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ABSTRACT: The high activity of carboxypeptidase S1 with substrates having basesflues is predicted

to depend on the size of residue 312 in combination with the presence of a counter-chargelielan

above the $binding pocket. This hypothesis is tested by the construction of 32 mutant forms of
carboxypeptidase Y that combines a reduction in size of residue 312 and the introduction of either a basic
or an acidic residue at either position 241 or position 245. Kinetic characterization using substrates with
Leu, Arg, Lys, Glu, or Asp in Pdemonstrates that most of these enzymes exhibit drastically altered
catalytic properties. One mutant enzyme, N24£W312L, hydrolyzes FA-Arg-Ala-OH with &:a/Kw

value of 13 000 mint mM~1 corresponding to a 930-fold increase relative to the wild-type enzyme.
This increased activity is due to an increasddnand is independent of ionic strength. The pH profile

of kea/Km exhibits an optimum around pH 5.5 similar to that observed for CPD-S1. Another mutant
enzyme, L245Rt- W312S, hydrolyzes FA-Glu-Ala-OH and FA-Asp-Ala-OH wikk./Km values of 5100

and 5300 min* mM~1, respectively, corresponding to 120 and 170-fold increases relative to wild-type
values. With the latter substrate, a 280-fold reductiorKgfis observed. The activity of L245R

W312S is also independent of ionic strength and displays a virtually unaltered dependence on pH. The
P, substrate preference of these two mutant enzymes for Arg versus Asp differs 2@-fold.

AAG# values of single and double mutants demonstrate that the effects of reducing the size of Trp312
and introducing a charged residue at position 241 or 245 in some cases exceed 100% additivity. Thus,
the double mutant enzyme gains more activation energy than can be accounted for by each individual
single mutation.

Serine carboxypeptidases (CBexhibit highly varied S1, and thus, residue 312 is probably not the only determinant
activity toward substrates containing basja&sidues. With for the high activity of this enzyme with such substrates.
CPD-S1, fromPenicillium janthinellumthe activity toward Analysis of the crystal structure of CPD-Y (Endrizzi
substrates with Lys in is 64-fold higher than with Leu  al., 1994) and an alignment of primary sequences of serine
(Breddam, 1988), while with CPD-Y, froil8accharomyces carboxypeptidases (Olesen & Breddam, 1995) give a hint
cerevisiag it is 17 500-fold lower (Oleseat al., 1994). One as to the background for the high activity toward substrates
determinant for high activity with basic, Pesidues has been  with basic R residues of enzymes like CPD-S1 and KEX1.
shown to be residue 312 of the Binding pocket (Olesen  Apart from having a small residue at position 312, these
& Breddam, 1995), which in CPD-S1 is occupied by the enzymes also possess a negatively charged residue at either
small and hydrophilic Asn, while in CPD-Y, it is the large position 241 or position 245. In CPD-Y, these residues
and hydrophobic Trp. Substitution of this residue for smaller reside in anx-helix just above $and are probably part of
and more hydrophilic residues, i.e., Asn, in CPD-Y increases S;. However, a large residue at position 312, like in CPD-
the activity up to 1000-fold with Lys in fand up to 60- Y, prevents interaction between these residues andsal@
fold with Arg in P.. However, the activity levels of such chain.
mutant enzymes are still not comparable to those of CPD- Thus, with a small residue in position 312, it may be the
presence of a counter-charge at either of these positions that

"This work was supported by funds from BioNebraska Inc., Lincoln, facilitates the binding of a charged; Bide chain. This
NE. hypothesis was tested, both with respect to basic and acidic
47*O%0réesp9|hdli<n? auth%rk Tel:-45 33 27 52 40. Fax:+45 33 27 P, residues, by the construction of mutant enzymes of CPD-Y

o Abst;gz:?lhubl(i)s%c:iricﬁdz}ance ACS AbstractSeptember 15, 1997, harboring mutations that reduce the size of the position 312

1 Abbreviations: CPD, carboxypeptidase; dsDNA, double-stranded residue in combination with the incorporation of a counter-
DNA; FA, 3-(2-furylacryloyl); kDa, kiloDalton; N241X, mutant protein  charge at either position 241 or position 245.
with aspargine 241 replaced with amino acid X; L245X, mutant protein
with leucine 245 replaced with amino acid X; N24#XW312Z, mutant MATERIALS AND METHODS
protein with aspargine 241 replaced with amino acid X and tryptophan

