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ABSTRACT: In recent years, significant progress has been made in determining the catalytic mechanisms
by which base excision repair (BER) DNA glycosylases and glycosylase-abasic site (AP) lyases cleave
the glycosyl bond. While these investigations have identified active site residues and active site architectures,
few investigations have analyzed postincision turnover events. Previously, we identified a critical residue
(His16) in the T4-pyrimidine dimer glycosylase (T4-Pdg) that, when mutated, interferes with enzyme
turnover [Meador et al. (2004). Biol. Chem 279, 3348-3353]. To test whether comparable residues

and mechanisms might be operative for other BER glycosylase:AP-lyases, molecular modeling studies
were conducted comparing the active site regions of T4-Pdg arigsttteerichia colformamidopyrimidine

DNA glycosylase (Fpg). These analyses revealed that His71 in Fpg might perform a similar function to
His16 in T4-Pdg. Site-directed mutagenesis of fpg gene and analyses of the reaction mechanism of

the mutant enzyme revealed that the H71A enzyme retained activity on a DNA substrate containing an
8-0x0-7,8-dihydroguanine (8-oxoG) opposite cytosine and DNA containing an AP site. The H71A Fpg
mutant was severely compromised in enzyme turnover on the 8-o0xoG-C substrate but had turnover rates
comparable to that of wild-type Fpg on AP-containing DNA. The similar mutant phenotypes for these
two enzymes, despite a complete lack of structural or sequence homology between them, suggest a common
mechanism for the rate-limiting step catalyzed by BER glycosylase:AP-lyases.

Prokaryotic and eukaryotic cells utilize a number of amine §). This nucleophile collapses onto Gif the scissile
different mechanisms to repair constantly accumulating DNA base deoxyribose moiety due to the developing electrophilic
damage due to environmental and endogenous chemicakcharacter at C1concomitant with the glycosylase step (ref
agents. In the absence of repair, many DNA lesions may 5 and M. L. Dodson, unpublished results).
block replication and transcription, while others may decrease The crystal and cocrystal structures of tecoli Fpg and
replication fidelity. These disruptions may result in mutations Fpg homologues from other bacterial and human sources
and ultimately carcinogenesis in eukaryotes. The basehave been published{11). Recent NMR analyses of free
excision repair (BER)pathway is a key component in the Fpg and Fpg bound to duplex DNA containing a site-specific
cellular response to DNA lesion$)( Formamidopyrimidine AP site analogue revealed a highly dynamic structure, even
DNA glycosylase (Fpg) functions in thEscherichia coli in complex with DNA (12). These data are consistent with
BER pathway as aN-glycosylase and abasic site (AP) lyase, molecular dynamics calculations of the enzyme in complex
with the predominant DNA incision product resulting from  with 8-oxoG, even though the conclusions of these investiga-
a o-elimination reactionq). The Fpg glycosylase activity tions differed concerning thanti/syn conformation of a
results in the removal of formamidopyrimidine (Fapy) and bound 8-0xoG substratdé3—15). Precatalytic and catalytic
8-0x0-7,8-dihydroguanine (8-oxoG) lesion8, (4). The mechanisms of Fpg have also been extensively investi-
catalytic mechanism of Fpg is similar to that of other BER gated (3, 16—20). These investigations reveal a complex
glycosylases that manifest an AP-lyase capabiliy The series of enzyme and DNA conformational changes that
active site nucleophile is the N-terminal proline secondary ultimately result in the formation of the Michaelis complex.
Predictions concerning amino acid residues that could
modulate precatalytic and catalytic steps based on structures,
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demonstrated that the Fidgelimination step was dependent The mutagenesis was verified via DNA sequencing at the
on a prior3-elimination step, a result that supports the kinetic University of Texas Medical Branch NIEHS Molecular
competition argument. One corollary of that argument is that Biology Core. The pTYBII-Fpg H71A plasmid encoding the
the cleavage of the covalent product from the enzyme is ratemutant Fpg protein was transformed ino coli CC104
limiting in the catalytic scheme. The predominance of the (mutM~) DES3 cells.

