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Abstract: Lys67 is essential for the hydrolysis reaction mediated by class C b-lactamases. Its exact

catalytic role lies at the center of several different proposed reaction mechanisms, particularly for

the deacylation step, and has been intensely debated. Whereas a conjugate base hypothesis
postulates that a neutral Lys67 and Tyr150 act together to deprotonate the deacylating water,

previous experiments on the K67R mutants of class C b-lactamases suggested that the role of

Lys67 in deacylation is mainly electrostatic, with only a 2- to 3-fold decrease in the rate of the
mutant vs the wild type enzyme. Using the Class C b-lactamase AmpC, we have reinvestigated the

activity of this K67R mutant enzyme, using biochemical and structural studies. Both the rates of

acylation and deacylation were affected in the AmpC K67R mutant, with a 61-fold decrease in kcat,
the deacylation rate. We have determined the structure of the K67R mutant by X-ray

crystallography both in apo and transition state-analog complexed forms, and observed only

minimal conformational changes in the catalytic residues relative to the wild type. These results
suggest that the arginine side chain is unable to play the same catalytic role as Lys67 in either the

acylation or deacylation reactions catalyzed by AmpC. Therefore, the activity of this mutant can

not be used to discredit the conjugate base hypothesis as previously concluded, although the
reaction catalyzed by the K67R mutant itself likely proceeds by an alternative mechanism. Indeed,

a manifold of mechanisms may contribute to hydrolysis in class C b-lactamases, depending on the

enzyme (wt or mutant) and the substrate, explaining why different mutants and substrates seem to
support different pathways. For the WT enzyme itself, the conjugate base mechanism may be well

favored.
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Introduction

Class C b-lactamases are among the most commonly

clinically observed b-lactamases, conferring bacterial

resistance to the b-lactam antibiotics such as penicil-

lins and cephalosphorins.1,2 The hydrolysis reaction

catalyzed by class C b-lactamases consists of two steps,

acylation and deacylation [Fig. 1(a)].3,4,5 In the acyla-

tion half of the reaction, Ser64 attacks the b-lactam
ring carbon and forms a covalent acyl-enzyme com-

plex. In the deacylation step, the catalytic water reacts

Abbreviations: Å, Angstrom; bzb, benzo(b)thiophene-2-boronic
acid; DMSO, dimethyl sulfoxide; NMR, nuclear magnetic
resonance.
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with the covalent linkage between the enzyme and the

substrate, leading to the release of the hydrolyzed

product. Both acylation and deacylation reactions pro-

ceed through a high-energy tetrahedral transition

state.