312 replaced with amino acid Z; L245% W312Z, mutant protein Reagents and Strains. Escherichia @MH71-18mutS
with leucine 245 replaced with amino acid X and tryptophan 312

replaced with amino acid Z; ssDNA, single-stranded DNA; W312X, (thi SupE A(Iac-proAEg [mUtS::TdO] F’[p_roAB* Iaqlq
mutant protein with tryptophan 312 replaced with amino acid X. The 1acZAM15]) (Krameret al., 1984; Zell & Fritz, 1987)FE.
binding site notation is that of Schechter and Berger (1967). Accord- coli JM109(recAl supE4 endAl hsdRL7 gyrA96 relAl thi

ingly, the C-terminal amino acid of the substrate is denotgddnd _ ' q
those in the amino terminal direction from the scissile bond are denoted A(lac-proAB  F[traD36 proAB" laql® lacZAM15])

Py, P, ..., B In analogy, binding sites are denoted &d S, S, ..., (Yanisch-Perroret al, 1985), andsaccharomyces cearnsiae
Sn. K2579LLR (Olesen & Kielland-Brandt, 1993), a spontaneous
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mutant of W2579 MATa Aprcl leu2-3 leu2-112 ura3-52
vpsl-) (Nielsenet al, 1990) able to grow on low leucine
concentrations, were from in-house stocks. LR,2T, and
SOC medium were prepared according to Sambreto&l.

Olesen and Breddam

culture supernatants by affinity chromatography as described
by Johanseet al. (1976). The purity of the mutant enzymes
was ascertained to be98% by SDS-PAGE on 12.5%
homogeneous gels using the PhastSystem from Pharmacia.

(1989). SC and YPD medium were prepared according to Enzyme concentrations were calculated usig = 88

Sherman (1991). Oligonucleotides were from DNA Tech-
nology (Arhus, Denmark). FA-Lys-Ala-OH, FA-Arg-Leu-
OH, FA-Lys-Leu-OH, FA-Glu-Ala-OH, and FA-Asp-Ala-
OH were from Bachem AG while other FA dipeptides were
synthesized as previously described (Oleseml., 1994).
MES was from Sigma (USA), and EDTA was from Merck
(Germany). Wild-type CPD-Y was from Peptech (Hillergd,
Denmark).

Transformation and Isolation of Single-Stranded DNA.
Transformation oE. coliwas performed by electroporation
with a Bio-Rad Gene Pulser set at 26, 20022, and 2.5
kV in 2-mm cuvettes according to Dowet al. (1988).

mM~t cm™! for enzymes mutated at position 3%¥230 = 95
mM~t cm™ for all other enzymes, and MW 64 kDa.
Kinetic Characterization. Kinetic parameters were de-
termined in 50 mM MES and 1 mM EDTA, pH 6.5 at 25
°C. The influence of salt was performed by determination
of kearandKy values at 0 and 500 mM NacCl in 5 mM MES
and 1 mM EDTA, pH 6.5 at 28C. The influence of pH on
catalytic parameters was determined in 20 mM buffer, 1 mM
EDTA, and 0.1 M NacCl at 28C using formic acid, acetic
acid, and MES as buffers in the pH ranges#®5, 4.25-
5.5, and 5.5-6.8, respectively. Changes in buffers did not
result in altered kinetic parameters with the enzymes and

Transformation of yeast was performed according to Schiestl substrates involved. The following substrate concentrations

and Gietz (1989) and Giegt al. (1992). Single-stranded
DNA of pYSP1 (Olesen & Kielland-Brandt, 1993) was

were used: FA-Phe-Ala-OH, 0.69.5 mM; FA-Leu-Ala-
OH and FA-Val-Ala-OH, 0.2-2.0 mM; FA-Ala-Ala-OH,

prepared from a transformed culture of IM109 as describedQ.1—2.0 mM; FA-Ser-Ala-OH and FA-Arg-Leu-OH, 04

by Olesen and Kielland-Brandt (1993).

Mutagenesis and Sequencinlutagenesis was performed
by a modification of the procedure by Lewis and Thompson
(1990). Single-stranded pYSP1 (0.2 pmol) was mixed with
0.5 pmol of ampicillin-repair oligonucleotide (Promega,
Altered Sites Kit) and 2 pmol of the mutagenic oligonucle-
otide in 80uL of 1x annealing buffer (20 mM Tris-HCI,
pH 7.5, 10 mM MgC}, 50 mM NacCl), heated to 70C for
5 min and allowed to cool slowly~1 h) to room temper-
ature. After the annealing reaction, 4D of 10x synthesis
buffer (100 mM Tris-HCI, pH 7.5, 5 mM each of the four
dNTPs, 10 mM ATP, 20 mM DTT), 10 Weiss units T4 ligase
(New England Biolabs), 20 units of T4 DNA polymerase
(Promega), and D to 100uL were added. The polymerase/
ligation mixture was incubated at 3T for 2 h. Subse-
quently, it was phenol extracted, ethanol precipitated,
resuspended, and used to transform electrocompEteati
BMH71-18mutS cells. After incubation for 30 min at 37
°C in SOC, an aliquot of the transformed cells was plated
on LB with 60 mg/L ampicillin to determine the number of
transformants, while the rest of the cells were grown
overnight in 50 mL of LB with 60 mg/L ampicillin. A
plasmid preparation from this primary culture contains up
to 50% ampicillin-sensitive plasmids originating from the
unmutated parent strand. To enrich for mutantgglof
miniprep DNA from this culture was used for a secondary
transformation of JIM109, followed by a second preparation
of plasmid DNA. Sequencing was performed by the Applied
Biosystems dsDNA Taq DyeDeoxy terminator procedure for
use with the Applied Biosystems Model 373A DNA se-

