
15. Hosts wat mounted in 1.34- and 1.00-nun diame- 
m holes in white plastic squares (2 by 2 an). Each 
wasp was allowed to complete examination and 
avipition. The wasps were observed individually 
to prevent qcated pamitization of the same host. 
TriaLc in which the wasp left the host bcforc com- 
pleting ovipition were rejected. 

16. Mean 2 SD was used throughout. Statistical signifi- 
cance was determined by t tests. 

17. S. E. Flanders, Pm-PUG. E n t d .  11, 175 (1935). 
18. Head length was measured from the medial d u s  

to the tip ofthe c l o d  mandibles by using an ocular 

micrometer. Wasps difered signi6cantly in mean 
head length between largc and small treatment 
groups (P < 0.001). 

19. Singk hosts were mounted on white cardbard 
s q v  (2 by 2 un) with gum arabic. Afta host 
cxanunanon was completed, wasps were obsaved as 
in (15). 

20. Measumnents made from Iih of the initial transit 
danommte a significant linear &tion between 
wzsp body length and snide length [slope, 0.58 + 
0.064 (SE); n = 15, P < 0.011. - 21. Wasps were observed on smgle hosts mounted on 

urdboPrd cuds with gum arabic. Only wasps that 
completed dKir host examination and began o v i p -  
iting wat included in the data. For details of 
methods and results, scc J. M. Schmidt and J. J. B. 
Smith V. Exp. Bid. 129, 151 (1987)l. 

22. Lcpidoptm: Gclechiidae. 
23. We thank R. Tanner and R. Chaplinsky fw tdnical 

asktance. The N a d  Saenccs and Engineering 
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The Three-Dimensional Structure of Asnlo2 Mutant of netidy engineered mutant of the anionic 
isozyme of rat sin that was constructed 

Trypsin: Role of Asplot in Serine Protease Catalysis replacing ~ s p  with an asparam (41, 
designated here as D 102 N trypsin, where 

S. SPRANG,* T. STANDING, R. J. F L ~ R I C K ,  R. M. STROUD, DisAspandNisAsn. 

J. FINER-MOORE, N-H. XUONG, R. HAMLIN, W. J. RUITER, The activity of D 102 N trypsin has been 

C. S. CRAIK studied as a function ofpH (4). The activity 
of this mutant ennrme toward a varietv of 

Thcstru~oftheAsn1OZmutantoftrypsinwas~edin&todistinguiPh 
whether the reduced activity of the mutant at neutralpH results fiom an altered active 
site conformation or fiom an inability to stabilize a positive charge on the active site 
histidine. The active site stnrcturc of the AsnlOZ mutant of trypsin is identical to the 
native enzyme with respect to the speci6city pocket, the oxyanion hole, and the 
orientation of the nudeophilic serine. The observed dccrcase in rate results b the 
h s  ofnudeophiliaty of the active site s h e .  This dccteased nucleophilicity may result 
fiom stabilization of a HisS1 tautomer that is unable to accept the serine hydroxyl 
F n .  

T HROUGHOUT THE DIVERSE FAMILY appropriate  is'^ tautomer (2), and (iii) 
of serine proteases, the three residues stabilizing the positively charged histidine 
implicated in the bond breaking and that forms during the reaction (3). The 

making events of protease catalysis,   is'^, proposed functions were tested with a ge- 
Asp102, and Serlgs (chymotrypsin number- 
ing system) are w&er;ed. The spatial rela- 
tion among these residues is virtually equiv- 
alent in the three-dimensional saucrures of 
all serine proteases studied. The catalytic 
roles of Serl" and   is'^ are firmly estab- 
lished ( I ) .  The substrate (ester or amide) 
carbonyl carbon undergoes a nucleophilic 
attack by the hydroxyl group of Serl", 
which leads to the formation of an acyl 
enzyme intermediate. His7 functions as a 
catalytic base by assisting in the transfer of a 
proton from the serine hydroxyl to the 
substrate leaving group. The role of Asplq 
has not yet been defined. The three func- 
tions proposed for this residue are: (i) stabi- 
lizing the   is'^ conformation that is re- 
quired for catalysis (2), (ii) s t a b i i g  the 