A series of proton transfer take place along the

reaction coordinate. During acylation the catalytic

nucleophile, Ser64, is deprotonated and a proton is

also transferred to the leaving group, the b-lactam ring

nitrogen [Fig. 1(a)]. In deacylation, it is believed that a

general base activates the structurally conserved

deacylating water whereas a general acid may be

needed to reprotonate Ser64. Despite many experi-

mental and theoretical studies,3,6,7 the identities of the

general bases and acids are still intensely debated, par-

ticularly for the deacylation step.8

The roles of two essential active site residues,

Lys67 and Tyr150, lie in the center of several proposed

mechanisms for the general base/acid catalysis in the

deacylation reaction.6,9–11 A tyrosinate hypothesis sug-

gests that a deprotonated Tyr150 acts as the general

base/acid alone.3,12 A conjugate base hypothesis postu-

lates that a neutral Tyr150 and a neutral Lys67 func-

tion together to deprotonate the catalytic water: the

proton transfer from the water to Tyr150 is coordi-

nated with another transfer of the Try150 hydroxyl

hydrogen to Lys67 (see Fig. 1).7 A third substrate-

assisted catalysis model proposes that the ring nitro-

gen, in close proximity to the catalytic water on its

attacking course toward the reaction center, stabilizes

the water and can function as the general base.13,14 It

is also conceivable that different mechanisms are

involved, especially in different mutants, in a manifold

of pathways with related energy coordinates. All three

hypotheses are consistent with X-ray crystal structures

of the acyl-enzyme complex and deacylation transition

state analogs.5,12,14–18 In the deacylation transition

state analog structures using boronic acid compounds,

Tyr150Og interacts with the boronic acid oxygen that

mimics the catalytic water in the tetrahedral transition

state, suggesting a direct role for Tyr150 in the activa-

tion of the catalytic water.8,17 The b-lactam ring nitro-

gen is also implicated when an acyl-enzyme complex

with loracarbef is superimposed onto the deacylation

transition state analog structure, showing that the ring

nitrogen in the acyl-enzyme is �2.5 Å away from the

same boronic acid oxygen in the deacylation transition

state analog and suggesting that the ring nitrogen

Figure 1. Conjugate base and substrate-activated catalysis hypotheses for deacylation reaction. (a) Reaction coordinates for

Class C b-lactamase catalysis. The reaction proceeds through a precovalent enzyme-substrate complex, a high-energy

acylation transition state, an acyl-enzyme complex, a high-energy deacylation transition state to finally release the product

and regenerate the free enzyme. (b) Schematic diagram of the conjugate base hypothesis. Arrows indicate the electron

transfer direction and the dashed lines show the hydrogen bonds observed in the transition state analog structure except the

one between Lys67 and Tyr150, which is not present in the transition state analog structure but observed in acyl-enzyme

structures. (c) Schematic diagram of the substrate-activated catalysis. The proton from the catalytic water is transferred to

the substrate ring nitrogen while Tyr150 stabilizes the water.
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could interact with the catalytic water during its attack

on the covalent acyl-enzyme linkage.8,14

Previous biochemical and computational efforts

have produced mixed support for these hypotheses.

Although small-molecule solution experiments sug-

gested that a Tyr150-like phenolic group was nega-

tively charged at pH 7,19 NMR studies on the class C

b-lactamase from Citrobacter freundii GN346 suggest

that the pKa of Tyr150 is above pH 11 in the apo-

enzyme,20 disfavoring the tyrosinate hypothesis. The

substrate-assisted catalysis model is supported by

the observations that certain substrate analogs lacking

the equivalent nitrogen were trapped in the acyl com-

plex and that b-lactam compounds with displaced

nitrogens acted as inhibitors.13,21 Some experiments

have also suggested that the pKa of the lactam nitro-

gen may be between pH 5 and 6, consistent with the

proposed general base function.22 However, the obser-

vation that depsipeptides are good b-lactamase sub-

strates cast doubt on the substrate-assisted catalysis

model because these substrates do not have the lactam

nitrogen,23 suggesting at least that this mechanism can

not be used to explain all b-lactamase reactions. The

conjugate base hypothesis was favored by recent QM/

MM calculations.7 However,the requirement of a neu-

tral Lys67 in this process can not be reconciled with

the results from the K67R mutants of class C b-lacta-
mases from Citrobacter freundii GN346 and Entero-

bacter cloacae 908R.9,6 For E. cloacae 908R class C

b-lactamase, the K67Q mutation drastically impaired

the enzyme activity.6 In the K67R mutant, however,

the deacylation rate dropped by only 2- to 3-fold,

whereas the efficiency of the acylation reaction was

decreased by 25- to 100-fold. These results suggest

that Lys67’s role in deacylation is primarily

electrostatic.