quencing system to confirm the introduced mutations and

1.0 mM; FA-Glu-Ala-OH, 0.5-5.0; and 0.252.5 mM for

the remaining substrates. Stock solutions were made by
dissolving substrate in buffer and subsequently readjusting
pH to 6.5. For pH profiles, a stock solution was prepared
for each pH investigated. The rates of hydrolysis of FA-
peptide substrates were measured spectrophotometrically at
329-352 nm, depending on substrate concentration, using
a Perkin-Elmerl7 spectrophotometer. Precautions were
taken to avoid exposure to light due to the sensitivity of the
FA group (Kanstrup & Buchardt, 1991). Kinetic parameters
were determined by fitting to the Michaeti#enten equation
using the GraFit 3.09 program from Erithacus Software
(Sigma). Changes in activation energyA(Gﬁ), the energy
required for enzymatic transition of a substrate into prod-
uct(s), associated with replacement of an amino acid
for another, were calculated according to the formula
AAGHA—B) = AGH(A) — AGH(B) = RTIn(kealKn(A)) —
RTIn(k.a/Ku(B)) (Fersht, 1985). The pH profile ¢, was
fitted to the formulakcat,obs= akeatjow + (1 — &)Kearnighwhere

a = 10alog(pKa — pH)/(1+ 10alog(pKa — pH)) in case of

a single K, while in case of two [, the formulak;atobs=
akeatiow T (1 — @ — b)Keatmiddle T bKcathighwas used whera
=cd, b=(1—¢)(1— d), c= 10a log(pKa1 — pH)/(10a
log(pKa1 — pH) + 1) andd = 10a log(pKa2 — pH)/(10a
log(pKaz — pH) + 1). The pH profile ofKy was fitted to

the formulaKw,obs = (@/Kmjow + (1 — @)/Kwmhign)* wherea

= 10a log(pKa — pH)/(1 + 10a log(pKa — pH)).

RESULTS AND DISCUSSION

Initially, a few mutant enzymes, combining N241D/K with

to ensure that no secondary mutations had occurred. Mu-W312A/L/F/N, were produced to determine the optimal type
tagenic oligonucleotides were 33 bases long with the mutatedof residue at position 312 for accommodation of basic or

codon situated at the center.

otides.

Isolation of CPD-Y Mutants. Expression of mutant
enzymes was performed according to Niels¢ml. (1990).
The mutanBanH|—BanH| PRC1fragments of pYSP1 were
inserted into theGAL-expression vector pRA21 (Olesen &
Kielland-Brandt, 1993) and introduced into yeast strain
K2579LLR. Mutant forms of CPD-Y were purified from

Double mutants were con-
structed by simultaneous mutagenesis with two oligonucle-

acidic R residues, respectively. Characterization of these
enzymes indicated that for basi¢ Residues a hydrophobic
residue at position 312 would be optimal while with acidic
P; residues a hydrophilic residue would be optimal.
Altogether 39 mutant DNA forms were produced, 20 to
increase the activity with basig Pesidues by incorporating
Asp or Glu at position 241 or 245 in combination with Asn,
Ala, Leu, or Phe at position 312 and 19 to increase activity
with acidic R residues by incorporating Lys or Arg at
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Table 1: Negative Charges atHelix above $

FA-Leu-Ala-OH FA-Arg-Ala-OH FA-Lys-Ala-OH

kcathM kcatKM kcat.KM

Keat Kwm (min—t Keat Kwm (min~t Keat Kwm (min~t

enzyme (min~1) (mM) mM~1) (min~1) (mM) mM~1) (min~1) (mM) mM~1)

