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The structures of enzymes reflect two tendencies that appear opposed. On
one hand, they fold into compact, stable structures; on the other hand,
they bind a ligand and catalyze a reaction. To be stable, enzymes fold to
maximize favorable interactions, forming a tightly packed hydrophobic
core, exposing hydrophilic groups, and optimizing intramolecular
hydrogen-bonding. To be functional, enzymes carve out an active site for
ligand binding, exposing hydrophobic surface area, clustering like
charges, and providing unfulfilled hydrogen bond donors and acceptors.
Using AmpC b-lactamase, an enzyme that is well-characterized structurally and mechanistically, the relationship between enzyme stability
and function was investigated by substituting key active-site residues
and measuring the changes in stability and activity. Substitutions of
catalytic residues Ser64, Lys67, Tyr150, Asn152, and Lys315 decrease the
activity of the enzyme by 103 –105-fold compared to wild-type. Concomitantly, many of these substitutions increase the stability of the enzyme
significantly, by up to 4.7 kcal/mol. To determine the structural origins of
stabilization, the crystal structures of four mutant enzymes were determined to between 1.90 Å and 1.50 Å resolution. These structures revealed
several mechanisms by which stability was increased, including mimicry
of the substrate by the substituted residue (S64D), relief of steric strain
(S64G), relief of electrostatic strain (K67Q), and improved polar complementarity (N152H). These results suggest that the preorganization of
functionality characteristic of active sites has come at a considerable cost
to enzyme stability. In proteins of unknown function, the presence of
such destabilized regions may indicate the presence of a binding site.
q 2002 Published by Elsevier Science Ltd
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Introduction
The complicated structures of enzymes reflect
several competing tendencies. Among them are the
balance between stability and activity. On one hand,
enzymes fold into compact, stable three-dimensional
structures. On the other hand, they must also be
active, binding and stabilizing ligands and transition
states to catalyze reactions. The structural features
that confer stability appear to be opposed, or at
least orthogonal, to those that confer activity.
Abbreviations used: WT, wild-type; Tm, temperature
(8C) of melting; DHVH, van’t Hoff enthalpy of unfolding;
DSu, entropy of unfolding; DGu, Gibbs free energy of
unfolding; kcat, catalytic rate constant; KM, MichaelisMenten constant.
E-mail address of the corresponding author:
b-shoichet@northwestern.edu

An enzyme achieves stability through an
extensive network of favorable interactions. These
include the formation of a well-packed hydrophobic core surrounded by exposed hydrophilic
groups, the folding of the backbone into discrete
secondary structures stabilized by hydrogen bonding, and occasionally, the burial of complementary
pairs of polar residues.1 An enzyme achieves
activity through a different set of structural
features. In creating a site in which a ligand can
bind and chemistry can occur, proteins expose
hydrophobic surface area,2 sequester charged
groups from solvent,3,4 cluster like charges,5 provide unfulfilled hydrogen bond donors and
acceptors, and promote strained conformations of
residues.6 To be available for binding and catalysis,
an active site must not complement these potential
opportunities with its own residues, which is
exactly what happens in regions optimized for
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Figure 1. The active site of WT AmpC b-lactamase
(PDB entry 1KE4) (a) with and (b) without ligand
bound. In (a), the complex of WT AmpC with the
substrate loracarbef is modeled, based on the crystal
structure of loracarbef from a structure determined with
a deacylation-deficient mutant enzyme (PDB entry
1FCN) modeled into the active site of the WT enzyme.
Hydrogen bonds with key active-site residues are
shown in purple broken lines; intra-enzyme hydrogen
bonds are shown in yellow. In (b), the active site is
shown without a ligand (from PDB entry 1KE4). Carbon
atoms of the protein are colored gray, carbon atoms of
the ligand green, oxygen atoms red, and nitrogen atoms
blue. Figures 1 and 4 were generated using MidasPlus.49