We recently determined a deacylation transition

state analog structure of AmpC class C b-lactamase

from E. coli.8 The 1.07 Å resolution of this X-ray crys-

tal structure has revealed that the hydrogen on the

Tyr150 hydroxyl group is donated to the boronic acid

oxygen atom mimicking the catalytic water. The fact

that Tyr150 is protonated is not easily reconciled with

the tyrosinate hypothesis, but it does not strictly rule

it out. Although the ultra-high resolution structure is

potentially consistent with both the substrate-assisted

hypothesis and the conjugate base mechanism, we

favored the former particularly because of the studies

on the K67R mutants. Because of the importance of

the K67R mutant in differentiating these mechanisms,

we have reinvestigated the mutant through both bio-

chemical and structural methods, using AmpC as a

model system. In contrast with previous results, we

observe substantial decreases in both acylation and

deacylation efficiencies. X-ray crystallographic studies

also illuminated the active site configurations of both

the apo K67R mutant and the transition state analog

complex, which were unavailable in the previous stud-

ies. The implications of these results for the conjugate

base and substrate-assisted catalysis hypotheses are

discussed.

Results

K67R activity. The activities of AmpC wild type and

the K67R mutant were assayed using cephalothin

as the substrate. When the measurements were fitted

to the Michaelis-Menten equation, the resulting kcat/

Km and kcat values reflect the efficiency of acylation

and deacylation steps, respectively (deacylation is the

slow step of the reaction and the rate of acylation is

comparable to the formation of the Michaelis-Menten

complex).24 The kcat values for the wild type and the

K67R mutant were 275.0 s�1 and 4.5 s�1, respectively.

The 61-fold decrease suggested that the deacylation

rate was affected by the mutation. The kcat/Km value

was down by close to 2200-fold, from 9390 mM�1 s�1

to 4.3 mM�1 s�1, suggesting that the acylation reaction

was greatly impaired by the substitution as well. These

results are not easily reconciled with a purely electro-

static role of Lys67, unless the substitution has dis-

rupted the active site structure. To investigate this we

turned to X-ray crystallography.

K67R mutant structures. To understand the struc-

tural basis for the activity decrease and to study the

interactions between the mutant and the substrate, we

determined the structures of an apo K67R AmpC mu-

tant and a deacylation transition state analog complex

using benzo(b)thiophene-2-boronic acid (bzb). Both

crystallized in the C2 space group with a unit cell simi-

lar to previously determined AmpC structures, with

two monomers per asymmetric unit. The apo structure

was solved to 1.5 Å, with an R value of 16.6% and

Rfree of 19.9% [Fig. 2(a)] (Table I). The complex

structure was determined to 1.85 Å, with an R value of

16.3% and Rfree of 20.3% [Fig. 2(b)]. Arg67 is well or-

dered in both structures. Ser64 adopts two conforma-

tions in the apo structure whereas the benzo(b)thio-

phene ring also displays two conformations in the

complex (a pseudo-symmetric ring flip).

Despite the larger size of the arginine vs lysine

sidechain, there are only minor changes in the overall

active site conformation in both the apo and complex

K67R structures (see Fig. 3). The hydrogen bonding

pattern for residue 67 does change slightly. In the wild

type apo structure, Lys67 is buried and its Nf hydro-

gen bonds with Ser64Oc (2.8 Å), Ala220O (2.9 Å),

and Asn152Od1 (2.6 Å) atoms. 25 Although a hydrogen

bond between Lys67Nf and Tyr150Og is prerequisite

for the conjugate base hypothesis, it is only observed

in acyl-enzyme complex structures and not in the apo

enzyme. The distance between these two atoms is

3.3 Å but the geometry is not suitable for a hydrogen

bond. In the mutant, Arg67 adopts a side chain con-

formation similar to the wild type lysine except at the

last X4 angle. As a result, the end of the arginine
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guanidinium group stacks against the Tyr150 ring,

while hydrogen bonding with Tyr112Og (2.9 Å) and

Asn152Od1 (2.6 Å) (Fig. 3). The distance between

Arg67Ne and Ala220O is 3.5 Å. The bulkier arginine

side chain also pushes the side chains of Tyr150 and

Asn152 slightly outward. Besides the substitution, the

most notable change in the active site is probably the

alternate conformation adopted by Ser64 (Fig. 2).