wild type 3800 0.1r 35000 noe nd 12 nd nd 2.6
N241D 2300 0.36 6500 nd nd 376 nd nd 100
N241D+ W312A 3506 0.7% 4700 nd nd 2106 nd nd 1500
N241D+ W312L 46006 0.23 2000@ nd nd 13006 nd nd 1108
N241D+ W312F 3000 0.37 8200 nd nd 5200 nd nd 1800
N241D+ W312N 2500 0.58 4300 nd nd 2308 nd nd 926
N241E 2800 0.42 6500 nd nd 1206 nd nd 4106
N241E+ W312A 2800 0.53 5200 nd nd 2606 nd nd 560
N241E+ W312L 5006 0.3% 1400¢ nd nd 2900 nd nd 880
N241E+ W312F 3300 0.36 920¢ nd nd 1406 nd nd 920
L245E 26006 0.27 940¢ nd nd 1906 nd nd 3406
L245E+ W312A 3106 0.66 4700 nd nd 650 3500 2.2 1500
L245E+ W312L 5700 0.3k 18006 nd nd 3400 nd nd 800
L245E+ W312F 4600 0.43 1100¢ nd nd 1206 nd nd 970
L245E+ W312N 206 1.6 13¢ nd nd 26 nd nd 27
W312A 5900 0.39 15006 nd nd 353 nd nd 26
W312L 7200 0.39 1800¢ nd nd 410 nd nd 16

W312F 5000 0.26 19000 nd nd 196 nd nd 8.4
W312N 5000 0.45 1100¢ nd nd 53 nd nd 5@

a Standard deviation i=0—10%. " Standard deviation is=10—20%. ¢ nd, not determined due to hidfw.

Table 2: Positive Charges atHelix above $

FA-Leu-Ala-OH FA-Glu-Ala-OH FA-Asp-Ala-OH
kcal/KM kca{KM kca{KM
Keat Kwm (min—t Keat Kwm (min~t Keat Kwm (min—t
enzyme (min-1) (mM) mM~1) (min~1) (mM) mM~1) (min?) (mM) mM~1)
wild type 3800 0.1 35000 nd? nd 47 nd nd 3%
N241K 3406 0.64 530C¢ nd nd 166 nd nd 4P
N241K + W312A 5000 0.93 530C¢ 3700 3.F 110G 14 0.6 23¢
N241K+ W312L 71006 0.59%¢ 12000 812 2.% 3607 13 1.12 12¢¢
N241K + W312F 3900 0.34 12006 100G 4.9 21¢ 15¢ 1.5 10
N241K + W312S 4908 0.98 5000 180 2.12 89C* 93 0.7¢ 13¢
N241K + W312N 5000 0.84 6000 11006 4.5 2500 13¢ 0.84 16
N241K+ W312Q 4208 0.54 7800 1200 2.% 53¢ 12¢¢ 1.1p 112
N241R 4106 0.67 6200 93¢ 3.2 30C* 11¢ 2.12 55
N241R+ W312S 3500 0.86 4100 3900 2.12 190G 10 0.42 24
N241R+ W312N 3500 0.9¢ 390¢ 330C¢ 2.5 130G 9? 0.73 12¢2
N241R+ W312Q 39060 0.52 750C 190¢ 1.9 100G 13¢ 0.63 207
L245K 3006 0.58 5400 nd nd 196 22¢¢ 1.8 13
L245K + W312N 3500 1.5 230¢ 180 1.2 160G 14¢ 0.13 100G
L245K + W312Q 4000 1.1 350C¢ 190¢ 1.8 110@¢ 15¢ 0.12 130¢
L245R 2900 0.54 520C¢ 84 1.9 57¢ 83¢° 0.3¢ 2800
L245R+ W312S 5200 0.68 7700 160G 0.32 5100 18¢* 0.033 5300
L245R+ W312N 5200 0.72 720¢ 200G 0.44 4500 360 0.1» 330C¢
L245R+ W312Q 7908 0.78 10006 790 0.48 160G 51¢ 0.1#4 3700
W312A 5900 0.39 15006 nd nd 116
W312L 7200 0.39 18000 nd nd 166
W312F 5000 0.268 1900G¢ nd nd 126
wa312s 3600 0.52 7000 nd nd 84
W312N 5000 0.43 1100G¢ nd nd 85
W312Q 9700 0.44 2200@ nd nd 136

2 Standard deviation i£0—10%. " Standard deviation is=10—20%. ¢ Standard deviation i£=20—30%. ¢ nd, not determined due to higkw.

position 241 or 245 in combination with Ser, Asn, GIn, Ala, Kinetic Characterization. The general effect of introduc-
Leu, or Phe at position 312. Among these L245RN312S, ing a negative charge at positions 241 or 245 is a 5-fold
N241E+ W312N, and all enzymes incorporating the L245D decrease in the activitjk{a/Knm) with FA-Leu-Ala-OH as a
mutation could not be expressed at detectable levels. Theresult of increased&y values and a 36200-fold increase
remaining 32 enzymes were purified by affinity chromatog- in activity with FA-Arg-Ala-OH and FA-Lys-Ala-OH (Table
raphy and kinetically characterized using FA-Leu-Ala-OH, 1). Combining these mutations with a reduction in size of
FA-Arg-Ala-OH, and FA-Lys-Ala-OH as substrates (Table the position 312 residue has little effect on activity with Leu
1) or FA-Leu-Ala-OH, FA-Glu-Ala-OH, and FA-Asp-Ala-  in P; but does, as expected, in most cases result in further
OH as substrates (Table 2). increases in activity with basiciResidues. The highest
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Table 3: Observed and CalculatAxAGﬁ(Wt—-mutant) Values for Mutants with Negative Chargestatielix above $ (kJ/mol)