stability. Thus, active sites appear to be regions of
local instability in protein structures relative to
alternate sequences.
The suggestion that active sites possess high
energy, destabilizing interactions dates back to
theoretical studies by Warshel;3,4,7 presentiments of
the idea may be found in work by Williams8 and
by Richards.9 Warshel proposed that the active
sites of enzymes are electrostatically preorganized
to bind a transition state, fixing their dipoles and
charged groups to compete with water for binding
and to facilitate enzyme catalysis.3 Whereas the
dipoles of water must reorient themselves to bind
a ligand, forming unfavorable interactions
amongst themselves, enzymes are preformed to
recognize the transition state and lower the
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activation barrier of the reaction.3 Consequently,
the active site of an enzyme itself is highly strained
because of this preorganization.3,4 Williams, in his
discussion of the “entatic state” of proteins, also
noted that metallo-enzymes often have high energy
functional regions, in this case often in the metalbinding region itself. The high energy of this state
can force the substrate in to a “strained” configuration to promote catalysis.8,10 In an apparently
unrelated work that nevertheless appears to speak
to the same principle, Herzberg & Moult noted
that strained conformations are concentrated in
functional regions of protein structures.6
Experimental studies of the relationship between
enzyme stability and function have been undertaken by several groups, most notably those of
Fersht & Matthews.1,11 – 13 Fersht and co-workers
substituted charged active-site residues of barnase
with alanine residues; the stability of the
mutant enzymes was increased by as much
as 0.64 kcal/mol (1 cal ¼ 4.184 J) concomitantly,
activity decreased.11 Similar results were seen in
barstar,12 staphylococcal nuclease,14,15 thioredoxin
reductase16 and the Cro repressor.17 In an explicit
effort to test the “stability – function” hypothesis,
several functional residues of T4 lysozyme were
replaced with amino acids that appeared to better
complement the active site; single-residue substitutions stabilized the enzyme by up to 2 kcal/
mol.13 This led to a general formulation of the
hypothesis, allowing for electrostatic preorganization of active sites, as first envisioned by Warshel,
but also hydrophobic, conformational, and steric
preorganization. Taken together, these results
suggest that enzymes can gain significant stability
from replacement of active-site residues. Conversely, little change is typically expected for
randomly chosen surface substitutions on
proteins,18,19 although there are some exceptions to
this trend.20
One limitation to previous studies is that their
enzyme assays were difficult to dissect by classical
kinetics. Enzymes such as lysozyme, barnase, and
staphylococcal nuclease act on macromolecular
ligands (e.g. cell wall, nucleic acids); it is difficult
to quantify their activities rigorously. Consequently, the tradeoff between activity and stability
has remained qualitative. Furthermore, most of
these enzymes do not have small molecule ligands
that they recognize. Because of this, it has been
difficult to see if the substituted residues within
the stabilized enzymes replace the normally
recognized ligand functionality.
In this study, the tradeoff between stability and
function is investigated quantitatively using
AmpC, a class C b-lactamase. AmpC hydrolyzes
b-lactams using a catalytic serine residue, Ser64.
The active site appears designed to bind a b-lactam
ligand, making a series of interactions between
conserved residues of the enzyme and conserved
moieties of the ligand (Figure 1(a)). In the absence
of ligand, these interactions are largely unfulfilled;
there is a large cleft, exposure of hydrophobic
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conserved active-site residues, namely Ser64,
Lys67, Tyr150, Asn152, and Lys315, AmpC can be
stabilized by up to 4.7 kcal/mol. These mutant
enzymes are much reduced in catalytic activity.
To investigate the source of this stability – activity
tradeoff, X-ray crystal structures of four mutant
enzymes were determined to between 1.90 Å and
1.50 Å resolution; they demonstrate that the
enzyme can gain stability through mimicking its
own ligand, forming new interactions with the
protein, and by relieving strain present in the
wild-type (WT) enzyme.

Results
Activity and stability of active-site mutant
AmpC enzymes

Figure 2. (a) Relative stability and (b) activity of the
mutant enzymes. In (a), the change in stability (in kcal/
mol) of the mutant enzymes is shown, where DDGu ¼
DGu;mutant 2 DGu;WT : Stability changes at pH 6.8 are
shown in filled bars and at pH 4.4 in hatched bars. In
(b), the relative activity of the mutant enzymes is shown
as compared to WT. All activity measurements are at
pH 7.0.

surface area, and a number of hydrogen bond
acceptors and donors left without partners (Figure
1(b)). For AmpC, ligand binding produces no
significant conformational changes in the key
active-site residues.21 It should be possible to
stabilize the enzyme through residue substitutions
in the active site that either fulfill potential interactions that the substrate is meant to make or
relieve strained interactions that are thought to
promote catalytic activity. For class C b-lactamases,
such as AmpC, activity can be measured quantitatively by catalytic rate constant (kcat) and
Michaelis-Menten constant (KM) values,22,23 stability
can be measured through reversible, two-state
thermal denaturation,24 and the structures of
ligand complexes are available for many
ligands.25 – 29 We find by making substitutions to