Although this conformation has been observed in apo

AmpC structure before (Kerim Babaoglu and Brian

Shoichet, unpublished data), it is never the predomi-

nant conformation. In K67R, on the other hand, the

electron density suggests that this alternative confor-

mation does predominate, probably reflecting the loss

of the hydrogen bond between Lys67Nf and Ser64Oc:
although the Ne and Ng2 atoms of Arg67 are close to

the minor conformation of Ser64Oc, with distances of

3.3 Å and 3.2 Å, respectively, no hydrogen bond

can be formed because of the geometrical restrictions

[Fig. 2(a)]. Similarly, there is no hydrogen bond

between Arg67 and Tyr150: only Arg67Ng1 is within

hydrogen bond distance (3.3 Å) to Tyr150Og, but it is
directly above the phenol ring of the tyrosine.

The mutant complex structure also closely resem-

bles that of the wild type.17 There is no significant

change in the positions of Tyr150, Ser64 and the tran-

sition state analog in the complex state. In the wild

type complex structure, Lys67 hydrogen bonds with

Ser64Oc (2.6 Å), Ala220O (3.0 Å), and Asn152Od1
(2.7 Å), similar to what is observed in the wild type

apo structure. Arg67 adopts a conformation similar to

that in the apo mutant structure with some very minor

changes that brings the arginine guanidinium group

closer to Ala220 and Asn152. As a result, the end

group of Asn152 rotates slightly by �60 degrees. Like

in the apo state, there is no hydrogen bond between

Arg67 and Ser64 or Tyr150, and the arginine hydrogen

bonds with Tyr112Og (3.3 Å to Arg67Ng1), Asn152Od1
(2.6 Å to Arg67Ng2), and Ala220O (2.9 Å to

Arg67Ne). Lys315 conformation is the same in the

complex and apo mutant structures, as well as the apo

wild type structure and some other transition state

analog structures, but is slightly different in the wild

type complex structure with bzb. Both conformations

establish a hydrogen bond with Tyr150, which may be

the most important contribution by Lys315 to

Figure 2. Stereo views of the electron densities in the active site. 2Fo-Fc maps are shown in blue at 1.5 r contour level. (a)

Apo K67R mutant. All key catalytic residues are well ordered except for Ser64, which displays an alternative conformation

(gold). The minor conformation (green) is the one observed in the wild type apo structure. (b) K67R deacylation transition

state analog complex with benzo(b)thiophene-2-boronic acid. The benzo(b)thiophene ring (white) displays two conformations,

involving a ring flip.
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catalysis. The difference between the two Lys315 con-

formations in the mutant and wild type bzb complex

structures may not be catalytically significant and may

also be within the margin of refinement error consid-

ering the resolutions of these structures.

Discussion
Despite the extensive studies on class C b-lactamases,

the details of their catalytic mechanism have remained

elusive, especially for the deacylation reaction. Central

to this debate is the protonation states of two essential

catalytic residues, Tyr150 and Lys67. NMR studies and

an ultrahigh resolution complex structure have sug-

gested that Tyr150 is neutral in the apo enzyme and

most likely so throughout the reaction.8,20 Previous

experiments on K67R mutants of two class C b-lacta-
mases indirectly suggest that Lys67 is charged, at least

in the acyl-enzyme complex, by demonstrating that the

Lysine ! Arginine substitution had little effect on the

deacylation reaction.6,9 Our results on K67R AmpC

suggest otherwise, showing that an arginine substitu-

tion of Lys67 substantially diminishes both acylation

and deacylation. The protonation state of Lys67 is

again in doubt.

The new observations from K67R AmpC do not

answer the question of whether Lys67 is charged or

neutral in the apo enzyme or in the transition state. It

does suggest that the contribution of Lys67 to the

reaction appears more than electrostatic, particularly

considering that the active site adopts nearly identical

conformations in the wild type and the K67R mutant.