FA-Leu-Ala-OH FA-Arg-Ala-OH FA-Lys-Ala-OH
enzyme obs sum dif obs sum dif obs sum dif
N241D 4.2 ne na —8.12 na na —9.7 na na
N241D+ W312A 5.0 6.2 1.2 —12.4 —-10.4 2.00 —-16.4 —-16.22 0.4
N241D+ W312L 1.4 5.8 —4.4 —-16.% -16.53 0.5 —-15.6¢ —-14.% 0.8
N241D+ W312F 3.6 57 —-2.1p —14.# —-14.6¢ 0.10 —16.9¢ —-13.3 3.0
N241D+ W312N 5.2 7.0 -1.8 —-12.6¢ =114 1.2 —-15.2 =17 R —2.5
N241E 4.2 na na -11.¢¢ na na —-13.2 na na
N241E+ W312A 4.7 6.2 -1.@ 7.2 —-13.2 —6.1° —-14.¢¢ —-19.¢ —5.68
N241E+ W312L 2.3 5.8 -3.0° —-13.2 —19.24 —6.2 —15.2 —-18.3 -3.2
N241E+ W312F 3.3 5.7 —2.4 —11.4 -17.9 —6.1° —15.2 -16.8 -1.6
L245E 3.3 na na -12.2 na na —12.7 na na
L245E+ W312A 5.0 5.4 —0.4 —9.5 —14.4 —4.9 —-16.4 —-19.1 —2.7°
L245E+ W312L 1.6 4.9 -3.2 -13.8 -20.8 —6.9 —14.% —-17.% —-3.0
L245E+ W312F 2.9 4.8 -1.9 -11.¢ —-18.¢ -7.6 —15.3¢ —-16.3 -1.00
L245E+ W312N 13.9 6.1° 7.7 -0.¢ —15.8 -14.8 —6.3 —20.R —-14.3
W312A 2.p na na -2.3 na na —6.4 na na
Ww312L 1.6 na na —8.4 na na —5.2 na na
W312F 1.5 na na -6.5 na na -3.6 na na
W312N 2.9 na na -3.3 na na —-8. na na

a Standard deviation i=0—0.1 kJ/mol.P Standard deviation is=0.1-0.2 kJ/mol. na, not applicable.

activity with such substrates is found with N24#DW312L
and FA-Arg-Ala-OH in which case la./Kv value of 13 000
min~t mM~1 is observed. This corresponds to a 930-fold
increase in activity as compared to the wild-type enzyme.
The increase in activity is primarily a result of increaseg
values as previously observed with other mutations within
the § subsite that result in increased activity with such
substrates (Olesen & Kielland-Brandt, 1993; Olesél.,
1994; Olesen & Breddam, 1995). Althoulfiy with N241D

+ W312L and FA-Arg-Ala-OH exceeds the maximum
substrate concentration, appareritlyreaches a remarkable
60 000 mirr?, which is 15 times that obtained with wild-
type enzyme and FA-Leu-Ala-OH. To verify this high
turnover number, the kinetic parameters of N24£BV312L
with FA-Arg-Leu-OH was also determined. With this
substrate the following values were foun#;;; = 69 000
min~t, Ky = 0.82 mM, andk.a/Ky = 85 000 minmt mM 1.

and 4). Thus, with FA-Leu-Ala-OH the effects of these
mutations are not additive. Likewise, with basicresidues

the AAG} values with most double mutants are also smaller
than the sum ofAAGﬁ values of corresponding single
mutants (Table 3). However with N241BH W312L, FA-
Arg-Ala-OH, and FA-Lys-Ala-OH additivity is observed.
Interestingly, a few cases of “larger than additive” effects
are also observed, i.e., with N241DW312F and FA-Lys-
Ala-OH the AAG} value of —16.9 kJ/mol with the double
mutant exceeds the sum AAG values of single mutants
by 3.6 kJ/mol. Such larger than additive effects are observed
in most cases with acidic,Pesidues, e.g., thAAG; value
with N241K + W312N and FA-Glu-Ala-OH of-10.2 kJ/
mole exceeds the sum AfAGfFr values of single mutants by
4.6 kJ/mol (Table 4). This reflects that the beneficial effect
of introducing a counter-charge at position 241 or 245 cannot