S. Sprang, T. Standing, R J. Flctterick, R M. Stroud, J. 
Finer-Moore, of Biochemistry and Biophys- 
ics, university Callbmia, San Francisco, San Francis- 
co, CA 94143. 

and R. Hamlin, Department of Ph 'cs, :$s?j san ~ i c g o ,  ~a J O ~ ,  CA9&3. 
w .  J. RWW, HOI~UOIIC k?Sevch h t i ~ t ,  University of 
CaW~mia, San Francisco, San Francisco, CA 94143. 
C. S. Craik, Dcpamnat ofBio+aniq and Biophysics 

ent of Phatmaceuacal Chemistry, Uruvasl- 
San Francisco, San Francisco, CA 

*lkscnt addrrss: Howard Hu es Medical Insti~te, 
University dT-, D.Pq TX %235. 

substrates is reduceh by four orders of kg- 
~ t u d e  relative to trypsin between pH 7 and 
pH 9, where the latter is optimally active. 
The Michaelis constant, K,, of the mutant 
enzyme is virtually unaffected (4). This 
raises the question of whether the chemical 
properties of the asparagine itself or the 
wnforrnational differences in the enzyme 
are responsible for the loss of activity in 
D 102 N trypsin. To address this point, we 
describe the three-dimensional structure of 
D 102 N trypsin at both pH 6 and pH 8. 

Orthorhombic crystals (space group 
P212121) of rat D 102 N trypsin grown at 
pH 6 in the presence of bemamidine were 

Fig. 1. An a-carbon diagram (stereoscopic) of anionic rat D 102 N trypsin at pH 6 (9-12) (green) is 
superimpad on bovine trypsin (blue). Residues in rat w i n  (12) that &r in side-chain type from 
correspon ' residues in the bovine sequence (25) arc highlighted in red here. Side-chain positions for 
residues s, Hisn, and Ser195 arc .la shown in red. The root-mean-square (rms) &rence in 
position between corresponding atoms of D 102 N rat in in the Qystals grown atpH 6 and bovine 
trypsin (13,26) afta 1ea~-squares superposition is 0.47 ?r for all main-chain atoms and 0.67 A for all 
side-chain atoms. Values quoted arc the average of those obtained for molecules 1 and 2 in the 
asymmetric unit of the D 102 N aypsin Qystals grown at pH 6. The computed rms distance may be an 
undemthate of the true &rences in the two structures because of the use of bovine tlypsin as the 
initial phasing model. The rms &rence aftcr superposition between all atoms of the two molecules in 
the asymmetric unit is 0.21 A. The rms deviation between the main-chain atoms of the pH 6 and pH 8 
EIystal forms of D 102 N aypsin is 0.25 A. 



tained by vapor diffusion against polyeth- 
e glycol (Figs. 1 and 2, top). Diffraction 
were measured to 2.3 A resolution with 
achromatic copper Ka radiation and 

e crystal cooled to 4°C on a multiwire area 
eaor with the procedures described by 

g et al. (5) (Table 1). A cubic crystal 
(space group 123) was obtained at pH 

y vapor diffusion against magnesium 
fate. Diffraction data for this form were 

to 2.8 A resolution with mono- 
c copper Ka radiation on a dfiac- 

er (7) (Table 1 and Fig. 2, middle). 
were determined by 

replacement methods (8) and re- 
stereochemically restrained minimi- 
f the differences between observed 

computed structure amplitudes (6, 9- 
Table 1 and Figs. 1 and 2). 

