréve et al.'* The
R61 enzvime has an isceleetrie point of 4.8 &= 0.14 (4 determinations). Be-
cause of the high tendency of the R39 enzyme to aggregate at low ionic
strength, its isocleetric point cannot be determined by this technique. In
normal gel clectrophoresis at pH 8.4, the R39 cnzyme is more anionic
than the R61 enzyme (see above).

Spectra. All speetra are determined at 25° in 0.1 M Tris-HCI buffer,
pH 7.7, -+ 0.05 M MgClL, + 0.2 M NaCl for the R39 enzyme and in
1 mM Tris-HCI buffer, pH 7.4, for the R61 enzyme.

Ultraviolel Absorption. EX%. values at 280 nm: 9.7 for the R39 enzyme
and 10.0 for the R61 enzyme.

Fluorescence Imission. Exeitation at 285 nm produces an emission
maximum at 340 nm with the R39 enzyme™ and at 320 nm with the R61
enzyme.'t ’

Cireular Dichroism. Cireular dichroism speetrum of the R61 enzyme
is given by Nieto et al. ™

Awmino Acid Compositions. The compositions are shown in Table TIL.
By summing the residue mole percentages of the hydrophilic amino acids
plus one half of the mole percentages of the intermediate class,'® the
polarity index then found is 39.7 for the R39 enzyme and 40.5 for the
RO61 enzyme.

2 ¢ Weher and M. Osborn, J. Biol. Chem. 244, 4406 (1969).

U M. Nicto, H. R. Perkins, J-M. Frire, and J.-M. Ghuysen, Biochem. J. 135, 493
(1973).

% R. A, Capaldi and Q. Vanderkooi, Proc. Natl. Acad. Sci. U.S.A. 69, 930 (1972).

+



{51} Streptomyces DD-CARBOXYPEPTIDASE-TRANSEEPTIDAS S 023

TABLI HI
AMino Acip CoMPoSITION OF THE DD-CARBOXYPEPTIDASES-TRANSPLITIDASES
FROM Streptomyces K39 anp R61L

Strain R39 Strain D61

tesidues/ Residues/

enzyme ' i enzyie

nmolecule moleeule

(MW = Total % (in (MW = Total % (in

esidue 53,:300) mass number) 138,000) mass number)
Asp 50 5750 9.5 U8 4370 10.9
Thr 34 3434 6.4 38 3838 10.9
Ser 38 3306 7.2 29 2523 8.3
Glu 57 7353 10.8 28 3612 8.0
Pro 25 2425 7 1 1067 3.1
Gly 66 3762 12.5 32 1824 9.1
Ala 82 5822 15.5 34 241 9.7
Cyse 2 204 0.37 B 306 (.86
Val 51 5049 9.7 30 2070 8.6
Met 3 393 0.57 6 786 1.71
Ile 10 1130 1.9 9 1017 2.6
Leu 50 5650 9.5 33 3720 9.4
Tyr 10 1630 1.9 13 2119 3.7
Phe 11 1617 2.1 12 1761 3.4
His 9 1235 1.7 8 1096 2.3
Lys b 640 (.95 8 1024 2.3
Arg 19 2045 3.6 I 2170 4.0
Trpe 6 1122 1.1 4 748 1. 14
528 534830 350 373050

¢ Half-cystine is measured as eysteic acid alter performie acid oxidation of 200 ug
of protein. Tryptophan is measured from the UV spectrum in alkali.
b Taking into account a mass of 18 for 11,0,

Interaction between pp-Carboxypeptidases-Transpeptidases from
Streptomyces R39 and R61 and B-Lactam Antibiotics!¢-18

The reactions and propertics that are deseribed below are relevant
to experimental conditions where the enzymes, by themselves, are per-
fectly stable, i.c., in 0.1 M Tris-HCI buffer, pH 7.7, 4 0.05 M AMgCl, +

¥J-M. Frérve, J.-M. Ghuysen, P. E. Reynolds, R. Moreno, and H. R. Perkins, Bio-
chem. J. 143, 241 (1974),

7 J.-M. Fréve, M. Leyh-Bouille, J-M. Ghuysen, and 1. R. Perkins, Eur. J. Biochem.
50, 203 (1974).

¥ J~M. Frére, J-M. Ghuysen, and M. Iwatsubo, Bur, J. Biochem. 57, 343 (1975).
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0.2 M NaCl {or the R39 enzyme and in 5-10 mM sodium phosphate buf-
fer, pH 7.0, for the R61 enzyme.