When positive charges were introduced at position 241 be fully utilized when a bulky Trp at position 312 shields

or 245, the general effect was also~&-fold decrease in
activity with FA-Leu-Ala-OH, again as a result of increased
Kwm values. The activity with acidic:Residues is increased
1.3—-5-fold with N241K, N241R, and L245K and 90-fold
with L245R. In contrast to the increaskd;values observed
with basic R residues, the increased activity with acidic P
residues are in all cases primarily a result of decre#sed
values. Combining these mutations with mutations at
position 312 has very little effect on activity with FA-Leu-
Ala-OH whereas the activity with acidig Pesidues in some
cases increases another-1b-fold. The highest activities
with such substrates are observed with L245RV312S in
which case FA-Glu-Ala-OH and FA-Asp-Ala-OH are hy-
drolyzed withk./Ky values of 5100 and 5300 mihmM—1,

P, from S. Only when the size of the residue 312 is reduced
can this $—P; interaction be maximized.

Substrate PreferenceThe two enzymes with the highest
keafKm Values with basic and acidic, Pesidues, N241D+
W312L and L245R+ W312S, respectively, were chosen
for further kinetic characterization. Both enzymes were
characterized for their;Bubstrate preference using FA-Xaa-
Ala-OH substrates with Phe, Leu, Val, Ala, Ser, Arg, Lys,
Glu, or Asp at R (Table 5). Generally, with other hydro-
phobic residues at ;Pthe activity decreases slightly as
observed with Leu whereas the activity with Ser ini®
essentially unaffected. With N241B W312L the activity
with acidic R residues is only slightly affected, while with

respectively, corresponding to 120- and 170-fold increases-245R + W312S the activity with Arg in Pdecreases 14-

as compared to the wild-type values. With the latter
substrateKy has decreased 280-fold.

Additivity. The effects of combining substitutions at
position 241 or 245 with substitutions at position 312 on
the activity with FA-Leu-Ala-OH are minimal. When

comparing theAAGf‘r values (see Materials and Methods)

fold but surprisingly increases 5-fold with Lys. However,
this reflects that with the W312S enzyme Lys ini® also
better accommodated than Arg (Olesen & Breddam, 1995).
Thus, as the activity with these two enzymes with FA-Arg-
Ala-OH and FA-Asp-Ala-OH differs 13 000-fold and 190-
fold, respectively, their Psubstrate preference for Arg versus

of single and double mutants, it is observed that the Asp differs 2.5x 10°-fold.

AAG: values of double mutants are smaller than the sum of

Dependence on lonic StrengthlThe high activities of

AAG*{ values of the corresponding single mutants (Tables 3 enzymes like CPD-S1, N241B W312L, and L245R+
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Table 4: Observed and CalculatM&Gﬁ(Wt—-mutant) Values for Mutants with Positive Chargesatielix above $ (kJ/mol)

FA-Leu-Ala-OH FA-Glu-Ala-OH FA-Asp-Ala-OH
enzyme obs sum dif obs sum dif obs
N241K 4P ne na -3.8 na na —-0.7
N241K+ W312A 4.7 6.8 —2.1° —-8.2 —6.2 1. -5.¢¢
N241K+ W312L 2P 6.3 3.7 —5.4 7.2 -1.8 —3.4
N241K+ W312F 2.7 6.2 -3.5 —4.? —-6.53 —2.4 —2.@¢
N241K+ W312S 4.8 8.7 3.8 —7.68 —5.68 2.0 —3.68
N241K + W312N 4.4 7.5 3. —10.2 —5.68 4.62 —4.12
N241K+ W312Q 3.7 5.8 —2.1b —6.3 —6.7° -0.3 —3.12
N241R 4.3 na na —4.% na na —1.4
N241R+ W312S 538 8.3 3.0 —9.5 —6.7 2.8 —-5.12
N241R+ W312N 5.4 7.2 —-1.7 -8.6° -6.7 1.8 -3.4
N241R+ W312Q 3.8 5.4 ~-1.8 7.9 -7.8 0.12 —4.6°
L245K 4.8 na na -3.8 na na 3.6
L245K + W312N 6.7 7.9 0.8 —9.12 —5.68 3.5 —-8.6%
L245K + W312Q 5.7 5.8 —0.1° —8.2 —6.7 1.5 —-9.3
L245R 4P na na —6.5 na na -10.8
L245R+ W312S 3.8 8.7 —5.00 —12.¢ —-8.3 3.” —12.#
L245R+ W312N 3.9 7.8 3.7 -11.& —-8.3 3.2 —-11.&
L245R+ W312Q 3.2 5.9 —2.8 —9.12 —9.4 -0.3 -11.%¢
W312A 2.p na na —2.4 na na nd
Ww312L 1.6 na na —3.4 na na nd
W312F 1.5 na na —2.7 na na nd
Ww312S 4.0 na na -1.8 na na nd
W312N 2.9 na na -1.8 na na nd
W312Q 1.2 na na —2.2 na na nd
a Standard deviation i=0—0.1 kJ/mol.? Standard deviation is=0.1-0.2 kJ/mol.c na, not applicable.