o-elimination product is consistent with the slow hydrolysis  Expression and Purification of the H71A Mutant Fpg
of Schiff base intermediates involving secondary amines. It Protein. The expression and purification of the mutant Fpg
has been suggested that the conserved Glu3 residue electrggroteins were performed using the New England BioLabs
statically stabilizes the electrophilic Cand subsequently, Impact T7 protein expression and purification system. A
the protonated Schiff base intermedia®2,(23). Mutation culture of CC104 utM™) cells carrying the pTYBII-Fpg

of Lys57, whoses-amine contacts the phosphates one and H71A plasmid was grown in Luria broth supplemented with
two nucleotides 3to the 8-0x0G site, abolishes activity on  100ug/mL ampicillin at 37°C to an ORgo nmof 0.5. Protein

8-0x0G but has little effect on AP-lyase activit®, (24). expression was induced for 2.5 h at 3Z by the addition
Gilboa et al. 8) have suggested that Lys57 protonates the of isopropyl 5-p-thiogalactopyranoside to 0.3 mM final
leaving 3-phosphate, thereby accelerating fhelimination concentration. Cells were harvested by centrifugation and
step. resuspended in 50 mM HEPES, pH 7.5, 500 mM NacCl, 1

Results from studies of other combined g|ycosy|ase:AP- mM ethylenediaminetetraacetic acid, 0.1 mM phenylmethane—
lyases, such as T4-pyrimidine dimer glycosylase (T4-Pdg) sulfonyl flouride, and 1:20 (v/v) of protease inhibitor
and endonuclease VIII, may also be used to suggest key(Sigma). The cells were broken by sonication on ice.
amino acid residues involved in the catalytic mechanism of Clarified extracts were prepared by centrifugation at 10000
Fpg, due to a commonality in catalytic mechanisms. Meador 'Pm for 10 min. Polymin P (Sigma) (10% w/v) was slowly
et al. @5) showed that mutation of the His16 residue of T4- added to the clarified extracts (over 30 min) with constant
Pdg resulted in an enzyme that was severely compromisedstirring to a final concentration of 0.1%. The Polymin P
in turnover following the catalytic events. The His16 residue Precipitate was removed by centrifugation at 10000 rpm for
had been originally hypothesized to be involved in the 10 min. Ammonium sulfate was slowly added to the
formation of the Schiff base or subsequent intermediates. sSupernatants (over 30 min) with constant stirring to achieve
Further investigations did not support this hypothesis. The 60% saturation. The resulting precipitated proteins were
mutant enzymes were able to carry out the glycosylase stepcollected by centrifugation as described above and resus-
form the Schiff base intermediate, and carry out the lyase pended in 10 mL of 50 mM HEPES, pH 7.5, 1 mM EDTA
step. However, the rate of product formation rapidly pla- and 0.1 mM PMSF. A 15 mL chitin affinity column was
teaued over time and was directly proportional to the amount Washed with 10 column volumes of buffer A (50 mM Na-
of enzyme added. It was concluded that the His16 residueHEPES, pH %5 1 M NaCl, 1 mM EDTA, and 0.1 mM
was involved in enzymeproduct turnover. The mechanistic PMSF). The proteins were loaded onto the column, and the
similarities between T4-Pdg and Fpg suggested that somecolumn was washed with 20 column volumes of the buffer
residue in the Fpg structure might play a role similar to that A, followed by a 15 min wash of 3 column volumes of buffer
of T4-Pdg His16. This study tests that hypothesis by A containing 50 mM dithiothreitol (DTT). The proteins were
identifying a similar candidate histidine residue, mutating left on the column overnight at 2C and then eluted with
that residue, and investigating the alteration in catalytic buffer B (25 mM Na-HEPES, pH 7,3 M NaCl, and 1 mM
properties of the mutant enzymes. The commonality of EDTA) and collected in 1 mL fractions. Aliquots of the
mutant enzyme phenotypes exists despite a complete lackractions were analyzed on a 10% SBilyacrylamide gel.
of structural or sequence homology and entirely different The pure protein-containing fractions were dialyzed into 25
active site architectures. The implication is that these residuesmM Na-HEPES, 250 mM NaCl, 1 mM EDTA, 1 mM DTT,
catalyze the rate-limiting and essential step for these BER 1 mM PMSF, and 50% glycerol, separated into aliquots, and