Reaction. At room temperature, the R39 and R61 enzymes react read-
ily with g-lactam antibiotics to form equimolar and inactive antibiotic—~
enzyme complexes. When maintained at 37°, these complexes undergo
spontancous breakdown during which the enzyme is reactivated whereas
the antibiotic molecule is released in a chemically altered form. The
reactions oceur according one of the two following possible mechanisms:

K ks ks
E+P=EP- LPFS>E4X : (3)
or
k1 3 ka
BE4+P=BP— EP*> L+ X (4)
k2
I = active enzyme; P = intact antibiotic molecule; EP = inactive
antibiotie-cnzyme complex; EP* = inactive complex after isomerization
of the antibiotic molecule; X = rcleased and chemically altered anti-

biotic molccule. Mechanism (3) is the simplest one that accounts for all
the experimental facts so far accumulated. Table IV gives the values of
the various constants (K = dissociation constant of complex EP) for
the reactions between the R61 enzyme and various 8-lactam antibiotics.
Table IV also gives the half-lives of various EP* complexes formed with
both R61 and R39 enzymes. For more details, see Frére et al.!8

Effects on B-Lactam Antibiotics. Reaction of benzylpenicillin with
both R39 and R61 cnzymes'®? yiclds complexes that subsequently re-
lease a compound X that is neither benzylpenicillin nor henzylpenicilloie
acid (nor a product arising from a spo‘ntaneous degradation of {free
benzylpenieillin). Unlike benzylpenicilloie acid, compound X cannot be
titrated with the jodine reagent (sec assay method for 8-lactamase).

Reaction of cephaloridine with the R39 enzyme' causes a 70% de-
crease of the absorbance at 250 nm, as observed when the g-lactam ring
of cephaloridine is hydrolyzed by g-lactamase. Reaction of cephalosporin
87-312 (sce below) with the R39 enzyme® causes a shift of the absorption
maximum of the antibiotic molecule from 386 to 482 nm. The absorption
spectrum of the R39 enzyme-cephalosporin 87-312 complex is identical
to that of cephalosporin 87-312 hydrolyzed by g-lactamase (Fig. 2). In
both cases, the rutio e./esss is equal to 2.40.

The R61 enzyme-eephalosporin 87-312 complex, once formed, has a
ratio esso/esq6 cqual to 1.20.77 This value is considerably lower than nor-
mally expected if the g-lactam ring were hydrolyzed as with g-lactamase.
The difference speetrum between the R61 enzyme—cephalosporin 87-312
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T1e. 2. Absorption spectrum of cephalosporin 87-312 after trentment with the
Streplomyces R39 enzymme and with g-lactamuse. , Solution containing 15.5
nmoles of Streplomyces R39 protein in 0.4 ml of Tris-NuCl-MgCl. buffer was mixed
with 02 ml of a 677 wl solution of ceplalosporin 87-312. The mixture was incu-
bated for 5 min at room temperature before the absorption spectrum wus determined.

