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The Three-Dimensional Structure of Asn'*? Mutant of
Trypsin: Role of Asp'®? in Serine Protease Catalysis

S. SPRANG,* T. STANDING, R. J. FLETTERICK, R. M. STROUD,
]C.FSIN(E:R-MOORE, N-H. XuoNG, R. HAMLIN, W. J. RUTTER,
. S. CRAIK

The structure of the Asn'”? mutant of trypsin was determined in order to distinguish
whether the reduced activity of the mutant at neutral pH results from an altered active
site conformation or from an inability to stabilize a positive charge on the active site
histidine. The active site structure of the Asn’® mutant of trypsin is identical to the
native enzyme with respect to the specificity pocket, the oxyanion hole, and the
orientation of the nucleophilic serine. The observed decrease in rate results from the
loss of nucleophilicity of the active site serine. This decreased nucleophilicity may result
from stabilization of a His%" tautomer that is unable to accept the serine hydroxyl

proton.

HROUGHOUT THE DIVERSE FAMILY
Tof serine proteases, the three residues

implicated in the bond breaking and
making events of protease catalysis, His*’,
Asp'®2) and Ser'”® (chymotrypsin number-
ing system) are conserved. The spatial rela-
tion among these residues is virtually equiv-
alent in the three-dimensional structures of
all serine proteases studied. The catalytic
roles of Ser'® and His*’ are firmly estab-
lished (1). The substrate (ester or amide)
carbonyl carbon undergoes a nucleophilic
attack by the hydroxyl group of Ser'®,
which leads to the formation of an acyl
enzyme intermediate. His®’ 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 Asp'®
has not yet been defined. The three func-
tions proposed for this residue are: (i) stabi-
lizing the His’’ conformation that is re-
quired for catalysis (2), (ii) stabilizing the

appropriate His*’ tautomer (2), and (iii)
stabilizing the positively charged histidine
that forms during the reaction (3). The
proposed functions were tested with a ge-
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the etric unit is 0.21
crystal forms of D 102 N trypsin is 0.25 A.
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trypsin (I3, 26) after least-squares superposition is 0.47
side-chain atoms. Values quoted are the average of those obtained for molecules 1 and 2 in the
asymmetric unit of the D 102 N trypsin crystals grown at pH 6. The computed rms distance may be an
underestimate of the true differences in the two structures because of the use of bovine trypsin as the
initial phasing model. The rms difference after superposition between all atoms of the two molecules in
A. The rms deviation between the main-chain atoms of the pH 6 and pH 8

netically engineered mutant of the anionic
isozyme of rat trypsin that was constructed
by replacing Asp'® with an asparagine (4),
designated here as D 102 N trypsin, where
D is Asp and N is Asn.

The activity of D 102 N trypsin has been
studied as a function of pH (4). The activity
of this mutant enzyme toward a variety of
substrates is reduced by four orders of mag-
nitude 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
conformational 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
P2,2,2)) of rat D 102 N trypsin grown at
PH 6 in the presence of benzamidine were

Fig. 1. An a-carbon diagram (stereoscopic) of anionic rat D 102 N trypsin at pH 6 (9-12) (green) is
superimposed on bovine trypsin (blue). Residues in rat trypsin (12) that differ in side-chain type from
corresponding residues in the bovine sequence (25) are highlighted in red here. Side-chain positions for
residues Asn'®?, His®’, and Ser'® are also shown in red. The root-mean-square (rms) difference in
position between corresponding atoms of D 102 N rat tr?sin in the crystals grown at pH 6 and bovine

for all main-chain atoms and 0.67 A for all
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obtained by vapor diffusion against polyeth-
ylene glycol (Figs. 1 and 2, top). Diffraction
data were measured to 2.3 A resolution with
monochromatic copper Ka radiation and
the crystal cooled to 4°C on a multiwire area
detector with the procedures described by
Xuong et al. (5) (Table 1). A cubic crystal
form (space group I123) was obtained at pH
8 by vapor diffusion against magnesium
sulfate. Diffraction data for this form were
recorded to 2.8 A resolution with mono-
chromatic copper Ka radiation on a diffrac-
tometer (7) (Table 1 and Fig. 2, middle).
Both crystal structures were determined by
molecular replacement methods (8) and re-
fined by stereochemically restrained minimi-
zation of the differences between observed
and computed structure amplitudes (6, 9-
12) (Table 1 and Figs. 1 and 2).