DNA lyases. stored at-20°C. Protein concentration was determined using
the Bradford method (Bio-Rad).
EXPERIMENTAL PROCEDURES Activity of Fpg on an 8-Oxoguanine-Containing DNA

Substrate An oligodeoxynucleotide with the sequence 5

Molecular ModelingTwo structures from the Protein Data ACCATGCCTGCACGACOAAAGCAATTCGTA-3, where
Bank were mOde|Ed, 1VAS (T4'Pdg) and 1K82, residues O denotes 8-0x0G, ana its Comp|ementhGAAT_
1-128 (Fpg). The orientation frames for the two structures TGCTTTCGTCGTGCAGGCATGGT-3were synthesized
were set with a custom program written in the NAB py Midland Certified Reagent Co. (Midland, TX). The
molecular structure manipulation languag@€)( The frames  g.oxo0G-containing oligodeoxynucleotide w4 labeled at
were defined using the positions of the N-terminal nitrogens, jts 5 end with T4 polynucleotide kinase (New England
the CA carbons of the histidine reSidueS, and the CA CarbonSBioLabs) and annealed to its Comp|ementary strand. Fpg
of E3 (1K82) or Q23 (1VAS). The latter two residues (E23 enzymes were incubated at 3Z with the double-stranded
in wild-type 1VAS) are key catalytic species and are thought 30-mer 8-0x0G DNA (4.5 nM) in a reaction containing 25
to play similar roles in the catalytic schemes of Fpg and T4- mm Na-HEPES, pH 7.5, 50 mM NaCl, 2 mM EDTA, 1 mM
Pdg, respectively. The molecular graphics were generatedpTT, and 0.1 mg/mL BSA. Aliquots (10L) were quenched
with MOLSCRIPT @7) and Raster3D28). with an equal volume of loading buffer: 95% (v/v) forma-

Targeted Mutagenesis of the E. coli Fpg Protémyvitro mide, 20 mM EDTA, 0.02% (w/v) bromphenol blue, and
mutagenesis was performed using bidirectional polymerase0.02% (w/v) xylene cyanol. The aliquots were heated at 90
chain reaction. Histidine-71 was changed to alanine (GCT) °C for 5 min prior to being loaded on a 15% polyacrylamide
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B (Pdg). |

20A

Ficure 1: Geometric relationships between key residues in T4-Pdg and Fpg (resigd@8)1 Panel A (Fpg): Residues-128 of the

Protein Data Bank entry 1K82 oriented such that the triangle formed by the N-terminal proline nitrogen, the H71 CA carbon, and the E3
CA carbon lies in the plane of the paper, with the horizontal axis defined by the line between the proline nitrogen and the E3 CA carbon.
The vertical axis is defined by the right-hand vector cross-product in the plane of the paper and orthogonal to the horizontal axis. Panel B
(Pdg): The PDB entry 1VAS is shown oriented similarly to Fpg in panel A. The triangle formed by the N-terminal nitrogen, the H16 CA
carbon, and the Q23 CA carbon (E23 in the wild-type enzyme) lies in the plane of the paper, and the horizontal axis is defined by the
N-terminal threonine nitrogen and the Q23 CA carbon. The vertical axis is defined as the vector cross-product as in panel A. In both panels
the histidine residue is at the top vertex of the triangle. The key residue side chains are represented as balls and sticks, colored according
to atom type, and labeled. The bars at the right sides of the two panels represent 20 A.

gel (8 M urea) in 0.5x TBE buffer. The DNA substrates measure the active molecules in the enzyme preparation.
and products were separated by electrophoresi? flo at Burst kinetics methods for determining the fraction of active
20 W, and the gels were visualized and analyzed with enzyme molecules would be problematic since the apparent
Phophorimager screens and ImagQuant 5.2 software (Am-defect in the H71A mutant was in the turnover step.

ersham Biosciences). However, actual results obtained in this investigation reveal
Activity of Fpg on DNA Containing an AP Sité 25- difficulties with the borohydride trapping procedure, and
mer oligodeoxynucleotide with the sequente&&BATAGT- these will be discussed in the Results section.