tructures of the mutant rat 
at both pH 6 and 8 are 

that of the bovine 
7, 13). The largest differences be- 

enzymes from rat and cow are 
four segments in the NH2 termi- 

mam, all outside the p core, where 
iatlons between corresponding main 

ms exceed 1.0 A (Fig. 1). The 
similarity between D 102 N ayp- 

. 
sin and bovine trypsin is quite high in the 
neighborhood ofthe activ; site; no sigmfi- 
cant differences in the relative positions 
(c0.3 A) (Table 2) or relative thermal b 
are observed b r  Asn'OZ, ST'%, or the 
oxyanion b ' i  site (14); that is, the main- 
chain amide groups of residues 193 and 
195. The only exception occurs in crystals 
grown at pH 6, where the side chain of 
 is^^ is statistically disordered (Fig. 2, top) 
(11, 12), and is partitioned between the 
gauche conformation observed in native 
uypsin and an alternative trans conforma- 
tion, in which the imidazole side chain is 

. . .  
displaced from the active site toward the 
soGent. Only the native gauche ~ i $ ~  con- 
formation is observed in crystals grown at 
pH 8. Unless otherwise stated, all references 
to  is'^ in the following discussion refer to 
the native conformer. 

In both the pH 8 and pH 6 crystal forms, 
Asn'02 is superimpsable within experimen- 
tal error with Asp'02 of the bovine enzyme 
(Fig. 2). In uypsin, one of the carboxylate 
oxygen atoms of  AS^"* accepts hydrogen 
bonds from the main-chain amide groups of 
residues 56 and 57, and the second accepts 
hydrogen bonds from both the N61 atom of 

tion radius h m  4.0 to 16 A. TheR factor intz? at e correct translation position was 0.35. A 
difference Fourier map computed with phases 
from the molecular replacement solution revealed 
the positions of the omitted side chains, calcium 
ion, and benzamidine molecule. These were in- 
cluded in the phasing model and the structure was 
subjected to 23 cycles of stereochemically re- 
strained crystallographic refinement (Table 1) (6). 
(Bottom) The bovine trypsin structure (thin 
lines) is superimposed on that of D 102 N rat 
trypsin aystallized at pH 6.0 (thick lines). Both 
conformers of Hiss7 in D 102 N rat uypsin are 
shown. I 
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  is^^ and the Oy atom of ser2I4 (Table 2 
and Fig. 3). In D 102 N trypsin, there are 
two chemically distinct conformations pos- 
sible for Asn102. In one of these the N62 

Hiss7 in the mutant enzyme is a potential 
hydrogen bond donor to the Oy  of serlgs. 
Thus Hiss7 cannot act as a general base in 
transferring a proton from Ser'95 and this 
probably accounts for the diminished activi- 
ty of D 102 N trypsin near neutral pH. For 
trypsin above neutralpH, where the enzyme 
becomes active,  is'^ is protonated at N61 
(17). Therefore, the presence of a negatively 
charged Asp102 maintains the unprotonated 
Ne2 with a lone pair of electrons as the 
general base catalyst for transfer of the pro- 
ton from the Oy of SerIgs to the leaving 

group of ~ s n " ~  would be oriented toward 
the main-chain amide groups of residues 56 
and 57. Since the asparagine amido group 
cannot form a hydrogen bond with the 
main-chain amides in this orientation, they 
could approach no closer than the sum of 
their van der Waals radii (>3.4 A). 

The alternative conformation is related to 
the first by a rotation of 180" about the CP- 
Cy bond. In this case, the 0 6 1  atom of 
asparagine could accept hydrogen bonds 
from the main-chain amide groups, whereas 
the N62 atom could accept hydrogen bonds 
from the   is^^ imidazole and ser2I4 hydrox- 
yl groups. The two conformations can be 
distinguished by the observed distances be- 
tween the main-chain amides of residues 56 
and 57 and the nearest atom of the Asn102 
side chain. The interatomic distances in the 

group. 
A difference Fourier map (Fig. 2, top) for 

the crystals grown at p H  6 was computed 
with the histidine omitted from the calculat- 
ed phases and structure factors, revealing 
two sites for the side chain (11, 12). In one 
of these, the CP-Cy bond is trans to Ca-N, 
and the imidazole is rotated from the cata- 
lytic site. The trans  is'^ conformer does 
not form a hydrogen bond with AsnIo2 or 
serI9' but rather is in contact with a solvent present model (15, 16) support the assign- 

ment of the tautomeric form shown in Fig. 
3A. One of the Asn102 amido atoms is 
located 2.6 i% from the amide nitrogen of 
residue 56 and 3.1 A from the amide of 
residue 57. This atom of the Asn102 side 
chain could then be involved in hydrogen 