--, Difference specirum between cephalosporin treated with Streplomyces R39 en-
zyvime and cophalosporin treated with g-lactamase, Note the change of seale. Solution
containing 6 units of g-lactamase in 04 mi of Tris-NaCl-MgCl: buffer was mixed
with 0.2 ml of the same solution of cephalosporin 87-312 as above. The mixture was
ineubated at 87° until the absorhance at 482 nm was a maximum (less than 5 min).
Reprinted by courtesy of the Biochemical Society from J-M. Frére, J.-M. Ghuysen,
P. E. Reynolds, R. Moreno, and H. R. Perkins, Biochem. J. 143, 241 (1974).

complex, once formed, and the same concentration of cephalosporin 87-
312 hydrolyzed by g-lactamase shows extrema at 390 and 525 nm (Iig.
3). Incubation at 37° of the R61 enzyme-cephalosporin 87-312 complex
results in the reactivation of the enzyme and in a parallel deercase of the
two extrema in the difference speetrum (Fig. 3).

Molar Activity on Benzylpenicillin. On the basis of the k, values for
the breakdown of the EP* complexes (Table IV), the specific activity
(in cquivalents of g-lactamase unit and at 37°) of the R61 cnzyme is
2.2 % 10-* unit per milligram of protein and that of the R39 enzyme is
0.35 X 10 unit per milligram of protein. Molar activity (in min™) is
8.4 X 10-* for the R61 enzyme and 2.1 X 10~ for the R39 enzyme. These
values are to he compared with molar activities on Ac.-L-Lys-p-Ala of
3300 and 1050, vespectively.

EfJeets on Cliveular Dichroism (CD) and Fluorescence of Streptomyces
Enzymes. The circular dichroism and fluorescence speetra of the R39 en-
zyme are not modified by benzylpenicillin,

The near UV CD spectrum of the R61 enzyme is affected by l)onyyl—
penieillin whercas the peptide region of the CD speetrum in the far UV
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Fre. 3. Absorption spectrum of cephalosporin 87-312 after treatment with the
Streptomyces R61 enzyme and with g-lactamase. The speetra were recorded with
0.5 ml cuvettes and an optical pathway of 1.0 em. Buller: 5 mM sodium phosphate
pI 7.0. For other conditions, sce text. Curve A: Absorption speetrum of a freshly
prepared R61 enzyme-cephalosporin 87-312 complex. Concentration of the complex,
15 pM. Curve B: Difference speetrum between the freshly prepared R61 enzyime-
ccphalosporin 87-312 complex and an equivalent amount of c¢ephalosporin §7-312
hydrolyzed by penicillinase, The solutions contained 7.5 nanocquivalents of cephalo-
sporin §7-312 (either combined with the enzyme or hydrolyzed by penicillinase) in
a final volume of 500 pl. Curve C: Difference spectrum between the same complex
as in B, maintained for 60 min at 37°, and an cquivalent amount of cephalosporin
87-312 hydrolyzed by penicillinase. Note that after 60 min at 37°, 65% of the mltmlly
inhibited activity had rccovered and, parallel to ihis, the intensities of the two
extrema in the difference spectrum had deereased to 40% of the original values.
Reprinted by courtesy of the Federation of Furopean Biochemical Socicties from
J-M. Frére, M. Leyh-Bouille, J-M. Ghuysen, and H. R. Perkins, Eur. J. Biochem,
50, 203 (1974).

remains unchanged.** The overall change in CD is too small, and the
concentration of enzyme too high, to be convenient for quantitative work.

Saturating concentrations of benzylpenicillin decrease the fluoreseence
emission at 320 nm of the R61 enzyme by 25-30%.1* Quenching of the
fluorescence of the enzyme (concentration, 0.76 M) in the presence of
an equimolar amount of benzylpenicillin is not immediate and is maximal
after 5-10 min,*

Titration of pb-Carboxypeptidases-Transpeptidases from
Streptomyces R39 and R61 by S-Lactam Antibiotics
Buffers. Tris-IICl buffer, 0.1 M, pH 7.7-4 0.2 M NaCl +0.05 M
MgCl. (Tris-NaCl-MgCl, buffer) is used for the R39 enzyme, and 5-10
maf sodium phosphate buffer is used for the R61 enzyme.
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Fru. 4. Titration of the Streptomyces R39 protein with benzyvlpenicillin, based on
the inhibition of enzyme activity, @ —@, Enzyvme after step 4A of purification;
O——-0, vnzyme after step 5 of purification. For conditions, sce text, Reprinted
by courtesy of the Biochemical Society from J.-M. Trére, J-M. Ghuysen, P. E.
Rewnolds, R. Moreno, and H. R. Perkins, Biochem. J. 143, 241 (1974).