Residue substitutions were made at five key
positions in the active site of AmpC b-lactamase;
Ser64, Lys67, Tyr150, Asn152, and Lys315. Each
of these sites has been implicated in the activity of
the enzyme.25,30 – 33 All mutant enzymes were
assayed for stability at pH 6.8 and 4.4,24 and
activity at pH 7.0 (Figure 2; Table 1).34 Several
AmpC enzymes were assayed for activity at pH
4.4. The WT enzyme was approximately fourfold
less active at pH 4.4 than at pH 7.0. The mutant
enzymes exhibited small differences in activity
with the pH change, but all were within an order
of magnitude of the activity shown at pH 7.0.
Hence, all mutant enzymes had 103 –105-fold less
activity than the WT enzyme at both pH values.
Substitutions at the catalytic serine, Ser64, had
dramatic effects on both stability and function
(Figure 2; Table 1). The mutant enzymes S64G,
S64D, and S64E all increased the stability of the
enzyme, by up to 4.7 kcal/mol. Whereas the S64G
substitution caused equivalent stability changes
regardless of the pH, the S64D and S64E mutant
enzymes were much more stabilized at pH 4.4.
This suggests that protonation of the substituted
aspartate and glutamate residues improves the
complementarity for the site. Unexpectedly, S64A
was actually less stable than the WT enzyme. As
expected, removal of the catalytic serine residue
by all substitutions dramatically decreased activity,
between 42,000 and 72,000-fold, through alterations in both the kcat and KM values. These measurements may be slight overestimates of the actual
activity of the mutant because of the difficulty in
measuring an appreciable rate over background at
high concentrations of substrate.
Substitutions at Lys67 also stabilized the enzyme
(Figure 2; Table 1). K67Q and K67T were both
stabilized at neutral pH. Stabilization by these two
substitutions increased significantly at pH 4.4, and
K67N and K67E substitutions were also stabilizing
at the lower pH (Figure 2; Table 1). Activity of
these mutant enzymes was decreased by 1200 –
12,000-fold compared to WT.
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Table 1. Stability and activity measurements of AmpC mutant enzymes
Stability at pH 6.8a

Stability at pH 4.4b

Activityc

Enzyme

DTm
(8C)

DDGud,e
(kcal/mol)

DHVH
(kcal/mol)

DTm
(8C)

DDGu
(kcal/mol)

DHVH
(kcal/mol)

KM
(mM)

kcat
(s21)

kcat/KM
(s21/mM)

WT
S64G
S64A
S64D
S64E
K67E
K67N
K67Q
K67T
Y150E
N152D
N152H
K315A
S86Df
K197Qf
N279Hf

0
6.5
20.7
2.9
0.9
20.2
0.1
2.0
1.3
21.7
20.2
1.3
21.8
0.1
20.3
21.0

0
3.6
20.4
1.6
0.5
20.1
0.1
1.1
0.7
21.0
20.1
0.7
21.0
0.06
20.2
20.6

182
196
236
196
233
169
191
201
193
218
217
193
210
205
222
184

0
6.8
0
8.7
1.3
3.9
3.8
7.2
6.9
2.7
1.5
21.7
1.6
0
20.1
20.5

0
3.7
0
4.7
0.9
2.1
2.1
3.9
3.7
1.5
0.8
20.9
0.9
0
20.05
20.3

172
179
207
181
202
184
174
202
181
174
185
197
200
184
205
172

40
937
542
634
624
47
59
59
65
35
.2900
176
68
ND
ND
ND

200
0.06
0.06
0.08
0.05
0.18
0.13
0.04
0.03
0.09
0.95
0.14
0.15
ND
ND
ND

5000
0.07
0.11
0.12
0.08
3.9
2.1
0.71
0.41
2.6
0.33
0.81
2.2
ND
ND
ND

ND, not determined.
a
Stability at pH 6.8 was determined in a 50 mM potassium phosphate, 200 mM potassium chloride, 38% (v/v) ethylene glycol, pH
6.8 buffer.
b
Stability at pH 4.4 was determined in a 62 mM sodium acetate, 62 mM sodium chloride, 38% (v/v) ethylene glycol, pH 4.4 buffer.
c
Activity was determined in a 50 mM potassium phosphate, 50 mM potassium chloride, pH 7.0 buffer.
d
Determined by the method of Schellman: DDGu ¼ DTm DSu;WT :
e
A negative DDGu means a decrease in stability as indicated by a decrease in the Tm.
f
Controls.