Fig. 3. (A) In the hydrogen bond network found 
in D 102 N trypsin above neutral pH, His57 is 
unable to accept a proton from Serlg5 0 6 .  The 
orientation of the hydrogen bond between Hiss7 
and Serlg5 is the reverse of that observed in the 
bovine trypsin-benzamidine structure (7). (B) In 
the h dro en bond network of wild-type tryqsin, Y. HisS 1s an acceptor for the proton from Ser 95. 

water molecule at the surface of the enzyme 
(Table 2). The alternative position is nearly 
gauche and similar to the  is'^ conforma- 
tion in bovine trypsin and D 102 N trypsin 
crystallized at p H  8 (Fig. 2, bottom). 

Integration of the difference electron den- 
sity indicates that the occupancy ratio of the 
gauche to trans isomers is approximately 2 
to 1 (Fig. 2, top) (1 1, 12). A difference map 
computed with phases derived from all of 
the atoms in the refined model reveals resid- 
ual positive electron density in the vicinity of 
the Ce l  of Hiss7 (gauche), and may corre- 
spond to a partially occupied solvent water 
which is resent in the active site pocket 
when HisP' is displaced (trans). 

The displacement of   is'^ from the active 
site of D 102 N trypsin below neutral p H  is 
probably a consequence of steric conflicts 
between the protonated N61 atom of His 
and the proton on the N62 of Asn. D 102 N 
trypsin, like its natural homolog, is crystal- 
lized only in the presence of the substrate 
analog benzamidine, and there are no appar- 

bonds with these two amides and would 
thus be identified as 061.  ~ s n " ~  N62 
would therefore be a hydrogen bond donor 
to both the N61 of   is'^ and the 0 6  of 
ser2I4. Asp1'* accepts hydrogen bonds from 
both of these residues in bovine trypsin. 

In the proposed cq~stallographic model, 
AsnIo2 can only serve as a hydrogen bond 
donor to  is^^; the polarity of the hydrogen 
bond network involving   is'^, residue 102, 
and serIg5 is reversed in the mutant enzvme 

Table 1. Crystal and diffraction data for D 102 N 
trypsin. The diffraction data for the crystals grown 
at pH 6 were collected with an area detector, 
whereas the data for the crystals grown at p H  8 
were collected with a diffractometer. 

Diffraction Crystal form 
data pH6 ' p H 8  

C ystal data 
Space group p212121 
Cell dimensions a = 40.4 

(A) b = 92.0 
c = 127.4 

Molecules per 2 
asymmetric unit 

Dz@actwn data 
Resolution (A) 2.3 
Total observations 90,000 
Unique observations 22,000 
Rsyrnrn* 0.05 

Rejinement results 
R c r y s t t  0.16 
Resolution (A) 6.0-2.3 
rms difference 0.03 

(bond) (A)* 
rms difference 0.05 

(angle) (A)* 

with respect to that in bovine trypsin (Fig. 
3). For values o fpH greater than the pICa of 
the imidawle (I(, is the ionization con- 
stant), the monoprotonated tautomer must 
be protonated at Ne2 since it serves as a 
hydrogen bond acceptor from Asnlo2 at 
N61. In contrast to trypsin, the Ne2 of 

