
pa TECHNICAL COMMENTS 

Locating the Catalytic Water Molecule 
in SerineProteases 

T h e  position of a long-sought catalytic the acylation step of the mechanism, which 
water molecule in the serine protease mech- includes deprotonation of His57 NE and 
anism was recently discussed by P. T. Sing- dissociation of the leaving group. There- 
er et al. ( I ) ,  who applied time-resolved fore, it is far more likely that the water 
Laue crystallography to view an ordered nucleophile is located adjacent to the NE of 
water (WatloS2) bound in a functioning His57 on the leaving-group side of the 
active site of trv~sin. Thev ~ r o ~ o s e d  that scissile bond. rather than on the amino- , & , . .  
this water molecule acts as the catalytic terminal side, as proposed by Singer et al. 
nucleophile in deacylation of the covalent Positioning the water on the leaving-gtoup 
acyl enzyme intermediate. In their experi- side allows it to approach directly the lone 
ment, Singer et al. reacted trypsin with the pair of electrons present on His57 NE in the 
slowly hydrolyzed substrate p-guanidinoben- most favorable geometric orientation. 
zoate and obtained Laue data sets at pH 5.5 Alternative, more plausible possibilities 
before hvdrolvsis and shortlv after initiatine exist for the wav in which the water nucleo- 
the reaction by shifting thk pH to 8.5. A phile attacks the acyl enzyme. In one sce- 
novel water molecule appearing at the nario, a water from bulk solvent could 
higher pH was interpreted as that which approach the electrophilic carbon from the 
actually performs the nucleophilic attack leaving-group side in an orientation favor- 
leading to deacylation of trypsin. able for proton donation to His57 NE. This 

We believe the water molecule Watloa2 mechanism would indicate that there is no 
identified by Singer et al. is unlikely to specific binding site for the catalytic water 
represent the catalytic nucleophile for a on the enzyme. In this case it would not be 
number of reasons. First. this water is locat- ex~ected that the water could be visualized 
ed 3.9 A from the reactive electrophilic i n i n y  crystallographic experiment, wheth- 
carbon of the intermediate. This distance is er ~erformed bv Laue diffraction or with 
too great to be reconciled with the proxim- conventional monochromatic radiation. 
ities expected to be found between reactive Inspection of crystal structures of serine 
enzyme and substrate moieties, particularly proteases also reveals an alternative candi- 
because the reaction was in progress at the date for an ordered catalytic water nucleo- 
time the data were measured. Second, the phile. This water appears in a conserved 
p-guanidinobenzoate substrate fills only the position in five crystal structures of peptide 
primary or S1 site of the enzyme (2). This is transition state analog inhibitor complexes 
not the situation for peptide and protein 
substrates. which also fill the 6 2 .  S3 . . . 

\ ,  

S,) sites of the amino terminal to the 
cleaved bond. The filline of these sites bv - 
substrate forms a well-defined antiparallel P 
sheet with enzyme residues 214 to 216 (3). 
When bound to these residues, the extend- 
ed polypeptide chain of the substrate is 
coincident with the binding site of the 
proposed catalytic Watlosz. Displacement 
of the bound peptide to accommodate 
Watloa2 in the catalytic event is a remote 
possibility because the peptide is covalently 
bound. Water must attack the reactive 
carbon from a different orientation in the 
case of the larger substrates. Therefore, 
acceptance of Watloa2 as the catalytic nu- 
cleophile would imply that trypsin operates 
by a fundamentally different mechanism on 
single-residue (as opposed to peptide or 
protein) substrates. 

Mechanistic considerations dictate a fur- 
ther rationale for suggesting that the cata- 
lytic water molecule approaches the elec- 
tronegative acyl enzyme carbon from a dif- 
ferent position. Nucleophilic attack by the 
water oxygen atom is accompanied by do- 
nation of one of its protons to NE of 
This event directly follows completion of 

with human neutrophil elastase, trypsin, 
and the bacterial a-lytic protease (4). It 
forins a hydrogen bond to the backbone 
carbonyl group at position Phe41 and is 

Fig. 1. Role of the catalytic water in deacylation. 
Hiss7 is shown in a shifted position relative to 
the ground state, which could be adopted 
during donation of the proton from NE to the 
leaving group (7). In this position the hydrogen 
bond with Aspio2 may be weakened or broken. 
The catalytic water occupies a position just 
vacated by the P I '  residue of the leaving 
group. Large arrows indicate possible move- 
ment of Hiss7 after acceptance of the proton 
from the water. After this movement, the hydro- 
gen bond between NE of and Aspio2 is 
reformed as the NE proton is donated to Oy of 
SerigS. 