500 mM NaCl (Table 6). With wild-type enzyme, only small

Table 5: Kinetics of Two Selected Mutant Enzymes ) . '
changes in catalytic parameters are observed with FA-Ala-

substrate onzyme ey ey minchmm-y  Leu-OH and FA-Glu-Ala-OH, while with FA-Lys-Leu-OH,
FA-Phe-Ala-OH _ wild type 6700 018 38000 keat increases 3-fold anly increases 2-fold from 0 to 500
N241D+W312L 5308 0.33 16006 mM NaCl. Likewise, catalytic parameters vary little for
L245R+W312S 1508 0.58 2800 N241D+ W312L with FA-Ala-Leu-OH; with FA-Lys-Leu-
FA-Leu-AlaOH widtpe =~ 3600 g-g ggggg OH, keafKy decreases 2-fold. With L245R W312S and
L245R+ W312S 5208 0:6@ 7700 FA-Ala-Leu-OH, kcat and Ky increases 1.6- and 1.9-fold,
FA-Val-Ala-OH  wild type 416 017 240G respectively, while with FA-Glu-Ala-OHKy increases 1.8-
N241D+ W312L 85 0.3%3 250 fold. None of these variations in catalytic parameters with
L245R+ W312S 280 O.77 36C 0 and 500 mM NaCl support the idea that salt bridges exist
FAAla-Ala-OH wWidbpe el oy "9 2300 between $and R in these enzyme/substrate complexes, and
L245R+ W312S nd nd 560 hence both mutant enzymes behave like CPD-S1 in this
FA-Ser-Ala-OH  wild type 500 1.7 4902 respect.
ﬁzzfslgivv\\,/gllzz's‘ 14gd Or']‘f Sgg;) Dependence of pH.Despite the apparent lack of ionic
FA-Arg-Ala-OH  wild type nd  nd 12 interactions between charged#hd S residues, the degree
N241D+ W312L nd nd 13000 of ionization of these residues should still influence catalytic
L245R+ W312S 1ro17 Lo parameters and hence substrate preference. The pH profiles
FA-Lys-Ala-OH Klvgi pe oL ”g ”g L 1002-9 of ket and Ky were determined for CPD-Y with FA-Ala-
PSR4 W3L2S  m e 10 Leu-OH, for N241D+ W312L with FA-Ala-Leu-OH and
FA-Glu-Ala-OH  wild type nd nd 44 FA-Lys-Leu-OH (Figure 1), and for L245R W312S with
N241D+ W312L 408 4.4 912 FA-Ala-Leu-OH and FA-Glu-Ala-OH (Figure 2) in the pH
L2_45R+ w312s - 1608 0.37 5100 range 4-7. It was not possible to investigate the influence
FA-Asp-Ala-OH ,‘\’l"ggl%pf — 7;9 Z”gg 223 of protonation of the basic residues involved due to the high
L245R+ W312S 180 0.03% 530G pK, of such residues, and due to high values with CPD-Y
a Standard deviation is-0—10%. ® Standard deviation i&10—20%. and charged Presidues, it 'WaS not possible to investigate
¢nd, not determined due to higfm. the pH dependence of this enzyme with such substrates.

Substrates were selected primarily on technical grounds, i.e.,

W312S with substrates with chargedrBsidues suggest that Kw should be in the range of 0.62 mM within the applied
salt bridges might form between the involved charged PH range of 47, thus FA-Ala-Leu-OH was chosen rather
residues in $and R. However, for CPD-S1 this has been than FA-Leu-Ala-OH due to the high&ty values obtained
shown not to be the case (Breddam, 1988). Thus, to with this substrate, while FA-Lys-Leu-OH was chose_n _rather
investigate whether the activity of the two mutant enzymes than FA-Lys-Ala-OH due to loweKy values. The variation
depends on such interaction, the influence of ionic strength Petween Ala and Leu in the,Position does not affect the
on activity was measured using FA-Ala-Leu-OH and FA- shape of the pH profiles, only the absolute values.
Lys-Leu-OH or FA-Glu-Ala-OH as substrates. The catalytic ~ With FA-Ala-Leu-OH, all three enzymes show similar pH
parameters were determined in 5 mM MES buffer with O or profiles of kesr and similar pH profiles oKy. Thus, with
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Table 6: Influence of Salt on Catalytic Parameters