+ 
4- gauche -4 e trans - e - gauche- ---, 

Fig. 4. A histogram show- 
ing the X '  torsion angles of 
353 histidines found in 53 
protein structures refined to 
greater than 2.0 A resolu- 
tion (11, 26). The X' angle 
of 92" gauche observed in 
HisS7 of bovine trypsin is 
rare. Angle values are trimo- 
dally distributed about 
+60", 180°, and -60". The 
trans conformer that occurs 
at pH 6 in D 102 N rat 

*Agreement between symmetry-related structure-factor 
magnitudes R 

R = (&Zi l(Fh) - Fhil)/(&Fn) 

where (Fh) is the mean structure factor magnitude of the i 
observations of reflections that are related to the Bragg 
index h. tAgreement between the observed (Fobs) 
and calculated (FCaI, )  structure factor magnitudes R,,,,, 

RcVst  = (sI1FobsI - 1Fca1c l l ) / (B  1Fob.l) 

*Root-mean-square deviation between the ideal and 
refined bond d~stances and angle distances. 

6 60 120 +la0 .120 -60 tryisin is more frequently 
x '  Torsional angles (degrees) observed. 
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Table 2. Conformational and stereochemical data for active site residues in bovine and D 102 N 
trypsins. Values for the two molecules in the asymmetric unit of D 102 N trypsin grown a tpH 6 are 
averaged. Distances are not given for the 2.8 A resolution crystals grown at pH 8. The wild-type 
coordinates are from the bovine trypsin-benzamidine crystal structure (7). 

Residue Atoms 

Conformational Hydrogen bond 
angles (degrees) distance (A) 

A s n ~ ~ ~  Wild A s n ~ O ~  Wild 
tYPe type 

His57 (gauche) 
(trans) 

His57 (gauche) 
(trans) 

Ser 195 

His57 (gauche) 
His57 (gauche) 
His57 (gauche) 
Asn'02/Asp10Z 
Asn'02/Asp'0Z 
~ n i o 2 J ~ P i o Z  
Ser'95 

ent steric conflicts between  is^^ and other 
residues in the catalytic site. However, even 
in trypsin, the native gauche conformation 
of   is^' imidazole may be energetically un- 
favored and require hydrogen bond stabili- 
zation by Asp102. A survey of the angles 
of His side chains in refined protein struc- 
tures (Fig. 4) shows that the conformation 
found in bovine tl-ypsin is uncommon. Ste- 
ric hindrance arises as a result of close 
contacts between the CY and C62 imidazole 
atoms and the main-chain carbonyl carbon 
[contact distances of 3.0 A and 3.2 A, 
respectively, are measured from the coordi- 
nates of bovine trypsin (i')]. Nevertheless, 
His57 is well ordered in crystals of native 
trypsin (13, 17) and tritium exchange mea- 
surements indicate that ex~ulsion of   is^^ 
from the active site pocket occurs in solution 
with a frequency of less than 1 in 50 over the 
pH range 1.5 to 9 (1 8). Displacement of 
  is" from the gauche conformation in ser- 
ine protease crystals has so far been seen to 
occur as a result of steric conflict in covalent 
intermediates formed with certain substrate 
analogs (19, 20) or as a result of the intro- 
duction of heavy metals into the active site 
(21, 22). In native trypsin, the histidme 
conformation is stabilized by a hydrogen 
bond between the N6l  atom of His and the 
carboxylate oxygen atom of Asp102. 

In D 102 N trypsin, the conformation of 
His5' appears to be linked to its protonation 
state. In the monoprotonated imidazole tau- 
tomer that predominates above neutral pH, 
the N61 atom of His can accept a hydrogen 
bond from N62 of Asnto2. Protonation at 
the histidine N61 at the lower pH results in 
the loss of this hydrogen bond and possibly 
also steric conflict with the N62 of Asn'02. 
The imidazole is then free to rotate to the 
more favored trans conformation, away 
from the catalytic site. Orthorhombic crys- 

tals of D 102 N trypsin are grown near the 
pK, of histidine, and thus the statistically 
disordered histidine side chain may reflect 
an equilibrium distribution of mono 
(gauche) and diprotonated (trans) forms of 
the   is^^ imidazole. The variant D 102 N 
trypsin is able to react with the active site 
titrant tosyl-L-lysine chloromethyl ketone 
(TLCK) at 20 to 70% of the rate observed 
for trypsin from p H  7.2 to 8.7 (4), which 
suggests that as in the p H  8 crystals, a 
substantial proportion of D 102 N trypsin 
molecules in solution contain His57 in the 
native gauche conformation. 