The tertiary structures of the mutant rat
anionic trypsin at both pH 6 and 8 are
essentially identical to that of the bovine
enzyme (7, 13). The largest differences be-
tween the enzymes from rat and cow are
localized to four segments in the NH, termi-
nal domain, all outside the B core, where
deviations between corresponding main
chain atoms exceed 1.0 A (Fig. 1). The
structural similarity between D 102 N tryp-

Fig. 2. (Top) The difference Fourier map
(Fobs — Fealc) at the catalytic site of D 102 N rat
trypsin at pH 6. The side-chain atoms of His®’
were omitted from the calculated structure factors
and phases. The trans and gauche conformations
of the histidine side chain related by x' torsional
differences of 70° are superimposed on the elec-
tron density. The difference electron density is
shown at a contour level of 0.2 electron per cubic
angstrom. The map extends over all atoms shown
in the figure. No negative density is present in this
region at the 0.2 electron per cubic angstrom
level. Two lobes of flat, ellipsoidal density are
evident, both continuous with the density corre-
sponding to the CB atom of His®’. The peaks are
of unequal magnitude; the stronger peak is locat-
ed within the active site between the side chains of
Asn'®? and Ser'® at a position coincident with
His*’ in the structures of bovine trypsin, and the
second weaker peak is outside of the active site
pocket. The shape of both lobes of density and
their proximity to the CB atom of His’’ rules out
the assignment of either peak to ordered solvent.
(Middle) A difference Fourier map (Fops — Fealc)
showing the catalytic site of D 102 N trypsin
from crystals grown at pH 8. The side-chain
atoms of His*” were omitted from the calculated
structure factors and phases. At this pH, only the
gauche conformer for His®’ is observed in the
difference electron density. The histidine confor-
mation is almost identical to that observed in
bovine trypsin—benzamidine complex (7). The
structure of D 102 N trypsin at pH 8 was
determined by molecular replacement, using the
refined structure at pH 6 as a search model. The
side-chain atoms of Asn'®?, His*’, and Ser'®® as
well as solvent, benzamidine, and calcium ion
atoms were omitted from this model. The rota-
tion function produced only one significant peak
and was evaluated with all data to 2.8 A and an
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sin and bovine trypsin is quite high in the
neighborhood of the active site; no signifi-
cant differences in the relative positions
(<0.3 A) (Table 2) or relative thermal factors
are observed for Asn'® Ser'” or the
oxyanion binding 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
His"’ is statistically disordered (Fig. 2, top)
(11, 12), and is partitioned between the
gauche conformation observed in native
trypsin and an alternative trans conforma-
tion, in which the imidazole side chain is

integration radius from 4.0 to 16 A. The R factor
at the 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 crystallized at pH 6.0 (thick lines). Both
conformers of His*’ in D 102 N rat trypsin are
shown.

displaced from the active site toward the
solvent. Only the native gauche His*? con-
formation is observed in crystals grown at
pH 8. Unless otherwise stated, all references
to His* in the following discussion refer to
the native conformer.

In both the pH 8 and pH 6 crystal forms,
Asn'? is superimposable within experimen-
tal error with Asp102 of the bovine enzyme
(Fig. 2). In trypsin, one of the carboxylate
oxygen atoms of Asp'® accepts hydrogen

bonds from the main-chain amide groups of
residues 56 and 57, and the second accepts
hydrogen bonds from both the N31 atom of

(e]
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Fig. 3. (A) In the hydrogen bond network found
in D 102 N trypsin above neutral pH, His*’ is
unable to accept a proton from Ser'®® O8. The
orientation of the hydrogen bond between His®
and Ser' is the reverse of that observed in the
bovine trypsin-benzamidine structure (7). (B) In
the hydrogen bond network of wild-type trypsin,

His7 is an acceptor for the proton from Ser'.

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 pH 8
were collected with a diffractometer.

Diffraction Crystal form
data pH 6 . pH 8
Crystal data

Space group P2,2,2, 123
Cell dimensions 2 =404 a=1244

A&) b=92.0

c=127.4

Molecules per 2 1

asymmetric unit

Diffraction data
Resolution (A) 2.3 2.8
Total observations 90,000 5,000
Unique observations 22,000 4,500
Ryymm* 0.05
Refinement vesults

Reryat 0.16 0.21
Resolution (A) 6.0-2.3 8.0-2.8
rms difference 0.03 0.03

(bond) (A)¥
rms difference 0.05 0.05

(angle) (A)¥

*Agreement between symmetry-related structure-factor
magnitudes R
R = (2,2; KFy) = Ful)/(Z4Fn)
where (F),) is the mean structure factor magnitude of the ¢
obscrvations of reflections that are related to the Bragg
index 4. tAgreement between the observed (Fops)
and calculated (Feqic) structure factor magnitudes Reyygr
Rcryst = (EHFobsl - chalc ||)/(2 lFobsl)

$Root-mean-square deviation between the ideal and
refined bond distances and angle distances.

