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Abstract 

To probe the role of the Asp-99. . .His-48  pair in phospholipase A, (PLA2) catalysis, the X-ray structure  and ki- 
netic characterization of the mutant Asp-99 + Asn-99 (D99N) of bovine pancreatic PLAZ  was undertaken. Crys- 
tals  of D99N belong to  the trigonal space group P3121 and were isomorphous to the wild type (WT) (Noel J P  
et al., 1991, Biochemistry 30:11801-11811). The 1.9-A X-ray structure of the  mutant showed that  the carbonyl 
group of Asn-99 side chain is hydrogen bonded to His-48 in the same way as that of Asp-99 in the WT, thus re- 
taining the tautomeric form of His-48 and the  function of the enzyme. The NH2  group of Asn-99 points away 
from His-48. In contrast, in the D102N mutant of the  protease enzyme trypsin, the NH, group of Asn-102 is  hy- 
drogen  bonded to His-57 resulting in the inactive tautomeric form  and hence the loss of enzymatic activity. Al- 
though the geometry of the catalytic triad in the  PLA2  mutant remains the same as in the WT, we were surprised 
that  the conserved structural water, linking the catalytic site with the  ammonium  group of Ala-1 of the interfacial 
site, was ejected by the proximity of the NH, group of  Asn-99. The NH, group now forms a direct hydrogen bond 
with the carbonyl group of Ala-I. 

Keywords: histidine tautomeric form; missing structural  water;  PLA2 D99N mutant; structure-function relation- 
ship; X-ray structure 

Phospholipase  A2 (Fig. 1A) hydrolyzes the sn-2 ester bond of 
phospholipids. The studies on the mechanism  of action of PLA2 
have generated immense pharmacological  interest.  The mech- 
anism involves binding of the enzyme to  the lipid-water inter- 
face,  productive binding of a single lipid molecule in the active 
site followed by hydrolysis (Scott et al., 1990). The  interfacial 
binding site is essentially at the surface and includes the residues 
of the N-terminal helix-A, the calcium ion binding loop, and the 
loop  connecting helix-D and  the 0-sheet (Dijkstra et al., 1981; 
see  Kinemage 1). The catalytic triad Asp-99,  His-48, and the wa- 
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ter molecule is embedded between helices C and E. The  struc- 
tural water  bridges the interfacial and the catalytic sites  (Fig.  1A) 
and is conserved in all the known PLA2 structures.  The  hydro- 
gen bonding network (Dijkstra et al., 1981; Noel et al., 1991) 
involving the structural water (Fig. 1B) is believed to lend struc- 
tural  support  to  the catalytic pocket (Brunie et al., 1985). 

In trypsin, as in other serine proteases,  the  catalytic  triad is 
composed of Asp,  His, and Ser. The latter is replaced by a wa- 
ter molecule in PLA2. It was predicted that in trypsin, replac- 
ing the charged Asp residue by a neutral Asn  would only reduce 
the  rate of catalysis by a factor of  10 (Fersht, 1985). However, 
this was not the case for trypsin where there was a  dramatic loss 
of catalytic activity by a  factor of lo4 (Craik et al., 1987) and 
the X-ray structure of the  mutant D102N (Sprang et al., 1987) 
showed that  the  NH2  group of Asn-102 side chain points to- 
ward His-57, resulting in the inactive tautomeric form.  On the 
other hand, in the case of porcine pancreatic PLAZ mutant 
D99N, the loss in activity was only marginal and based on so- 
lution  studies, it  was suggested that  the Asn-99 orients His-48 
in the same way as Asp-99 in the WT (Kuipers et al., 1990). In 
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Fig. 1. A: Ribbon  diagram  (Carson, 1991)  of WT phospholipase A2 showing  the  structural  water (yellow) and  the  hydrogen 
bonded  residues Ala-1, Tyr-52, Pro-68. and Asp-99. The  catalytic  triad Asp-99, His-48, and  the  water  (red)  is also shown. The 
calcium  ion is shown in gray. B: Hydrogen  bonding  scheme  around  the  structural  water  molecule  (WAT)  in  the  WT PLA2. The 
catalytic water molecule  is  referred to as CAT. 

order to probe this possibility  we undertook X-ray structural and 
functional studies of  bovine pancreatic PLA2. The X-ray  struc- 
ture of the mutant D99N  shows that the Asn-99 side chain does 
have the same conformation  as Asp-99  of the WT with the car- 
bonyl oxygen pointing toward His-48 and retaining the correct 
tautomeric  form. In addition, we  were surprised to find from 
the X-ray structure that the conserved structural water molecule 
(Fig. 1B)  was  expelled and the  NH2 group of Asn-99 forms a 
direct hydrogen bond with the carbonyl group of Ala-1. These 
structural properties are used to explain the functional results 
(see  Kinemage  1). 