Antiblotics. Benzylpenicillin and cephaloridine solutions are made
fresh, by weight, in the appropriate buffer.

Cephalosporin 87-312 [i.e., 3-(2,4-dinitrostyry!)-(6R-7R)-7-(2-thienyl-
acctamido)-ceph-3-em-4-carboxylic acid, B-isomer]'* solutions (usually
0.1 md/) are made by dissolving the antibiotic in 1 ml of dimethyl-
formamide, and the volume of the solution is adjusted to 250 ml with the
appropriate buffer. The f(inal concentration is estimated by measuring
the extinetion at 386 nm and by using a molar coefficient 655" of 17,500.

Titration of the R39 and R61 Enzymes with Benzylpenicillin Based
on the Dsappearance of Enzyme Activity.' Samples of a 5 uM benzyl-
penicillin solution (either in Tris-NaCl-MgCl, or phosphate buffer) are
added stepwise to 100 gl of a solution containing 0.3 nmole of cither R39
or R61 enzyme in the relevant buffer. After cach addition, the solution
is mixed and maintained at room temperature for 5 min; a sample (2-10
pl) is removed and used for the measurement of the residual pp-carboxy-
peptidase activity (by incubating the sample with Ae.-1.-Lys-n-Ala-p-Ala
for 10 min at 37°). After corrcetion for-the decrease in the amount of
cnzyme owing to the removal of samples and, in the case of the R61
enzyme, after corrcetion of the estimated residual enzyme activity (see
helow), the end points of the titration occur at a molar ratio of benzyl-
penicillin to enzyme of 1:1 (Fig. 4).

Beeause of the short half-life of the R61 enzyme-benzylpenicillin
complex (Table TV), breakdown of the complex and reactivation of the

*CO'Callaghan, A, Morris, 8. A, Kirby, and A. . Shingler, Antimicrob. Agenls‘
Clemother. 1, 283 (1972).
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enzyme occur during estimation of residual enzyme activity at 37°. The
exact residual aetivity'™ (as pereent, after addition of @ moles of anti-
biotic) is cqual to

(Aw/Ag) + [(1 — ) /kal] :_l,
(1 - (3""")//&'.[[

where A, s the amount of hydrolyzed tripeptide measured in each ease,
A, the amount of hydrolyzed tripeptide obtained with the same amount
of uninhibited enzyme, and ¢ the duration of the incubation with the
tripeptide (i.c., 600 see). For the &, value, sce Table 1V,

Breakdown of the R61 enzyme-antibiotic complex formed at the be-
ginning of the titration also occurs during the subscquent steps of the
titration. Since the titration is earried out at 22°, however, the error
thus introduced is negligible.

Titration of the RGI Enzyme with Benzylpenicidlin Based on Fluo-
resence Quenching* Binding of benzylpenicillin to the R61 chzyme ean
be followed by the fluoreseence quenching at 320 nm (AF,.,). Samples of
a 0.232 mM solution of benzylpenicillin in 10 mdf sodium phosphate
buffer pH 7.0 are added stepwise at 25° to 2 ml of a solulion containing
1.4 nmoles of R61 enzyme in the same buffer. Readings are taken 10 min
after cach addition to allow time for completion of the reaction. xeitation
is at 273 nm. Extrapolation of the two lines of the curve interseet at a
point where the molar ratio of benzylpenieiilin to enzyme is 1:1 (IFig. 5).