As a result of the substitution of Asn for 
Asp1O2, the mutant trypsin reacts with diiso- 
propylfluorophosphate (DFP), a reagent 
that specifically titrates the ~ e r ' ~ ~  nucleo- 
phile, lo4 times more slowly than with 
trypsin (4). The decreased ~ e r ' ~ ~  nucleophi- 
licity in D 102 N trypsin probably results 
from the lack of a base in the active site to 
accept the serine hydroxyl proton.  is^^ 
does not act as a base in this mutant because 
it exists in the incorrect tautomer. While the 
tautomeric form of   is^^ is changed in D 
102 N trypsin, the oxyanion binding site 
(14)-the main-chain arnide groups of resi- 
dues 193 and 195-is unaltered. The re- 
duced activity of the mutant thus gives an 
upper limit to the contribution of transition 
state binding alone to the reaction rate. 
Trypsin normally accelerates the rate of DFP 
hydrolysis by a factor of 10' (20). Our 
results suggest that a factor of lo4 in rate 
enhancement may derive from the stabiliza- 
tion and orientation of the lone pair on the 
N E ~  atom of  is^^. The remaining factor of 
lo4 can presumably be ascribed to orienta- 
tion of the nucleophile (sertg5) and transi- 
tion state binding. Under alkaline condi- 
tions (pH > lo) ,  the rate of catalysis by the 
mutant approaches 10% of that of the native 

enzyme (4) through an altered mechanism 
in which base catalysis appears to be provid- 
ed by solvent hydroxide. In trypsinogen, the 
situation is reversed;  is'^ is correctly ori- 
ented. but the oxvanion binding site is not " 
properly formed to stabilize the transition 
state (21), even after irreversible binding of 
the transition state analog DFP (23). The 
reaction rate toward D F P ~ S  also reduced by 
a factor of -lo4 relative to trypsin (20), 
which again ascribes an upper limit of lo4 
rate acceleration to transition state binding. 

u 

Catalytic rate enhancement by serine prote- 
ases is thus partitioned almost equally be- 
tween (i) orientation and stabilization of the 
enzyme base   is^^ and (ii) the correctly 
oriented serine nucleophile and transition 
state binding site. Studies of D 102 N " 
trypsin indicate that the Aspto2 residue plays 
a critical role in the first of these processes, 
perhaps electronically with  is'^ (24), and 
struc&rally, by providing hydrogen bond 
stabilization of the functional tautomer and 
thus maintaining its correct orientation 
within the catalytic site. 
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total occupancy of both positions relative to other 
histidine side chains was estimated by integration of 
difference elecrron density at all of the histidine side- 
chain positions in one of the trypsin molecules in the 
asymmetric unit. The difference Fourier map 
(Fobs - Fcalc) used in the integration was computed 
from a model in which the side-chain atoms of all 
four histidine residues (at sequence positions 40, 57, 
70, and 87) were removed from the coordinate set 
of one molecule. Integration was performed manual- 
ly by summing over all grid points within 2.0 A of 
histidine atomic positions that had electron density 
at least one standard deviation greater than the 
background density. After normalization the appar- 
ent relative integrated difference densities at the 
histidine side-chain positions were: His4", 0.87; 
Hiss7, 0.60; His7", 0.79; and Hise7, 1,O. AU but 
HisS7 are well ordered, so the range in integrated 
densities reflects thermal motion and experimental 
error. The sum of the density over the nvo Hiss7 
side-chain sites is lower than the mean density of the 
well-ordered histidine side chains, but is consistent 
with the high B factors of Hiss7 atoms at both 
positions. The relative occupancy of the alternative 
Hiss7 positions was estimated by integrating the 
difference density at the N61 and C E ~  atoms of the 
gauche conformer and the C62 and N E ~  atoms of 
the trans conformer and by taking the ratio of the 
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integrated densities for the two positions. The re- 
maining histidine atoms were not included in the 
integration because the resolution of the data set did 
not allow the densities of the nvo conformers to be 
resolved at those positions. 