Results and discussion 

The electron density was  generally strong for the D99N mutant 
including the N-terminus, the catalytic site, and its surround- 
ings,  whereas for the loop regions 64-69 and 118-122 on the sur- 
face of the protein it was somewhat  weaker. The electron  density 
for the catalytic triad containing the  mutated residue is shown 
in Figure 2. The RMS deviations in the bond distances (0.01 A) 
and bond angles (2.8') are comparable to those of the structures 
of the  other  PLA2  mutants determined in our  laboratory. The 
R M S  deviation for the C a  atoms of the mutant from that of the 
WT (Noel et al., 1991)  is 0.64 A. 

Two  alternative  orientations could be envisaged for  the 
CONH2 side chain of Asn-99 in the D99N mutant: (1) the N H 2  

group of Asn-99 pointing toward His-48 and hydrogen bond- 
ing to it (Fig.  3A) and (2) the  amino  group pointing away and 
forming hydrogen bonds with the  structural water and Tyr-73 
(Fig.  3B). Both these schemes appear to involve only small 

changes  in orientation of the structural water and perturbations 
in the  surrounding residues. We were therefore most surprised 
to find that the  structural water was  missing in  the mutant 
(Fig.  3C;  Kinemage l), particularly when it was  involved in 4 

Fig. 2. A view of the  Sim-weighted  difference (W, - F,) electron  den- 
sity  map for the  catalytic  triad  His-48,  Asn-99,  and  catalytic  water  con- 
toured at 1.20. The  hydrogen  bonds  are  shown  by  dashed lines. 



2084 A .  Kumar et al. 

A 

c 
h - .:. 

hydrogen bonds  in  the WT with Ala-I, Tyr-52, Pro-68, and 
Asp-99. The absence of the  structural water results in a consid- 
erable rearrangement of the hydrogen bonding network. Ala-1 
moves  significantly (RMS of 1.38 A from the WT) to form a di- 
rect hydrogen bond  to  NH2 of Asn-99. Besides the movement, 
Ala-1 also undergoes a change in the  backbone  conformation 
( J .  = 179" in WT + -39" in D99N), resulting in the  NH3+ 
group pointing away from the catalytic triad. These changes re- 

Y 

Fig. 3. A: Hypothetical hydrogen bonding scheme for the D99N 
mutant with the  NH2 group of Asn-99 hydrogen bonding to His- 
48 and Tyr-52. B The alternate  conformation  of  the Asn-99 side 
chain with the NH2 group pointing away from the His-48 and hy- 
drogen bonding to Tyr-73 and the structural water-3 molecule. The 
hydroxyl groups of Tyr-52 and Tyr-73 have switched orientation 
from A to B to accommodate  the hydrogen bonding. Notice that 
the hydrogen bonding pattern of the  structural water molecule in 
A and B is different from each other and the WT although the 
structural water is 4-coordinated in all  3 cases. C: The hydrogen 
bonding scheme in the X-ray structure of the  mutant D99N. The 
structural water is missing and  the amino group of Asn-99 is 
directly hydrogen bonded to the  carbonyl group of Ala-1. 

sult in Ala-1 partially filling the void created by the missing 
structural water molecule  (Fig.  4A,B). In spite of these changes, 
the  NH3+  group of Ala-1 retains 2 of its hydrogen bonds  as in 
the WT, viz., to  the Oe1 of Gln-4 and  the carbonyl oxygen  of 
Asn-71, whereas the  third hydrogen bond  to  the structural wa- 
ter is  now to the 0 6 1  of Asn-72 (Fig. 4C). Even though Ala-1 
has moved considerably, its carbonyl group retains the a-helical 
hydrogen bond with the main-chain NH of Phe-5 as in the WT. 
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In the active site of the  mutant  there was a net loss of 3 hydro- 
gen  bonds:  loss of 4 involved  with the structural water and a gain 
of 1 from the Asn-99 to Ala-1. 