Substitutions at Asn152 were stabilizing for
N152D and N152H (Figure 2; Table 1). The
Asn ! Asp substitution does not effect stability at
pH 6.8 but becomes stabilizing at pH 4.4. The
opposite is true for N152H; it is stabilized at pH
6.8 but becomes destabilized at pH 4.4. These
results suggest that specific interactions at this
position are being altered by pH changes. The
activity of both mutant enzymes is decreased
significantly.

A single substitution at both Lys315 and Tyr150
was stabilizing (Figure 2; Table 1). K315A and
Y150E were each stabilized but only at low pH.
Both of these also lost significant activity.
Stability of mutant enzymes with non-activesite surface substitutions
On the basis of the pattern of stabilization
observed in the active site, three substitutions

Table 2. Crystallographic data collection and refinement statistics

Cell constants
a, b, c (Å)
b (deg.)
Resolution (Å)a
Total observations
Unique reflections
Rmerge (%)
Completeness (%)
kIl/ksIl
Resolution range for refinement (Å)
Number of protein residues
Number of water molecules
RMSD bond lengths (Å)
RMSD bond angles (deg.)
R-factor (%)
Rfree (%)b
Average B-factor, protein atoms (Å2)
Average B-factor, solvent atoms (Å2)
a

S64D

S64G

K67Q

N152H

118.67, 76.50, 97.72
115.65
1.53 (1.57–1.53)
427,291
118,322
6.6 (28.1)
99.8 (100.0)
25.4 (2.7)
20–1.53
710
602
0.014
1.78
18.6
20.4
20.6
32.8

118.39, 77.33, 97.67
115.76
1.50 (1.53–1.50)
442,577
123,526
5.3 (26.9)
98.8 (90.2)
28.8 (2.2)
20– 1.50
713
519
0.014
1.75
18.9
21.2
21.7
32.4

119.02, 76.08, 98.09
115.84
1.90 (1.94– 1.90)
243,730
62,018
7.5 (32.2)
99.9 (99.7)
15.3 (2.3)
20–1.90
716
511
0.014
1.73
15.9
19.2
20.1
31.1

118.94, 76.26, 97.92
115.69
1.66 (1.70–1.66)
369,646
90,254
6.0 (21.7)
97.0 (94.4)
32.8 (5.3)
20–1.66
711
793
0.014
1.75
17.8
19.8
17.9
30.5

Values in parentheses are for the highest-resolution shell.
Rfree was calculated with a percentage of reflections set aside randomly: for S64D, 10%; for S64G, 2%; for K67Q, 3.5%; for N152H,
3.5%.
b
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Figure 3. Stereoviews of the active site electron density for each mutant enzyme structure: (a) S64D; (b) S64G; (c)
K67Q; and (d) N152H. For each, the 2Fo 2 Fc electron density of the refined model is shown in blue, contoured at 1s.
The Figure was generated using SETOR50 and colored as in Figure 1.
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Figure 4. Stereoviews of the interactions observed within each mutant enzyme structure: (a) S64D; (b) S64G;
(c) K67Q; and (d) N152H. Atoms are colored as in Figure 1. Broken yellow lines indicate hydrogen bonds.
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Table 3. Key interactions within the AmpC mutant
structures

monomer 2 of the WT enzyme (PDB entry 1KE4)
was less than 0.14 Å.

Distance (Å)
Interaction
Y150 OH-K315 Nz
Y150 OH-S64 Og
Y150 OH-K67 Nz
K67 Nz-A220 O
K67 Nz-S64 Og
N152 Od1-K67 Nz
N152 Nd2-Q120 O11
K315 Nz-T316 O
D64 Od1-Y150 OH
D64 Od1-K67 Nz
D64 Od2-D64N
D64 Od2-A318N
D64 Od2-A318 O
Q67 O11-Y150 OH
Q67 O11-Y112 OH
Q67 N12-A220 O
Q67 N12-S64 Og
Q67 N12-N152 Od1
H152 Nd1-K67 Nz

S64D

S64G

K67Q

N152H

WTa

2.9
NP
3.2
2.9
NP
2.6
2.8
2.9
2.8
2.9
2.8
3.0
3.3
NP
NP
NP
NP
NP
NP

2.8
NP
3.1
2.9
NP
2.7
2.7
2.8
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP

3.0
3.4
NP
NP
NP
NP
3.0
3.1
NP
NP
NP
NP
NP
3.1
2.9
2.9
4.4
2.9
NP

2.9
3.0
3.2
3.0
2.9
NP
NP
2.8
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
2.7

2.8
2.9
3.3
2.9
2.8
2.6
2.8
2.8
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP

NP, not present.
a
From PDB entry 1KE4.