The basic conclusion we can draw from these studies

is that the activity of K67R mutant does not suggest

Lys67 is charged in the acyl-enzyme complex and

therefore does not disfavor the conjugate base catalysis

mechanism, as we previously concluded.8

Taking all evidence together, the conjugate base

hypothesis may be the one favored by most experi-

mental and computational studies and may be the

predominant mechanism for the wild type AmpC b-
lactamase (though we do not exclude a role for sub-

strate-assisted catalysis, see later). Recent studies on

the evolutionarily related Penicillin-Binding Protein 5

(PBP5) and on the class A b-lactamase TEM-1 provide

further indirect support for the participation of a neu-

tral Lys67 along the reaction coordinate. Like AmpC,

all three enzymes share the conserved Ser-X-X-Lys

motif in the active site, with Ser being the central cata-

lytic residue and Lys playing a crucial role in the gen-

eral base/acid catalysis. The corresponding lysine resi-

dues in PBP5 (Lys47) and TEM-1 (Lys73) have been

shown to have lower pKa than that in solution.26,27

For PBP5, experimental and computational studies

suggest that a free-base Lys47 may be essential for the

reaction.27,28 Similarly, in TEM it has been hypothe-

sized that a neutral Lys73 may exist along the reaction

coordinate.29

The conjugate base hypothesis provides a model

that can be used to explain the general base/acid catal-

ysis of the whole reaction pathway, with Lys67/Tyr150

playing a central role in the proton transfer of both

acylation and deacylation, and Lys67 switching proto-

nation states and conformations along the reaction

coordinates. The QM/MM calculations supporting this

mechanism considered the formation of the tetrahe-

dral deacylation transition state, during which the pro-

ton transfer from the catalytic water to a neutral

Tyr150 is coupled to another proton transfer from

Tyr150 to a neutral Lys67.7 As a result, in the deacyla-

tion transition state, Tyr150 is neutral and Lys67 is

charged. The charged state of Lys67 also enables it to

act as a general acid to Ser64 in the regeneration of a

free enzyme and the release of the product. This is

consistent with our observation that Lys67 acts as

donors in three hydrogen bonds in the transition state

analog structure, including Ser64Oc, but does require

Lys67 to make a switch in hydrogen bond partners:

the hydrogen bond between Tyr150 and Lys67 is only

observed in the acyl-enzyme complex, and not in ei-

ther apo or transition state analog structures where

Lys67 forms a new hydrogen bond with Ala220O while

maintaining those with Ser64Oc and Asn152Od1
throughout the reaction. Therefore, based on the con-

jugate base hypothesis, the complete proton transfer

pathway in the deacylation reaction would be: water

Table I. Crystallographic Statistics for AmpC K67R
Mutant Structures

Data collection apo bzb complex

Space group C2 C2

Cell dimensions
a (Å) 118.348 118.043
b (Å) 76.564 76.949
c (Å) 97.702 97.831
a (�) 90.00 90.00
b (�) 115.82 116.23
c (�) 90.00 90.00

Resolution (Å) 50.00–1.5
(1.55–1.50)a

50.00–1.85
(1.92–1.85)

Rmerge (%)b 4.6 (44.8) 4.3 (43.0)
I/rI 16.7 (1.96) 15.1 (2.41)
Completeness (%) 95.7 (90.9) 97.2 (97.5)

Refinement
Rwork/Rfree 16.6 %/19.9% 16.3%/20.3%
R.m.s deviationsc

Bond lengths (Å) 0.009 0.014
Bond angles (�) 1.236 1.552

Ramachandran plotd

Most favored region 92.1 92.0
Additionally

allowed (%)
7.9 8.0

Generously
allowed (%)