Titration of the R39 Enzyme with Cephaloridine.’® Samples of 0.5 maf
ecphaloridine in Tris-NaCl-MgCl, buffer are added stepwise, at room
temperature, to 0.4 ml of a soluticn containing 6.5 mmoles of R39 enzyme
in the same buffer. After caeh addition, the extinetion of the solution is
measured at 250 nm and the pp-carboxypeptidase is measured in a 2-ul
sample. A plot of the inereased extinetion of the solution at 250 nim as a
function of the amount of eephaloridine added yiclds two lines inter-
seeting at a point. On the basis of these data and the determination of
enzyme activity, the end points of the reaction oceur at a molar ratio of
cephaloridine to enzyme of 1:1. (For illustration, sce Frére et al.*$)

Titration of the R39 and R61 Enzymes with Cephalosporin 87-312.
Samples of a solution of cophalosporin 87-312 in cither Tris-NaCl-MgCl,
or phosphate buffer, are added stepwise at room temperature to 0.4 ml of
a solution of cither R39 or RG1 enzyme in the relevant buffer. (For con-
centration of enzymes and cephalosporin 87-312, sce legend of Tig. 6.)
After each addition, the mixture is maintained at room temperature for
5 min, after which time the absorbances of the solutions are measured
both at 386 min (intact cephalosporin) and at 482 nin (modified cephalo-
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2 6 10 14 nmol
Benzyipenicillin { ul)

Fie. 5. Titration of the Streptomyces R61 protein with benzylpenicillin, based
on fluorescence quenching at 320 nm (AF.). R61 enzyme (2 ml of 26.5 ug/ml) is
dissolved in 10 md/ sodium phosphate buffer, pH 7.0, at 25°. Exeitation is at 273 nm
and the fluorimeter setiings are: sensitivity 20, meter multiplior 0.01. Fluorescence
intensity (I7) is expressed in arbitrary units, the maximum emission being taken as
100. The sodium benzylpenicillin solution (0.232 mA7) is in 10 mad sodium phosphate
bhuffer, pH 7.0. Readings wwre inken 10 min after cach addition to allow time for
equilibration. After 10 pl of penicillin solution has been added, 2.32 maf penicillin
(5 #1) is added to ensure saturation (1). The arrow | indieates the titration end
point. Reprinted by courtesy of the Biochemiceal Society from M. Nieto, II. R,
Perkins, J.-M. Frérve. and J.-M. Ghuysen, Biochem. J. 135, 493 (1973).

sporin), and the pp-carboxypeptidase activity is measured in 2-xl samples.
With the R61 enzyme, the residual enzyme activity after cach addition
of @ moles of cephalosporin 87-312 is corrected as indicated above (see
titration with benzylpenieillin). As revealed by the three procedures, the
end points of the titration of both enzymes occur at a molar ratio of
cephalosporin 87-312 to enzyme of 1.25:1 (Fig. 6). This high ratio might
be due to the faet that the amount of cephalosporin 87-312 used is esti-
mated on the basis of a ¢ value of 17,500. An underestimation of this
cocflicient would result in an overestimation of the amount of antibiotic
required to cstimate the enzyme.

In the case of the R39 enzyme, the extinction values at 386 and 482
nm can be transformed into concentrations, and from these into nano-
moles, of intact and modified cephalosporin 87-312 from the following
ecuations: ¢

ezge = 17,500 [intact cephalosporin] 4 7700 [modiﬁ(‘d cephalosporin]
ez = 2600 {intact cephalosporin] + 16,700 [modified cephalosporin]