Final refined positional and thermal parameters 
for both trans and gauche conformers were deter- 
mined by refining an atomic model in which both 
conformers were simultaneously included. Side- 
chain atoms of the gauche conformer were assigned 
occupancies of 0.67 and atoms of the vans isomer 
were assigned occupancies of 0.33 based on the 
estimate derived from the integration described 
above (12). After three final cycles of refinement of 
all thermal and positional parameters of both trypsin 
monomers in the asymmetric unit, the crystallo- 
graphic R factor was 0.161. 
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The Catalvtic Role of the Active Site Asvartic Acid in 
I 

Serine ~rckeases 

The role of the aspartic acid residue in the serine protease catalytic triad Asp, His, and 
Ser has been tested by replacing Asplo' of trypsin with Asn by site-directed mutagene- 
sis. The naturally occurring and mutant enzymes were produced in a heterologous 
expression system, purified to homogeneity, and characterized. At neutral pH the 
mutant enzyme activity with an ester substrate and with the Ser195-specific reagent 
diisopropylfluorophosphate is approximately lo4  times less than that of the unmodi- 
fied enzyme. In contrast to the dramatic loss in reactivity of SerI9', the mutant trypsin 
reacts with the  is"-specific reagent, tosyl-L-lysine chloromethylketone, only five 
times less efficiently than the unmodified enzyme. Thus, the ability of His5' to react 
with this &ity label is not severely compromised. The catalytic activity of the mutant 
enzyme increases with increasing pH so that at pH 10.2 the kc,, is 6 percent that of 
trypsin. Kinetic analysis of  this novel activity suggests this is due in part to participa- 
tion of either a titratable base or of  hydroxide ion in the catalytic mechanism. By 
demonstrating the importance of the aspartate residue in catalysis, especially at 
physiological pH, these experiments provide a rationalization for the evolutionary 
conservation of the catalytic triad. 

S ERINE PROTEASES FUNCTION IN studies indicate that Serlg5 and  is^' play 
many biological systems to hydrolyze crucial roles in catalysis. For example, selec- 
specific polypeptide bonds. Trypsin, a tive reaction of SerIg5 with diisopropylfluor- 

well-studied member of this family, cata- 
lyzes the hydrolysis of peptide and ester 
substrates &at cdntain lvivi or arninvl side C. S. Craik, Deoarvnents of Pharmaceutical Chemistn 

i i U i 

chains. serine proteases have the triad of and of ~iochemistry and Biophysics, University of 
fornia, San Francisco, San Francisco, CA 94143-0446. 

residues AspIo2, H ~ s ~ ' ,  and SerIg5 at the S. Roczniak, C. Largman, W. J.  Rutter, Hormone 

active site (chymotrypsin numbering sys- Research Institute and Department of Biochemisw and 
Biophvsics, University of California, San Francisco, San 

tem). X-ray crystallographic studies reveal ~rancfsco, CA 94143-0448. 
that these three residues are in close proxim- 
iq, which suggests they may serve as a *Present address: NuvaSweet Company, Mount Pros- 

ea ,  IL 60056. 
functional interacting unit responsible for $ Present address: Veterans Administration Hospital, 
bond formation and cleavage during cat+- Martinez, CA 94553, and De~arunents of Internal 

Medicine and Biolo ical Chemisq, University of Cali- 
sis (I). Numerous chemical and physical fornia, Davis, CA 9f616. 
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