21 AUGUST 1987

His® and the Oy atom of Ser?!* (Table 2
and Fig. 3). In D 102 N trypsin, there are
two chemically distinct conformations pos-
sible for Asn'®. In one of these the N32
group of Asn'®? 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 CB—
Cy bond. In this case, the O81 atom of
asparagine could accept hydrogen bonds
from the main-chain amide groups, whereas
the N32 atom could accept hydrogen bonds
from the His>’ imidazole and Ser*' 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 Asn'®
side chain. The interatomic distances in the
present model (15, 16) support the assign-
ment of the tautomeric form shown in Fig.
3A. One of the Asn'® amido atoms is
located 2.6 A from the amide nitrogen of
residue 56 and 3.1 A from the amide of
residue 57. This atom of the Asn'® side
chain could then be involved in hydrogen
bonds with these two amides and would
thus be identified as O31. Asn'®? N&2
would therefore be a hydrogen bond donor
to both the N31 of His’’ and the O3 of
Ser?*. Asp'® accepts hydrogen bonds from
both of these residues in bovine trypsin.

In the proposed crystallographic model,
Asn'? can only serve as a hydrogen bond
donor to His’; the polarity of the hydrogen
bond network involving His*, residue 102,
and Ser'®’ is reversed in the mutant enzyme
with respect to that in bovine trypsin (Fig.
3). For values of pH greater than the pK, of
the imidazole (K, is the ionization con-
stant), the monoprotonated tautomer must
be protonated at Ne2 since it serves as a
hydrogen bond acceptor from Asn'® at
N31. In contrast to trypsin, the Ne2 of

<— gauche - <— trans —»

50 =

401

(Alternate conformation)

trans-His57

20

-—

(Native conformation)

«—— gauche-His57

60 120

+180 -120

x ! Torsional angles (degrees)

His" in the mutant enzyme is a potential
hydrogen bond donor to the Oy of Ser'®’.
Thus His’’ cannot act as a general base in
transferring a proton from Ser'® and this
probably accounts for the diminished activi-
ty of D 102 N trypsin near neutral pH. For
trypsin above neutral pH, where the enzyme
becomes active, His*’ is protonated at N31
(17). Therefore, the presence of a negatively
charged Asp'®* 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 Ser'” to the leaving
group.

A difterence Fourier map (Fig. 2, top) for
the crystals grown at pH 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 CB—Cry bond is trans to Ca—N,
and the imidazole is rotated from the cata-
Iytic site. The trans His’’ conformer does
not form a hydrogen bond with Asn'®? or
Ser'®® but rather is in contact with a solvent
water molecule at the surface of the enzyme
(Table 2). The alternative position is nearly
gauche and similar to the His>’ conforma-
tion in bovine trypsin and D 102 N trypsin
crystallized at pH 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) (11, 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 Cel of His”’ (gauche), and may corre-
spond to a partially occupied solvent water
which is ;)rcscnt in the active site pocket
when His’ is displaced (trans).

The displacement of His’” from the active
site of D 102 N trypsin below neutral pH is
probably a consequence of steric conflicts
between the protonated N81 atom of His
and the proton on the N32 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-

<— 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
His*” 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
trypsin is more frequently
observed.

-60 0
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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 at pH 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).

Conformational Hydrogen bond
angles (degrees) distance (&)
Residue Atoms Wil wid
0102 1 102 1
As ype A type
His*” (gauche) N-Ca~CB-Cy 84 92
(trans) 157
His®’” (gauche) Co~CB—Cy-N3l -96 -100
(trans) -93
Ser!®s N-Ca~CB-Ory -59 -77
His*’ (gauche) N31-Asn/Asp'® N/O82 2.8 2.7
His*’ (gauche) Ne2-Ser' Oy2 32 3.0
His*’ (gauche) Ne2-H,0*°0 3.0
Asn'®/Asp!®? 031-Ala*N 2.6 2.9
Asn'%/Asp!0? 031-His*’N 31 2.8
Asn'%%/Asp'®? N/O32-Ser*“Ory 2.7 2.8
Ser's Oy-H,0"" O 2.9 3.0

ent steric conflicts between His*’ and other
residues in the catalytic site. However, even
in trypsin, the native gauche conformation
of His*” imidazole may be energetically un-
favored and require hydrogen bond stabili-
zation by Asp!®. A survey of the x' angles
of His side chains in refined protein struc-
tures (Fig. 4) shows that the conformation
found in bovine trypsin is uncommon. Ste-
ric hindrance arises as a result of close
contacts between the Cy and C382 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 (7)]. Nevertheless,
His*” is well ordered in crystals of native
trypsin (13, 17) and tritium exchange mea-
surements indicate that expulsion of His®’
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 (18). Displacement of
His®” 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 histidine
conformation is stabilized by a hydrogen
bond between the N81 atom of His and the
carboxylate oxygen atom of Asp'®.