where 17,500 and 2600 = molar cxtinction cocfficients of intact cephalo-
sporin and 7700 and 16700 = molar extinction coefficients of eephalosporin
hydrolyzed by g-lactamase, at the relevant wavelengths.
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Fic. 6. Titrations of Streptonfyces R39 enzyvme (1) and Streplomyces R61 en-
zyme (2) with cephalosporin 87-312 based (A) on the inhibition of enzyme activity,
(B) on the increase of the absorbance of the solution at 386 nm, and (C) on the
increase of the absorbance of the solution at 482 nm. The R39 cnzyme (133
nanomoles) is titrated with a 588 M cephalosporin 87-312 solution. The R61 enzyme
(7.8 nanomoles) is titrated with a 0.15 mAl cephalosporin 87-312 solution. After each
addition of cephalosporin 87-312, the optical densities of the solutions ave normalized '
for final volumes of 800 ul (RR39 enzyme) and 510 ul (R61 enzyme). For other
conditions, sec text. Reprinted by courlesy of the Federation of Furopean Bio-
chemical Societies from J.-M. Tréve, M. Leyh-Bouille, J-M. Ghuysen, and H. R.

Perkins, Ewr. J. Biochem. 50, 203 (1974).

Hydrolysis Reactions Catalyzed by the pD-Carboxypeptidases-
. Transpeptidases from Streptomyces R39 and R61

General Reaction
X-L-Ry-Re-R, (OTT) + 11,0 = X-L-Re-Ra(OH) + R, (5)

Standard reaction (1) is an example.

Procedure. The liberated R, residue can be estimated by the fluorodini-
trobenzence as indicated above for alanine. Samples™ containing known
amounts of R, residue are treated similarly.,

Substrate Requirements. These were studied with peptides presenting
the above general sequence by measuring the amount of C-terminal R,
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residue released.’2 With each enzywme, the C-terminal sequence giving
the highest activity is p-Ala-p-Ala, but the preceding 1-R; residue also
has a large effeet, both enzymes exhibiting a considerable specificity for
the oceurrence of a long aliphatic side ehain at the Ry position. Typical
Michaclis—Menten kineties are observed over a wide range of substrate
concentrations,

Effects of Peptide Analogs. Peptides that are elose analogs of the
substrate donor inhibit the activity of the R61 enzyme.?* Ac-np-Ala-p-Asp
behaves as a competitive inhibitor with a K value of 3.2 mMM (substrate:
Ac,-L-Lys-p-Ala-p-Ala). It has been suggested that the two p-Ala-p-Ala
C-terminal residucs of the substrates and inhibitors are mainly responsi-
ble for the initial binding whereas the side chain of the 1-R; residuc is
critical in inducing ecatalytic activity.

None of the peptide inhibitors of the R61 enzyme have any effect
on the earboxypeptidase activity of the R39 cnzyme. Some of them are
good substrates for this enzyme.2!

Concomitant Hydrolysis and Transfer Reactions Involving Distinct
Donor and Acceptor Peptides, Catalyzed by the pp-Carboxy-
peptidases—Transpeptidases from Streptomyces R39 and R61

(General Reaction

H.0 [14C}Acy-L-Lys-p-Ala (2)
[MC]AesL-Lys-p-Ala-p-Ala p-Ala (6)
NH.-R [1C]Ac-L-Lys-p-Ala-R (b)

(a) = hydrolysis pathway; (b) = transfer pathway. n-Ala is the reac-
{ion product commmon to both pathways.

Donor Substrate. The tripeptide Ac.-L-Lys-p-Ala-p-Ala radioactively
labeled with “C in both acetyl groups (specific activity, 10,000 dpm/
nanomole) is prepared as deseribed by Perkins et al.®

Assay Method (with meso-Diaminopimelic Acid as Acceptor). R39
enzyme: ["C|Ae,-L-Lys-p-Ala-p-Ala (5 mM) and meso-diaminopimelie

“ M. Leyh-Bouille, M. Nakel, J-M. Fréve, K. Johnson, J-M. Ghuysen, M. Nicto,
and H. R. Perkins, Biochemisiry 11, 1290 (1972).

* M. Nieto, H. R. Perkins, M. Leyh-Bouille, J-M. Frére, and J.-M. Ghuysen,
Biochem. J. 131, 163 (1973).