AmpC S64D
The X-ray crystal structure of AmpC S64D was
determined to 1.53 Å resolution (Table 2; Figures
3(a) and 4(a)). The substituted Asp64 makes a
series of specific interactions within the active site
of AmpC (Figure 4(a); Table 3). Atom Od1 of Asp64
makes interactions similar to Ser64 Og of the WT
enzyme, hydrogen-bonding with Lys67 (2.9 Å)
and Tyr150 (2.8 Å). The other oxygen atom, Od2,
makes a new set of interactions, hydrogen-bonding
with its own backbone nitrogen atom (2.8 Å), the
backbone nitrogen atom of Ala318 (3.0 Å), and
approaching the backbone oxygen atom of Ala318
(3.3 Å). This series of interactions resembles those
seen in the complexes of b-lactams with AmpC
(compare with Figure 1(a));27,28 the O9 carbonyl
oxygen atom of the b-lactam ring is recognized
by these same “oxyanion”36 or “electrophilic”37
hole residues.
AmpC S64G

were made at non-active-site surface positions;
S86D, K197Q, and N279H (Table 1). These were
designed as controls to compare to the same substitution made in the active site (i.e. S64D, K67Q,
N152H). The sites are well-spaced around the
enzyme and are solvent-exposed. For S86D and
K197Q, no change in stability was observed at
either pH 6.8 or pH 4.4. For N279H, the mutant
enzyme was destabilized slightly (2 0.6 kcal/mol
at pH 6.8 and 2 0.3 kcal/mol at pH 4.4). Consistent
with previous work,18,19 these results suggest that
non-active-site surface substitutions typically have
little or, if anything, a detrimental effect on enzyme
stability (we note that there are some intriguing
exceptions to this general trend20).

X-ray crystal structures of stabilized AmpC
mutant enzymes
To reveal the structural basis of the stabilization
observed, X-ray crystal structures of S64D, S64G,
K67Q, and N152H enzymes were determined
(Table 2). In all cases, the substituted residues
were modeled based on unambiguous Fo 2 Fc electron density observed in the initial models. All
models refined well, with R-values ranging from
15.9% to 18.9%, and Rfree values ranging from
19.2% to 21.2% (Table 2). All models had good
stereochemistry, as determined by PROCHECK;35
for each model, 92 – 93% of the non-proline, nonglycine residues were in the most favored region
of the Ramachandran plot, with the remainder in
the additionally allowed region. For all four structures, the root-mean-squared deviation (RMSD)
between monomer 2 of the mutant enzyme and