In D 102 N trypsin, the conformation of
His®” appears to be linked to its protonation
state. In the monoprotonated imidazole tau-
tomer that predominates above neutral pH,
the N81 atom of His can accept a hydrogen
bond from N32 of Asn'®. Protonation at
the histidine N31 at the lower pH results in
the loss of this hydrogen bond and possibly
also steric conflict with the N82 of Asn'®.
The imidazole is then free to rotate to the
more favored trans conformation, away
from the catalytic site. Orthorhombic crys-
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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 His*’ 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 pH 7.2 to 8.7 (4), which
suggests that as in the pH 8 crystals, a
substantial proportion of D 102 N trypsin
molecules in solution contain His* in the
native gauche conformation.

As a result of the substitution of Asn for
Asp'®, the mutant trypsin reacts with diiso-
propylfluorophosphate (DFP), a reagent
that specifically titrates the Ser'® nucleo-
phile, 10* times more slowly than with
trypsin (4). The decreased Ser'”® 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. His”
does not act as a base in this mutant because
it exists in the incorrect tautomer. While the
tautomeric form of His*’ is changed in D
102 N trypsin, the oxyanion binding site
(I14)—the main-chain amide 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 10* in rate
enhancement may derive from the stabiliza-
tion and orientation of the lone pair on the
Ne2 atom of His””. The remaining factor of
10* can presumably be ascribed to orienta-
tion of the nucleophile (Ser'®’) and transi-
ton state binding. Under alkaline condi-
tions (pH > 10), 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; His®’ is correctly ori-
ented, but the oxyanion 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 DFP is also reduced by
a factor of ~10* relative to trypsin (20),
which again ascribes an upper limit of 10*
rate acceleration to transition state binding.
Catalytic rate enhancement by serine prote-
ases is thus partitioned almost equally be-
tween (1) orientation and stabilization of the
enzyme base His’’ and (ii) the correctly
oriented serine nucleophile and transition
state binding site. Studies of D 102 N
trypsin indicate that the Asp'®® residue plays
a critical role in the first of these processes,
perhaps electronically with His*’ (24), and
structurally, by providing hydrogen bond
stabilization of the functional tautomer and
thus maintaining its correct orientation
within the catalytic site.
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respective models. In both cases, residual electron
density appeared at the alternative histidine site.
Again, the observed dcnsigf peaks were contiguous
with the CB atom of His*’ and thus could not be
interpreted as ordered water molecules. The relative
occupancy of the two histidine positions and the
total occupancy of both positions relative to other
histidine side chains was estimated by integration of
difference electron density at all of the histidine side-
chain positions in one of the trypsin molecules in the
asymmetric unit. The difference Fourier map
(Fobs — Fcaic) 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: His®, 0.87,
His”’, 0.60; His™, 0.79; and His®, 1.0. All but
His*7 are well ordered, so the range in integrated
densities reflects thermal motion and experimental
error. The sum of the density over the two His"
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 His’” atoms at both
positions. The relative occupancy of the alternative
His” positions was estimated by integrating the
difference density at the N81 and Cel atoms of the
gauche conformer and the C32 and Ne2 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 two 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 trans 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 Catalytic Role of the Active Site Aspartic Acid in

Serine Proteases

CHARLES S. CRAIK, STEVEN RoOCzNIAK,* COREY LARGMAN, T

WiLLiaM J. RUTTER

The role of the aspartic acid residue in the serine protease catalytic triad Asp, His, and

102

Ser has been tested by replacing Asp

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 Ser

195._specific reagent

diisopropylfluorophosphate is approximately 10* times less than that of the unmodi-

fied enzyme. In contrast to the dramatic loss in reactivity of Ser

195, the mutant trypsin

reacts with the His"-specific reagent, tosyl-L-lysine chloromethylketone, only five
times less efficiently than the unmodified enzyme. Thus, the ability of His" to react
with this affinity label is not severely compromised. The catalytic activity of the mutant
enzyme increases with increasing pH so that at pH 10.2 the k., 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.

ERINE PROTEASES FUNCTION IN

many biological systems to hydrolyze

specific polypeptide bonds. Trypsin, a
well-studied member of this family, cata-
lyzes the hydrolysis of peptide and ester
substrates that contain lysyl or arginyl side
chains. Serine proteases have the triad of
residues Asp'®?, His*’, and Ser'® at the
active site (chymotrypsin numbering sys-
tem). X-ray crystallographic studies reveal
that these three residues are in close proxim-
ity, which suggests they may serve as a
functional interacting unit responsible for
bond formation and cleavage during cataly-
sis (1). Numerous chemical and physical

studies indicate that Ser'®® and His* play
crucial roles in catalysis. For example, selec-
tive reaction of Ser'* with diisopropylfluor-
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