*H., R. Perkins, M. Nicto, J-M. Frére, M, Leyh-Bouille, and J.-M. Ghuysen, Bio-
chem. J. 131, 707 (1973).
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acid (8 mM) are incubated at 37° with 2.2 pmoles (0.12 pg) of enzyme
in 30 pl of 0.03 M Tris-I1ICI buffer, pII 7.5, containing 0.1 37 NaCl and
0.02 M MgCl.. After 30 min, about 18 and 12.5% of the tripeptide donor
are converted into [CJAc,-L-Lys-p-Ala ind [M'CJAc.-L-Lys-p-Ala-(n) -
meso-diaminopimelic acid, respectively.

ROI enzyme: |"ClAe,-L-Lys-p-Ala-p-Ala (5.5 mM) and meso-di-
ammopimelic acid {8 mM) are incubated at 37° with 1.35 pmoles (0.05
pg) of enzyme in 30 pl of 5 mdl sodium phosphate plI 7.0. Alter 60 min,
about 10% of the tripeptide donor is converted into [*ClAe,-r-Lys-p-Ala
and the same amount inte [“C]Ac.-L-Lys-p-Ala-(p)-meso-diaminopi-
melie acid. :

Hstin.ation of [“C]Ac,-L-Lys-v-Ala-p-Ala (Residual Donor), [V'CAc.-
L-Lys-p-Ala (Hydrolysis Product), and [*C|Acs-L-Lys-p-Ala-R (Trans-
peptidation Product)

Reagents

Collidine:acetic acid:water (9.1:2.65:1000, v/v/v), bufier, pII 6.4
Liquid scintillation: 2,2-p-phenylenebis {5-phenyloxazole) (POPOP),
100 mg; 2,5-diphenyloxazole (PP0O), 4 g; toluene, 1 liter

Procedure. Samples of the reaction mixtures (30 pl) containing 10,000~
20,000 dpm are diluted with 40 pl of water. These are spotted as l)ands,'
30 em from the cathode on 4 em X 1.5 m strips of Whatman 83 MM
paper and subjected to electrophoresis at pll 6.4 for 4 hr at 60 V/ew,
under a Sol. T Shell. A Gilson high voltage, 10,000 V, Electrophoretor
Model DW equipped with a cooling device is used as power source. Resi-
dual [“CJ]Ac,-L-Lys-p-Ala-p-Ala and the hydrolysis product ["CJAc.-
L-Lys-p-Ala move about 65 and 75 cm, respectively, toward the anode.
Transpeptidation products ["CJAc,-L-Lys-p-Ala-R move differently de-
pending upon the nature of the R residue (about 55 ¢m where R = meso-
diaminopimelic acid). The radioactive compounds are located on the
dried strips with a Packard Radiochromatogram Scanner Model 7201.
Cuts of the radioactive spots (10 mm section) are placed in vials, to
cach of which is added 0.75 ml of the scintillation liquid. Counting is per-
formed in a Packard Tri-Carb liquid scintillation speetrometer.

Specificity Profiles for Acceptors. The range of substrates that func-
tion as aceeptors reflects the type of cross-linking that exists in the pep-
tidoglycan of the organism which produces the exoccllular enzyme (see
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the above section: Strains). Correspondingly, glycine and many peptides
with an N-terminal glycine residue act as acceptors in transpeptidation
reactions catalyzed by the R61 enzyme (although other amino compounds
also function).* In marked contrast, suitable transpeptidation acceptors
for the R39 cnzyme must have an amino group in a-position to the car-
boxyl group of a p-amino acid (or glycine) #2228

Kinetics. The kineties are neeessarily complex. For a theoretical anal-
ysis, sce Frére*t For application to the R61 enzyme (with cither Gly-v-
Ala or meso-diaminopimelic acid as acceptor) see Fréve et al.?