The crystal structure of AmpC S64G was determined to 1.50 Å resolution (Table 2; Figures 3(b)
and 4(b)). The main-chain conformation of the
active-site region is almost identical with that of
the WT enzyme. However, the removal of the
serine side-chain eliminates a close contact
(, 3.0 Å) observed between the Cb atom of the
serine residue and the hydroxyl group of Tyr150
observed in the WT structure (PDB entry 1KE4).
The substituted Gly64 allows the binding of a
single phosphate ion, present in the 1.7 M crystallization buffer, in the active site of AmpC. The
phosphate ion binds similarly to one seen in a
high-resolution crystal structure of the WT enzyme
(PDB entry 1KE4). In S64G, the phosphate ion
hydrogen bonds with Lys67 (2.7 Å) and Tyr150
(3.2 Å) and residues of the oxyanion or electrophilic hole. To test whether the phosphate binding
was responsible for the thermodynamic stabilization, S64G was denatured in acetate and Tris
buffers; all gave the same thermodynamic values
(data not shown). On the basis of the similarity
between the phosphate ion positions in the WT
and mutant enzyme structures, and the similar
stabilization observed in the phosphate and nonphosphate buffers, we do not believe that the
bound phosphate ion is responsible for the
observed stabilization.
AmpC K67Q
The crystal structure of AmpC K67Q was determined to 1.90 Å resolution (Table 2; Figures 3(c)
and 4(c)). Without the lysine residue at position
67, the electrostatic strain between this residue
and the neighboring Lys315 has been eliminated.
The substituted Gln67 increases the number of
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interactions normally made at this site (Table 3).
Atom N12 of Gln67 binds similarly to the Lys67 Nz
atom of the WT enzyme; it interacts with Asn152
(2.9 Å) and the backbone oxygen atom of Ala220
(2.9 Å). Atom O11 of Gln67 also makes a familiar
interaction, binding to Tyr150 (3.1 Å). However,
this O11 atom interacts also with Tyr112 (2.9 Å),
which Lys67 of the WT cannot do. The increased
set of interactions is due to the greater functionality
of the substituted Gln67.
AmpC N152H
The X-ray crystal structure of AmpC N152H was
determined to 1.66 Å resolution (Table 2; Figures
3(d) and 4(d)). Like Od1 of the WT Asn152, Nd of
His152 hydrogen bonds with Lys67 (2.7 Å) (Table
3). The conformation of both the side-chain and
main-chain of this residue are unaffected by the
substitution.

Discussion
The two most compelling features to emerge
from this study are the large increases in stability
obtained from single amino acid substitutions
in the active site, and the structural mechanisms
conferring stabilization. At least one substitution
at each active-site residue substituted stabilized
the enzyme significantly, by up to 4.7 kcal/mol
(Figure 2; Table 1). This is an enormous increase,
given that the overall stability of the 358 residueO
folded enzyme over its unfolded form (DGH
u ) is
14.0 kcal/mol.24 By substituting a single active-site
residue, the enzyme has increased its stability by
over 30%. Concomitantly, all active-site substitutions decreased the activity of the enzyme
dramatically. Similar residue substitutions at nonactive-site, solvent-exposed areas of AmpC had
little or no effect on stability. These results are
consistent with conclusions from previous work
and an analysis of the ProTherm Thermodynamic
Database for Proteins and Mutants, both of which
have shown that random substitutions are usually
neutral with respect to stability.18,19 This suggests
that there is a tradeoff between stability and
function, and that enzymes may be stabilized
dramatically by active-site residue substitution.
2

Stabilization by substrate mimicry
Perhaps the most interesting substitutions, from
a stability – function perspective, were made at
Ser64, which is the catalytic, nucleophilic serine
residue and is crucial for activity. In the WT
enzyme, Og of Ser64 hydrogen bonds with both
Lys67 and Tyr150, two residues important for
activity. When replaced with glycine, aspartate,
or glutamate, the stability of the enzyme is
increased; however, replacement with alanine
actually decreases stability.