0 mM NacCl 500 mM NacCl
Keat Kwm KealKn Keat Kwm KealKn
enzyme substrate (min~1) (mM) (min~* mm~2) (min1) (mM) (min~t mM~1)
wild type FA-Ala-Leu-OH 42000 0.52 81000 39000 0.48 86000
FA-Lys-Leu-OH 17 0.34 507 522 0.66 7P
FA-Glu-Ala-OH nd nd 63 nd nd 45
N241D+ W312L FA-Ala-Leu-OH 4308 2.2 220G 4500 1.9 3000
FA-Lys-Leu-OH 7800 0.71 11000 6200 1.1° 5600
L245R+ W312S FA-Ala-Leu-OH nd nd 43060 nd nd 4900
FA-Glu-Ala-OH 1606 0.6 2600 1500 1.12 140G
a Standard deviation i=0—10%. ° Standard deviation is=10—20%. ¢ nd, not determined due to higfw.
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Ficure 1: pH dependencies Ok, Kwv, and kea/Ky for the
hydrolysis of FA-Ala-Leu-OH @) with CPD-Y and FA-Ala-Leu-
OH (O) and FA-Lys-Leu-OH [) with N241D + W312L. With
FA-Ala-Leu-OH and CPD-Y kg fits the deprotonation of two
groups with X, values of 5.3t 0.2 and 5.8t 0.3, respectively,
while with N241D+ W312L it fits the deprotonation of two groups
with pK, values of 5.9+ 0.5, and 6.0+ 0.5 respectively. With
FA-Lys-Leu-OH and N241D+ W312L, k.« fits the deprotonation
of a single group with alg, of 5.7 + 0.1. With all three substrate/
enzyme combination&y fits the deprotonation of a single group
with a pK, value of 4.8+ 0.2.

this substrate, no effect of the deprotonation of Asp241 can

be observed.

With FA-Glu-Ala-OH and L245R+ W312S, the pH
profile of ke fit the deprotonation of a residue with &p
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Ficure 2: pH dependencies ok, Ku, and ke./Ku for the
hydrolysis of FA-Ala-Leu-OH @) with CPD-Y and FA-Ala-Leu-
OH (O) and FA-Glu-Ala-OH [0) with L245R+ W312S. With FA-
Ala-Leu-OH and CPD-Ykfits the deprotonation of two groups
with pK, values of 5.3+ 0.2 and 5.8+ 0.3, respectively, while
with L245R + W312S it fits the deprotonation of a single group
with a pK, value of 5.0+ 0.2. With FA-Glu-Ala-OH and L245R
+ W312S k. fits the deprotonation of a single group with Ep
value of 4.3+ 0.1. With FA-Ala-Leu-OH and CPD-YKy fits the
deprotonation of a single group with &pvalue of 4.8+ 0.2,
while with L245R+ W312S, it fits the deprotonation of a single
group with a K, value of 4.5+ 0.5. With FA-Glu-Ala-OH and
L245R+ W312S Ky, fits the deprotonation of a single group with
a K, value of 5.4+ 0.1.

the pH profile ofKy fit the deprotonation of a residue with
a Ky value 0.5 pH unit higher. As a consequence, optimum

value about 1 pH unit lower than with FA-Ala-Leu-OH while  k../Ku is observed at pH 4.75 rather than pH 4.0.
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With FA-Lys-Leu-OH and N241DB+ W312L, the depen-  Hence, reduction of the bulk of residue 312 and the
dence ofKy is very similar to that observed with FA-Ala- introduction of a positive charge create an environment that
Leu-OH. However, the dependencekgf; is very different better binds the negatively charged $fde chain. Appar-
since it fits to the deprotonation of a single residue with a ently, the beneficial effects have been achieved without the
pKa= 5.7 £+ 0.1 and with a maximurk., at high pH. The formation of any salt bridges. Thus, it is conceivable that
deprotonating group must be assigned to Asp241, and thussimilar interactions could assist binding and catalysis with
the K, of this side chain is perturbed about 1.8 pH units other enzymes that bind charged substrates on the water-
relative to the free form of aspartic acid. Also, itis evident accessible surface where salt bridges do not form.

from this pH profile that it is the actual charge of Asp241 g fact that optimal activity with charged Residues was
that leads to increaséds values with basic Pside chains.  gptained by mutations at positions that were assigned to be
As a consequence of this altered pH dependence, optimumy, sige of $ show that such interpretation has to take into
KeafKw is observed at pH 5.5 similar to previous observations ngideration any alterations made at other positions in the
with CPD-S1 using similar substrates (Breddam, 1988). Thus’binding pocket. In the presence of a Trp at position 312,
the preference of this enzyme for hydrophobic versus basicpq residues 241 and 245 are part gfr&her than § but

Py residues varies with pH. At pH-67, itdisplays a 2-fold e residue 312 is small, these residues are part of hoth S

preference.for Lys relative to Ala, while at pH 4.0 th? as well as & These results emphasize the highly flexible
preference is reversed to a 10-fold preference for Ala relative nature of interactions between peptide side chains and the
to Lys. Atlower pH this preference appears to increase even binding region of a protease.
further.
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