The proportion of the enzyme activity channeled in either transpep-
tidation or hydrolysis depends upon the environmental conditions.®2%25
Transpeptidation is increased and hydrolysis decreased by raising the
PH of the reaction mixture and the concentration of acceptor within it
(this Iatter behaves as a noncompetitive inhibitor of the hydrolysis path-
way). Replacement of part of the water of the reaction mixture by a sol-
vent of low polarity preferentially decrcases the hydrolytic activity of
the enzyme so that transpeptidation then largely supersedes hydrolysis.
In the ease of the R39 cnzyme, transpeptidase activity is inercased at
high ionic strengths.®

With some peptide acceptors, transpeptidation itself is inhibited at.
bigh acceptor concentrations.®*** Tor instance, when inereasing con-
centrations of tetrapeptide n-Ala-p-aGln-(L)-meso-A.pm-(L)-p-Ala are
provided as aceeptor to the R39 enzyme (with 0.27 mM Ac,-L-Lys-p-Ala-
p-Ala as donor), transpeptidation rises to a maximum at an acceptor
concentration of about 0.8 mM, and at higher concentrations both
transpeptidation and hydrolysis reactions are progressively inhibited
until eventually the tripeptide donor remains unused. In this example,
this phenomenon is dependent on the e-amido group on the p-glutamic
acid residue of the tetrapeptide aceeptor.®

For cxtensive studies on the functioning of the R39 cnzyme as a
transpeptidase in relation to the degree of saturation of its donor site,
see Ghuysen et «l.2* Under conditions where the donor site of the enzyme
is saturated, the rate of the total reaction {hyrolysis 4 transpeptida-
tion) is the same as the rate of hydrolysis slone when no acceptor is
added, i.c., the enzyme has the same turnover number for p-alanine re-
lease whether or not aceeptor is present. '

#J-M. Ghuysen, P. L. Reynolds, H. R. Perkins, J-M. Frére, and R. Moreno,
Biochemistry 13, 2530 (1974).

#J-M. Frove, Biochem. J. 135, 469 (1973).

#J.-M. Frere, J-M. Chuysen, H, R. Perking, and M. Nicto, Biochem. J. 135, 483 .
(1973).
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Concomitant Hydrolysis and Transfer Reactions Catalyzed by the
pp-Carboxypeptidases-Transpeptidases from Streptomyces
R39 and R61 and in Which the Same Peptide Acts as Donor
and Acceptor

General Reaction

H.0 X-1-R3-p-Ala
(10 : (a)
X-1-Rs-p-Ala-p-Ala n-Ala
| 9
(1)
X-L-Ry-p-Ala(p-Ala)
X-1-Rg-p-Ala-p-Ala X-1-Ry-p-Ala—o (h)
. i
409)] (H)

(a) hydrolysis pathway; (b) transfer pathway.
The C-terminal p-Ala-p-Ala sequence of the dimer formed can also
be hydrolyzed through the carboxypeptidase activity of the enzyme.
Kinetics. Examples of such studies can be found in Ghuysen et al.?® for
the R39 enzyme substrate:

L-Al:l-D-GLI-I’J—-(L)-)IMSO—AQI)HI- (1)-p-[HC]Ala-p-[1*ClAla

in which the amino group on the D center of meso-dinminopimelic acid
functions as acceptor, and in Zeiger ef al.?® for the R61 enzyme substrate:

[“C]Ac-L-Lys-p-Aln-p-Aln
Gly

Inhibition of pp-Carboxypeptidases—Transpeptidases from
Streptomyces R39 and R61 by §-Lactam Antibiotics in the
Presence of Substrates

Procedure. 1deally, the experiments are carried out under conditions
where the enzyme concentration (10-20 nM) is considerably lower than
the concentrations of antibiotics (0.3 M and higher). Substrate(s), anti-
biotic (when present), enzyme and buffer are precooled and mixed to-
gether at 0°. The solutions are incubated at 37° and after a given time
(usually 60 min) the reaction products are estimated. For more details,
sce Frére et al.*

* A. R. Zeiger, J-M. Tréve, J-M. Ghuysen, and H. R. Perkins, FEBS Lett. 52, 221
(1975).