Because the  NH2 group of the Asn-99 side chain is engaged 
in a direct hand  shake with the  carbonyl  group of Ala-1, the 
C=O group points  toward His-48, thus maintaining its tauto- 
meric form  as in the WT. Further, the hydrogen bonding be- 
tween  His-48 and the catalytic water of the triad has not changed 

Fig. 4. Van der Waals surface diagram of  the residues around  the 
structural water in the WT (A) and the D99N mutant (B). Notice 
that the new position and conformation of Ala-1 in B fiis the void 
created by the missing structural water. C: Overlay of  the skele- 
tal drawings of  the WT (red) and the  mutant D99N (green) show- 
ing the hydrogen bonding scheme. Residues around Ala-I that are 
hydrogen bonded to the  ammonium  group are also shown. Notice 
the large change in the  orientation  of  the NH3+  and Cp methyl 
groups of Ala-1. Despite this change, the  ammonium group in the 
mutant still forms 3 hydrogen bonds, 2 of which are  to the  same 
acceptors  as in the WT. 

from  that of the WT. The alternate  orientation of Asn-99 with 
NH2 pointing toward His-48 is not feasible because of (1) the 
steric clash between the  NH2 group  and  the hydrogen atom on 
the Ne2 of  His-48 and (2) the repulsion between the  carbonyl 
oxygen of the Asn-99 side chain and  that of Ala-1. 

Despite the conformational changes caused by the absence of 
the structural water the geometry of the catalytic triad (Fig. 2) 
has been little affected (RMS 0.25 A). The  061(99). . -Ne2(48) 
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distance in the  mutant (2.9 A) is similar to  that  in  the WT 
(2.8 A). Further, the planes of the -CONH2  group in D99N and 
COO-  group  in  WT  are inclined at similar angles (39" versus 
37") to the plane of the imidazole ring of His-48. In the mutant, 
the catalytic water molecule deviates by 0.87 A from  the plane 
of the His-48 side chain and is at a distance of 2.8 A from N61. 
In the WT, the corresponding values are 0.92 A and 3.2 A, re- 
spectively. In both  the structures, the catalytic water molecule 
is 4.1 A away from  the calcium ion.  The side-chain conforma- 
tion of Asn-99  in the mutant (x1 = -66", x2 = 170") and Asp-99 
in the WT (x1 = -75", x2 = 180") are in the  preferred 
(-)gauche, trans regions. His-48 also has the same conforma- 
tion (x1 = 180", x2 = -110") in the  mutant  and  the WT  en- 
zymes. All of these indicate that  the tautomeric form of His-48 
in  D99N is the same as in the WT. On the contrary, in the D102N 
mutant of trypsin (Sprang et al., 1987) the Asn-102 side chain 
has switched so that the NH2 group now points  toward His-57. 
This changes the tautomeric form of His-57 and prevents it 
from abstracting  a proton  from Ser-195 and  the enzymatic ac- 
tivity is lost. 

The structural  data can explain the relatively modest change 
in the kinetic constants  of D99N compared to WT  PLA2. As 
shown in Table 1,  the kc,, of D99N decreases by 210-fold for 
DCsPC micelles and 13-fold for DC6PC monomers. Because 
the kc,, of micelles  is only an  apparent value, we further deter- 
mined the uo and kc,, values at the  surface of  vesicles using 
scooting mode assays (Berg  et al., 1991; Jain & Gelb, 1991).  As 
shown in Table 1, the uo and kc,, values decrease by only 13- 

Table 1. Summary of properties of WT and D99N PLA2 

Parameters WT D99N 

Conformational  stabilitya 
6G:zo (kcalhnol) 9.5 4.7 
D1/2 (M) 6.9 5.1 

DCsPC micelles 
kc,,, opp (s - I 1 670 3.2 
Km,app (mM) 1.4  2.0 

kc,, (s I ) 1.2 0.09 

vfl (s") 330  26 
N,k,  W 1 )  30 9 
kc,, (scI) 670 35 
K$ 0.65 0.25 
kcat / K &  1,030 140 

DCsPC monomers 

DCI4PM vesiclesb 

pH dependence' 
pH optimum 7.6 8.8 
PK, I 5.9 7.2 
PKll2 9.1 9.4 

a Determined by guanidine-HCI-induced denaturation as reported 
(Pace, 1986). 6Gfz0 is the  free energy of denaturation at zero concen- 
tration of guanidine-HCI, is the  concentration at the  midpoint, 
and m is a  constant. 