0.0 0.0

a Values in parenthesis represent highest resolution shells.
b Calculated by Scalepack.30
c Refined by Refmac in CCP4 (1994).
d Calculated by Procheck, excluding glycine and proline.33
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! Tyr150 ! Lys67 ! Ser64. It also implies that in

the apo enzyme, Ser64 may act as donor in its hydro-

gen bond with a neutral Lys67. A reverse proton trans-

fer, Ser64 ! Lys67 ! Tyr150 ! substrate, may there-

fore be used to explain the general base/acid catalysis

in the acylation reaction. This is consistent with the

observation that Tyr150Og is only 3.5 Å away from

the b-lactam ring nitrogen in S64G-cephalothin nonco-

valent complex.5

The conjugate base mechanism and the substrate-

assisted catalysis hypothesis are not necessarily mutu-

ally exclusive.13,14 Indeed one interpretation of this

study is simply that the conjugate-base hypothesis can

no longer be discounted by the effect of the Lys67 !
Arg substitution, and that both hypotheses are largely

consistent with our results and those extant in the

field. The ultimate test to differentiate them lies in the

direct determination of the pKa values of Lys67 and

Tyr150 in the acyl-enzyme complex, assuming that

there is one dominant mechanism that holds across

most mutants and substrates. This idea underlies most

enzymatic studies, and certainly those involving class

C b-lactamase, but other alternatives may be imagina-

ble. Thus it is intriguing that the effect of the Lys67 !

Arg is substantial but not crippling, especially for

deacylation. This and other considerations suggest that

the enzyme may be capable of catalyzing the reaction

through several distinct pathways and that the choice

of a specific mechanism may depend on both the

enzyme, that is, mutant or WT, and the substrate.

Whereas such a possibility is far from established, it

would reconcile the confusion of catalytic mechanisms

for class C b-lactamases, and might contribute to their

evolutionary robustness.

Methods

Protein purification

K67R AmpC mutant was created using the overlap

extension polymerase chain reaction. It was expressed

and purified with an m-aminophenylboronic acid af-

finity column and concentrated using Centricon spin

concentrators as described previously.21

Activity assay
The hydrolysis of the b-lactam substrate cephalothin

was performed at room temperature in 100 mM

Tris.HCl (pH 7.0) with 0.01% Triton X-100. Reaction

Figure 3. Stereo views of the wild type and K67R AmpC active sites. The residues and compound in the wild type (apo: pdb

ID 1KE4; complex: 1C3B) are shown in gold and cyan, whereas those in the mutant are shown in green and white. (a) Apo

enzyme. Hydrogen bonds involving residue 67 are shown in black and purple, for the wild type and mutant, respectively. (b)

Deacylation transition state analog with benzo(b)thiophene-2-boronic acid.
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rates were measured using a Hewlett-Packard HP-

8453 spectrometer. Values of Km and kcat were deter-

mined by fitting the measurements against the

Michaelis-Menten equation.

Crystal growth and data collection
Apo and cocrystals of AmpC K67R mutant were grown

using microseeding with hanging drops over 1.7M po-

tassium phosphate buffer at pH 8.7. The initial drops

contained 4 mg mL�1 protein; for cocrystals, 500 lM
benzo(b)thiophene-2-boronic acid was also included.

For cocrystallization, the compound was added to the

drop in 5% DMSO and 1.0M potassium phosphate (pH

8.7). Crystals appeared within 5–7 days at 20�C.
Before data collection the crystals were transferred to

a cryoprotectant solution of 30% sucrose, 1.7M potas-

sium phosphate (pH 8.7) and flash-frozen in liquid

nitrogen after 30 s. Diffraction was measured at Beam-

line 8.3.1 of the Advanced Light Source, Berkeley, CA.

Reflections were processed using the HKL2000 soft-

ware package.30

Structure determination and refinement
An apo AmpC structure (pdb ID 1KE4) was used as

the initial model and the refinement was performed in

CCP4.31 Model rebuilding was carried out in Coot.32

The figures of protein structures were generated by

Pymol (Delano Scientific). The structures have been

deposited in the RCSB Protein Data Bank with ID

codes 3FKV and 3FKW.
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