The crystal structure of S64D explains the stabilization by the larger side-chains of aspartate and
glutamate residues. The substituted Asp64 makes
new interactions in the active site while maintaining those made by the WT serine residue.
Because aspartate is larger than serine, the substituted Od2 of Asp64 can wrap around to bind in the
oxyanion or electrophilic hole, composed of the
backbone nitrogen atoms of residue 64 and
Ala318, and the backbone oxygen atom of Ala318.
This region is meant to recognize the O9 carbonyl
oxygen atom of the b-lactam ring. In the S64D
structure, the mutant residue mimics this interaction (compare Figures 4(a) and 1(a)). The mutant
enzyme acts as its own ligand, stabilizing the
enzyme in the same way that a b-lactam would on
binding.
The interaction of the Asp64 with the oxyanion
or electrophilic hole may explain the pH-dependence of stability of the S64D mutant enzyme. The
differential stability of the S64D mutant enzyme,
as compared to WT, increases from þ 1.9 kcal/mol
to þ 4.7 kcal/mol as the pH is changed from 6.8 to
4.4. In the crystal structure, Od2 of the substituted
Asp64 comes close (3.3 Å) to the backbone oxygen
atom of Ala318. At pH 6.8, and also at pH 8.7
(the pH at which the crystals were grown), the
substituted Asp64 would be deprotonated; this
particular interaction would be unfavorable. At
pH 4.4, this side-chain will be protonated, and the
interaction would become favorable. This may
also suggest that this region preferentially binds
hydroxyl groups rather than oxyanions. Whether
the oxyanion hole in serine b-lactamases is instead
an electrophilic hole remains an area of active
research.37
Stabilization by relaxation of steric strain
Unexpectedly, S64G is significantly more stable
than WT, but the S64A mutant enzyme is actually
less stable than WT (Figure 2). Superposition of
the WT and S64G crystal structures shows that
there is no change in the main-chain conformation
of residue 64, which was one possible mechanism
for stabilization. Another possibility is that Ser64
may be unstable because of poor electrostatic complementarity with its neighbors, which would be
relieved by substitution with glycine. However,
WT structures, both apo and in complex with
ligands, reveal that the Cb atom of Ser64 is too
close to Tyr150 OH (3.0 Å for WT apo), suggesting
the presence of steric strain in the WT enzyme.
When Ser64 is substituted with alanine, the
enzyme loses the interactions made by Ser64 Og
but retains the unfavorable interaction between its
Cb atom and Tyr150. When Ser64 is truncated
further to glycine, this unfavorable interaction is
lost. The magnitude of the stability increase
afforded by the Ser64 ! Gly substitution, 3.6 kcal/
mol (DTm of 6.8 8C), gives an example of just how
large the effects of steric strain can be in enzyme
active sites.
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Stabilization by relief of electrostatic strain
Various substitutions at the two active-site lysine
residues, Lys67 and Lys315, resulted in significant
stabilization of AmpC at pH 6.8 and even more so
at pH 4.4. In the WT enzyme, Lys67 and Lys315,
two conserved residues, are only 5.4 Å apart.
There should be significant electrostatic strain
between these two lysine residues, which are presumably protonated at both pH values. Lowering
the pH would worsen the interaction of these
charged residues with the rest of the protein,
which would become more positively charged at
pH 4.4. Hence, a more negatively charged protein
(at pH 6.8) would be a better electrostatic environment for a doubly charged lysine pair than would
the same protein at pH 4.4. Another possibility is
that one of the lysines has a perturbed pKa value,
and it becomes positively charged only at the
lower pH, increasing the electrostatic strain
between the two. Regardless, replacement of either
one of these lysine residues increased the stability
of the enzyme, presumably by eliminating the electrostatic strain; this effect was more pronounced at
the lower pH.
The crystal structure of K67Q suggests that the
stabilization observed for this mutant enzyme is
also, in part, due to the ability of the substituted
Gln67 to make more interactions in the site (Figure
4(c)). The greater functionality of the glutamine
side-chain allows the maintenance of interactions
made in the WT enzyme but also gives the sidechain the opportunity to make new interactions.
Stabilization by improved
polar complementarity
The substitutions at Asn152 and Tyr150 are
examples of how stability can be increased through
improved intramolecular interactions. In the crystal structure of N152H, the substituted His152
accepts a hydrogen bond from Lys67 (Figure 4(d)).
A similar interaction occurs in the WT enzyme,
but histidine is a much better base than asparagine;
hence, the interaction is more favorable in the
mutant enzyme. This is consistent with the pH
data, which show that N152H is actually less stable
than WT at low pH, where the Nd of His152 would
be protonated and hence unable to accept the
proton from Lys67. For N152D, we hypothesize
that the substituted Asp152 can maintain the same
hydrogen-bonding pattern as the Asn152 when protonated; however, there are no unfulfilled hydrogen
bonds with the aspartate side-chain. For these
mutant enzymes, stability is increased by improved
polar complementarity within the active site.

Conclusions
The active site of AmpC b-lactamase is an area of
instability relative to alternate sequences, which
are less functional. There are several ways that an

enzyme can be stabilized by active-site residue
substitutions. A stabilized mutant enzyme can
mimic the ligand that it would normally recognize
(as when the substituted aspartate in S64D binds
in the oxyanion hole of AmpC), can eliminate
strain, both electrostatic (as with substitutions at
Lys67 and Lys315), and steric (as shown in S64G),
and improve the complementarity within the site
(as shown in N152H, among others). On the other
hand, the built-in “strain” of the active site is
central to its ability to recognize substrate. Much
of the structure of the enzyme is devoted to
ensuring that there is an oxyanion or electrophilic
hole, that Lys67 and Lys315 are juxtaposed, and
that Asn152 is free to donate a proton to the substrate. Here, we have tried to investigate just how
large an energetic effect results from this tension
between function and stability and its structural
bases.
The stability – function relationship has a quality
of logical necessity to it and thus suggests a
method to identify active sites. If binding sites are
areas of relative instability that can be stabilized,
at the expense of function, then regions of the
enzyme that may be stabilized by residue substitution may be binding sites. We suspect that such
strained preorganization can be recognized in the
active sites of most enzymes. Indeed, some groups
have already begun to consider active-site stability
and its relation to function.38 – 40 With the structural
genomics initiatives and the determination of
structures of proteins of unknown function,41,42 the
ability to identify a binding site is attracting widespread attention. Here, we identify characteristics
of active sites that may help to recognize them;
binding sites are regions where stability rules are
broken. Further, stabilizing residue substitutions
may predict the type of ligand or functionality
that can bind to these sites.