located 3.5 to 3.7 A distant from the 
electrophilic carbon (Fig. 1). The binding 
site of this water is coincident with that of 
the PI '  leaving-group residue of the sub- 
strate. The position of the carbonyl group 
of residue 41 is conserved in all trypsin-like 
serine proteases for which high-resolution 
structures are available (5). In subtilisin, a 
serine protease that possesses a superimpos- 
able catalytic triad within a highly disparate 
tertiary structure, the backbone carbonyl 
group of Asn218 occupies a similar position 
(6). Locating the catalytic water on the 
leaving-group side of the scissile bond al- 
lows trypsin to cleave single-residue, pep- 
tide, and protein substrates by the same 
mechanism. 

Donation of a hydrogen bond by this 
water to the carbonyl oxygen at position 41 
could serve to activate it for nucleophilic 
attack (Fig. I). As' seen in the inhibitor 
crystal structures, this water is displaced 
approximately 1 A away from an optimal 
position to directly attack the trigonal car- 
bon of the acyl enzyme. Possibly, the bind- 
ing site could be viewed as a platform from 
which rapidly exchanging waters from bulk 
solvent can traverse the distance to the 
electrophilic carbon. Alternatively, His57 
mav shift in the direction of this water as it 
transfers its proton to the leaving group (7). 
In its new position His5' might more easily 
acquire a new proton from the catalytic 
water. Dis~lacement of the water toward 
the acyl eAzyme target might then be fa- 
vored because His57 moves in the same 
direction as it retreats to its original posi- 
tion (Fig. 1). 
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Response: The inherent nature of x-ray dif- 
fraction, that it takes time to make the 
measurements, has hampered study of en- 
zyme catalysis by crystallographic methods. 
We have combated this problem in recent 
dynamic studies of catalysis by trypsin (1, 2) 
by use of the Laue method. We measured 
the data to determine complete three-di- 
mensional structures in a minute or so. In 
these studies we expanded on our earlier 
work on a complex between trypsin and the 
slowly hydrolyzed substrate p-guanidino- 
benzoate (GB) (3). We determined struc- 
tures before and immediately after the en- 
zyme had been activated by a rapid increase 

Fig. 1. Crossed-eye stereogram of the active site of GB-trypsin 3 min after the pH has been raised 
to begin hydrolysis. The view is similar to that of figure 3 in (2),  except that the water molecule 
hydrogen-bonded to Phe4' 0 is shown, along with distances to nearby atoms. 

in pH to catalyze hydrolysis of this species. 
Under the second set of conditions, the 
half-life for the species was roughly 2 hours; 
we still saw a static but onlv transientlv 
stable structure. Its dramatic feature was 
that a water molecule [Wat'Os2 in (2)j 
appeared in a site where it was poised to 
perform the hydrolysis reaction (Fig. 1). 
The relatively long distance from WatloB2 
to the carboxyl carbon atom (3.9 A) reflects 
the relatively long lifetime of this species. 

The approach of the hydrolytic water 
molecule should follow standard organic 
chemical principles and generally accepted 
mechanisms for serine proteases. What we 
mean in the first case is that the nucleo- 
phile should approach the planar carboxyl- 
ate group from above or below the plane, 
attacking the carbon atom directly. In the 
second case, we mean that the arrangement 
of atoms. and actuallv the transfer of mo- 
mentum to the carboxyl group, should be 
such that the carbonyl oxygen atom is 
forced naturally to form hydrogen bonds 
with the peptide nitrogen atoms of residues 
193 and 195 in the "oxyanion hole" (4). 
Watlosz is in approximately the right loca- 
tion to make this approach. Its presence in 
this transient structure does not so much 
define the resting site for a water molecule 
that will always perform ester hydrolysis as 
it suggests an approach route for the hydro- 
lytic water, flanked by species that will 

activate the oxygen atom for nucleophilic 
attack. 