See  Berg et al. (1991) and  Jain  and Gelb (1991) for experimental 
procedures.  Definition of kinetic parameters at the  interface: K&, 
Michaelis constant; kc,,, turnover number at saturating  substrate  con- 
centration; N s k i ,  apparent second-order rate constant; on, turnover 
number when mole fraction of substrate = 1. 

Determined for  the specific activity with 5 mM DCsPC micelles. 
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and 20-fold, respectively. Other equilibrium dissociation con- 
stants  at  the interface do not vary greatly between WT and 
D99N. These results taken  together suggest that  the  rate of the 
chemical step decreases by only ca. 20-fold for D99N PLA2, in 
contrast to the  104-fold decrease in the kc,, of D102N trypsin 
(Craik et al., 1987; Sprang et al., 1987). 

The pH-rate profile was determined for  both WT and D99N 
PLA2 in order  to examine the effect of this  mutation  on  the 
pK, of His-48. The results are shown in Figure 5 and Table 1. 
The pK,, and pK,, of the WT  (5.9 and 9.1, respectively) are in 
good agreement with the pK, of His-48 (5.7) (Aguiar et al., 
1979) and  the pK, of the amino-terminus (8.8) (Jansen, 1979), 
respectively, determined by NMR  previously.  Replacing the neg- 
atively charged Asp-99, which is expected to stabilize the pro- 
tonated  form of His-48, by a neutral Asn,  one would predict the 
pK, of His-48 to decrease. Consistent with this,  the pK,, of 
trypsin mutant D102N decreases by 1.5 pH units relative to WT 
trypsin (Craik et al., 1987). For the PLA2 mutant D99N, the in- 
crease in the pK,, from 5.9 to 7.2 and in the pH optimum from 
7.6  to 8.8 are  contrary  to expectations. The  anomalous shift in 
the pK,, of D99N PLA2 could be due  to a  number of factors, 
including the possibility that the pK,, of the pH-rate profile of 
D99N PLA2 (Fig. 5)  is not  a  true reflection of the pK,, of His- 
48. This possibility was further examined by directly determin- 
ing the pK, of His-48 from NMR. 

In the WT enzyme, the  H2 of His-48 displays a pK, of 5.7 
(Aguiar et al., 1979). In D99N, adistinct resonance, possibly aris 
ing from  the  H2 of the His-48, does  not display a clear chemical- 
shift  change from  pH 8.9 (8.463 ppm) to 4.7 (8.462 ppm).  The 
pK, apparently has  been shifted to less than 4.7 because, below 
this pH, the peak is broadened and shifted to 8.28 ppm at  pH 2.6; 
however, the exact pK, cannot be determined because the en- 
zyme appears to undergo denaturation  at this low pH range. 
Thus  the NMR analysis suggests that in PLA2, the pK, of His-48 
decreases from  the WT to D99N by more than 1.0 pH unit as 

M s 

3.0 5.0 pH 7.0 9.0 

Fig. 5. The  pH profiles of WT and D99N PLA2 activities toward 
DCsPC micelles, determined with saturating substrate (5 mM) at 45 "C 
in 1 mM sodium borate, 25  mM CaCI,, 100  mM NaCl, and 0.1 mM 
EDTA. Notice that the vertical scale of the WT has been scaled down 
by a  factor of 370. A pH point at each side of the curve has been se- 
lected to verify that Km,upp does not change significantly from the value 
reported in Table 1. 
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expected. The anomalously  high pK,, of  D99N obtained from 
the pH-rate profile could be caused by other factors contrib- 
uting to the catalysis. Further investigation will be required to 
fimly establish the reason for the anomaly. 

Because in the WT PLA2 the structural water  connects the 
catalytic site residues  with  those  of the interfacial site, we also 
examined  whether interfacial site residues and interfacial bind- 
ing  have  been perturbed in D99N.  Ala-1, an important residue 
for interfacial  catalysis  (Dijkstra  et al., 1984), has  indeed  moved 
considerably and also changed its conformation. Leu-19, an- 
other important residue  in the interfacial binding site (Dijkstra 
et al., 1981) or in  the  hydrophobic  channel  (White  et  al., 1990), 
has  also  undergone a large conformational change from a type- 
I1 reverse turn (comprised  of  residues  17-20) to a type-I11 ($ = 
+38’  in the WT and $ = -25’  in the mutant) (Fig.  6).  These 
conformational  changes have not  affected  the  binding of the  en- 
zyme to the  interface.  There  is no evidence from  the fluorescence 
binding  studies (Jain & Maliwal,  1993)  of  any substantial  change 
in the substrate binding  of the enzyme to the interface (M.K. 
Jain, unpubl.  results).  This  shows that the modest  decrease  in 
catalysis, comparable to that observed for the Asn-mutant of 
porcine  pancreatic PLA2 (Kuipers  et  al.,  1990),  probably  arises 
due to a perturbation in the hydrolysis step rather than inter- 
facial  binding. 