Materials and Methods
Enzyme mutagenesis and preparation
Mutants of AmpC were created using the overlap
extension polymerase chain reaction.43 Both WT and
mutant enzymes were expressed as described.27,37 The
WT enzyme and surface-exposed control mutant
enzymes (S86D, K197Q, and N279H) were purified
from an m-aminophenylboronic acid affinity column.37
All other mutant enzymes were purified from an
S-Sepharose ion-exchange column.27
Enzyme stability
All enzymes were reversibly denatured by temperature in a two-state manner as described.24 Thermal
denaturations at pH 6.8 were performed in 50 mM
potassium phosphate (pH 6.8), 50 mM potassium
chloride, 38% (v/v) ethylene glycol buffer. Thermal
denaturations at pH 4.4 were performed in a 62 mM
sodium acetate (pH 4.4), 62 mM sodium chloride, 38%
(v/v) ethylene glycol buffer. All Tm and DHVH values
were determined using the program EXAM44 with a
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two-state model and a DCp of 6.0 kcal/mol.24 Values of
DDGu were calculated using the method of Schellman,45
where DDGu ¼ DTm DSu;WT : Increases in Tm indicate
stabilization, corresponding to a positive DDGu value.
Enzyme activity
The activity of each mutant enzyme was determined
by its hydrolysis of the b-lactam substrate cephalothin
(Sigma, St Louis, MO) in a 50 mM potassium phosphate,
50 mM potassium chloride buffer at pH 7.022 or in a
100 mM sodium acetate, 100 mM sodium chloride buffer
at pH 4.4. Reaction rates were measured using a
Hewlett – Packard HP-8453 spectrometer. Values of kcat
and KM were determined from Lineweaver – Burk plots.
Crystallization, data collection, and data processing
Crystals of all mutant enzymes were grown by vapor
diffusion in 6 ml hanging drops in 1.7 M potassium
phosphate (pH 8.7).37 X-ray diffraction data were
measured at the DND-CAT beamline 5IDB at the
Advanced Photon Source at Argonne National Laboratory at 100 K using a 162 mm Mar CCD detector. The
HKL software suite46 was used to index, integrate, and
scale the data. All mutant enzymes crystallized in the
C2 space group with two monomers in each asymmetric
unit. All figures and interaction distances referenced are
for monomer 2, which is typically better-ordered than
monomer 1 and does not have a region of relative
disorder from residues 280– 295. Nevertheless, similar
density and interactions are observed in monomer 1.
Structures were determined by molecular substitution
using AmpC/boronic acid complexed structures with
the residues of interest mutated to either glycine (S64G)
or alanine (all others), and all solvent and inhibitor
atoms removed. For S64D and S64G, the initial model
was PDB entry 1C3B, and for K67Q and N152H, the
initial model was PDB entry 1FSY. Each model was
positioned using rigid-body refinement and then refined
by simulated annealing, positional minimization, and
individual B-factor techniques with the maximum likelihood target and a bulk solvent correction using the CNS
software package.47 For structures of S64G, K67Q, and
N152H, a 2s cutoff was applied to the data; for S64D,
no s cutoff was used. The sA-weighted electron density
maps were calculated with CNS.47 Manual rebuilding of
the model and placement of water molecules was performed with the program O48 and alternated with rounds
of positional and B-factor refinement with CNS. For each
structure, a single phosphate ion was modeled at a
crystal contact. For S64G, two other phosphate ions and
a sucrose molecule were included.
Protein Data Bank accession codes
The atomic coordinates and structure factors for S64D,
S64G, K67Q, and N152H have been deposited in the
RCSB Protein Data Bank with ID codes 1L0D, 1L0G,
1L0E, 1L0F, respectively.
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