Another water molecule we have ob- 
served in these structures where the GB 
group is bound (1-3) lies perched on the 
carbonyl oxygen atom of GB and is hydro- 
gen-bonded to the carbonyl oxygen atom of 
residue Phe4' (shown near the top of Fig. 
1). Perona, Craik, and Fletterick kindly 
pointed out that, beyond being found in 
these structures of GB trypsin, this water 
molecule also appears in the five structures 
mentioned in their comment; we have also 
found it in two crystal structures of y-chy- 
motrypsin in which tripeptides are found in 
the active site (5, 6). It is also likely that 
this is the water molecule found bv Hen- 
derson in indole acryloyl chymotrypsin (7). 
The geometric relationship between this 
water molecule and the active site is re- 
vealed in Fig. 1, where distances are given 
for the time t = 3 min. Laue structure (2): 
3.0 8, to 0 of Phe4', 4.0 A to C6 of 
GB-Ser19j, and 5.1 8, to Ne2 of Hisj7. The 
distances in other structures are similar, 
with the water molecule lying perhaps 0.3 
8, closer to CS of GB-Ser'95 or Ne2 of Hisj7 
in some structures. That this solvent mole- 
cule appears in stable structures of several 
different proteases with a substrate or a 
product of hydrolysis present in the active 
site suggests that its role has to do with that 
stability, not that it can have a further role 
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in catalysis. Indeed, the distance that this 
water molecule lies from His57 Ne2 in these 
structures is probably too great for it to play 
a catalytic role. Also, in the cases of acyl 
enzymes such as GB trypsin (Fig. 1) and 
indole acryloyl chymotrypsin, the molecule 
lies in the plane of the carboxylate that 
would be its target, making attack unlikely. 
Finally, approach to His57 N E ~  from that 
direction is obscured by the CP atom of 
Ser195; the face of the His57 ring that is 
approached by Watloaz is open in all of 
these structures. 

Perona, Craik, and Fletterick point out 
that the site occupied by Watloaz is ob- 
scured when a peptide is bound in the 
active site. The hydrogen bond that is 
formed from the P1 NH to the 0 atom of 
Ser214 is rarely a strong one in the complex- 
es that have been observed. It can be as 
short as 2.85 A. the ideal distance for a 
strong hydrogen bond, in neutrophil 
elastase (8) ,  but is characteristically long- 
er-as long as 3.6 A in the complex be- 
tween bovine trypsin and the bovine basic 
pancreatic trypsin inhibitor (BPTI) (9). 
One can suppose that, in an acyl enzyme 
complex formed with a natural substrate, 
the PI-P2 peptide would spend some time 
dislodged from this site and wave free in 

u 

solution. This would provide opportunity 
for the equivalent of Watloa2 to approach in 
order to achieve hydrolysis. For a covalent- 
ly bound substrate to leave its active site 
pocket after a catalytic event is not unusu- 
al. Nachman and his co-workers (10) la- 
beled bovine oancreatic ribonuclease with 
an affinity label that required specific rec- 
ognition by the enzyme for labeling. The 
nucleoside was not found to be in the active 

site oocket in the crvstal structure. Instead 
only the linker atoms were present in elec- 
tron densitv maos. and the nucleoside at- 
oms were p;esu&ed to be disordered in the 
crvstal. 

Alternatively, one can consider the ef- 
fect the presence of the PI-P2 peptide 
would have on a water molecule approach- 
ing in the region of Watloa2 and estimate 
how closely a water molecule could ap- 
proach the 0 atom of Ser214. In the trypsinl 
BPTI complex the carbonyl oxygen atom of 
inhibitor residue 36 approaches to within 6 
A of Serz14 0. This aooroach is likelv close 
enough for there still't'o be significait cou- 
lombic interaction between the atoms. Ev- 
idence for this comes from a recent calcu- 
lation of nonbonded energy as a function of 
cutoff distance in the crystalline structure of 
the cyclic peptide [Ala-Pro-D-Phe], ; Kitson 
and Haeler showed that the total coulombic 
energy ;as seen to change by 63 to 97% of 
its asymptotic value as the cutoff distance 
was increased from 8 to 15 A (1 1). 

We reiterate our argument that the NE 
atom of His57 can serve as a base catalyst as 
Watloa2 approaches the C6 of GB-Ser195 by 
formation of a hydrogen, bond somewhat 
out of the plane of the imidazole ring. A 
brief survev of the Brookhaven Protein 
Data Bank for geometry of hydrogen bond 
donors to the nitrogen atoms of histidine 
residues reveals a reasonable distribution of 
out-of-plane bonds (12). 

Our study of a rapid transient state 
points out the polarization induced in the 
hvdrolvtic water molecule bv the 0 atom of , , 
Ser214 andreveals an approach route across 
the solvent-accessible face of the imidazole 
ring of His57. This route may be perturbed 

but is not eliminated by the presence of the 
PI-P2 peptide link. 
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