This is the first X-ray structural evidence  which  shows that 
Asn-99  of the mutant D99N orients His-48 in the same way as 
Asp-99 in the WT  (see  Kinemage  1).  An  unexpected  result from 
the study is that  the structural water  molecule is eliminated  in 
order to allow  the NH2 group of  Asn-99 to point away from 

Fig. 6. The switch from the type-I1  reverse turn in the WT  (red) to the 
type-111  in the D99N mutant (green)  involving  residues  17-20. 

His-48.  This  preserves  the  hydrogen  bonding pattern of the cat- 
alytic triad and the tautomeric form of  His-48 as in the WT and 
hence the enzyme  remains functional. It was  believed that the 
precise  architecture at  the N-terminal  end  is  crucial  in the inter- 
facial  binding  (Slotboom  et  al., 1977; Dijkstra  et  al., 1984). The 
present work indicates that although the enzyme  loses its struc- 
tural water, it can adapt itself  by redistributing the hydrogen 
bonding  network at the N-terminus and undergo  some confor- 
mational changes to retain its micelle binding.  The  absence  of 
the structural water  molecule affects the surrounding structure, 
which can  possibly  explain the reported increase  in the flexibil- 
ity and the decrease in the stability of  D99N (Dupureur et al., 
1 992). 

Materials  and  methods 

The kinetic  methods used in  this  work were carried out accord- 
ing to the reported procedures (Berg et al., 1991; Jain & Gelb, 
1991;  Noel  et al., 1991; see also  Table  1). The crystals of the 
D99N mutant of  the  recombinant  bovine  pancreatic  PLA2  were 
grown  using the conditions  described  earlier  (Noel  et al., 1991). 
The  crystals  belong to the trigonal system,  space group P3,21, 
cell dimensions, a = b = 46.1 1, and c = 102.lOA. The intensity 
data out to 1.9 A were collected, at room temperature, on our 
in-house  Siemens  area  detector  using a Max  Science rotating an- 
ode source operating at 50 kV and 90 mA. The crystal-to- 
detector  distance was  12.5  cm and the exposure  time was 90 s 
per frame. The data were obtained from a 0 + 180’ 4 scan and 
3 o scans at different 4 and x values  with an increment  of  0.2”. 
In all, 10,307  unique  reflections [P>  la(F)] were  collected  with 
an R ,  of  0.06. The intensity data were reduced  using the 
XENGEN-2.0 software package (Howard, 1990).  Because the 
mutant crystal was isomorphous to that of  the WT (P3,21, cell 
dimensions a = b = 46.52, and c = 102.20 A) its coordinates 
formed  the  starting  model for the refinement.  The  structure was 
refined  using  X-PLOR  3.0  (Briinger,  1992).  The  protein  was  fit- 
ted to the Sim-weighted  difference-electron  density  maps  using 
the program  package  FRODO  6.6 (Jones, 1985) on our Evans 
and Sutherland molecular  graphics  system ESV30. The  refine- 
ment dropped the R-value to 21.5%. At this point water  mol- 
ecules  were  included  in the  refinement. In d, 81  water  molecules 
were located from the  difference  map by applying the same  cri- 
teria as before  (Sekharudu  et  al.,  1992).  Refinement  of  the  struc- 
ture  including  the  water  molecules  gave a f i a l  R-value  of  18.5% 
for  the 8,870  reflections [ F  > 3a(F)] in the resolution  range 
6.5-1.9 A. The  final model  was  comprised  of  957  protein atoms, 
1 calcium ion, and 81  water  molecules.  The  average error in  the 
atomic  coordinates  estimated  from  Luzzati  plots  (Luzzati, 1952) 
is about 0.2 A. The atomic coordinates have  been  deposited  in 
the  Brookhaven Protein Data Bank  (reference  1CEH). 
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