GTCCAUGTTACTCGAAGC-3 and its complement's
GCTTCGAGTAACGTGGACACTATCG-3were synthesized ~ RESULTS
by Midland Certified Reagent Co. and-3P labeled. An Molecular Modeling.The crystal structure dE. coli Fpg
AP site was produced by treating 4.5 nM annealed 25-mer was examined for histidine residues that might be similar in
with 2 units of uracil DNA glycosylase (New England their geometric relationships to Hisl6 in T4-Pdg. The
BioLabs) in 20 mM Tris-HCI pH 7.5, 1 mM DTT, and 1  distances between the amine nitrogens of the N-terminal
mM EDTA for 25 min at 37°C. Fpg enzymes were incubated residues and the centers of mass of the histidine imidazoles
with the AP-containing DNA immediately thereafter, and were measured in the two structures. The center of mass of
10 uL aliquots were removed at the indicated time points the imidazole ring of the His71 residue in Fpg was 9.0 A
and treated with freshly prepared 200 mM Nagbt 2 min. from the N-terminal proline nitrogen, whereas the center of
Loading buffer was added to the aliquots analyzed as mass of the imidazole of the His16 residue was 12.5 A from
described above, with the trapped complexes migrating into the N-terminal threonine nitrogen in T4-Pdg. If the structure
the gel but significantly slower than that of the substrate and of T4-Pdg was taken as represented in the unpublished
product DNA. structure of a borohydride-reduced imine DNAnzyme
Formation of Cealent EnzymeDNA Complexes Using intermediate instead of that in 1VAS, the center of mass of
NaBH,. To reduce Schiff base intermediates between the Fpgthe His16 imidazole ring was 11.4 A from the N-terminal
enzymes and substrate DNA, NaBitas added to a final  nitrogen (Gali Golan, Dmitry O. Zharkov, Gil Shoham,
concentration of 100 mM from a freshly prepdre M stock Arthur P. Grollman, M. L. Dodson, Amanda K. McCullough,
solution simultaneously with the DNA substrates. These and R. Stephen Lloyd, submitted for publication). His71
reactions were incubated at 3€ for 30 min, an equal seemed the most likely candidate and so was chosen for
amount of formamide loading buffer was added, and the mutational alteration. Figure 1 shows the geometric relation-
samples analyzed as previously described. When carried ouships between three key residues in (A) Fpg, residue28,
with an excess of DNA substrate, the fraction of DNA and (B) T4-Pdg. The bar on the right side of both panels
molecules forming a covalent intermediate, as measured byrepresents 20 A.
the gel migration pattern characteristic of covalent protein Activity on an 8-Oxoguanine-Containing Substraide
DNA complexes [Meador et al.26)], should directly mutant H71A Fpg protein was assayed for activity on
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FiGURE 2: Wild-type and H71A Fpg enzyme kinetics on 8-ox- FIGURE 3: Incision kinetics of H71A Fpg at varied enzyme protein
oguanine-containing DNA. Substrate oligodeoxynucleotides con- concentrations on duplex DNA containing 8-oxoguaringtosine.
taining 8-oxoG were treated with equal total molar concentrations "€ kinetics of incised product accumulation are shown as a
of wild-type (O) or H71A @) Fpg as described in the Experimental percentage of total substrate DNA in which the DNA concentration
Procedures. The kinetics of product accumulation are shown in Was held constant at 4.5 nM, and the apparent active enzyme
which the DNA concentration was 4.5 nM, and the apparent active concentrations were varied: 92.5 p/)( 185 pM (), and 370
protein concentrations were 185 pM for H71A and 681 pM for PM (©). Results of four independent experiments are given as the
WT. Aliquots were removed at 5, 10, 20, 45, 120, and 240 min. Mean valuest SD. Aliquots were removed at 5, 10, 20, 45, 120,
Also shown is a storage phosphor autoradiogram of a representativeNd 240 min. The total concentration of H7¥A6, 12, and 24
H71A (185 pM) time course assay on 8-oxoG-containing DNA (4.5 NV

nM). The first lane contained no enzyme. From left to right, the

lanes after the first correspond to time points of 5, 10, 20, 45, 120, To the extent that this assumption is not satisfied, the trap-
and 240 min. The total concentration of WA 12 nM and H71A ping method will underestimate the fraction of mol-

=12 M. ecules that are active. Figure 2 shows a plateau for the H71A
substrate DNA containing an 8-oxe@ytosine base pair ~mutant at approximately 40% of the input DNA sub-
centrally located in the duplex DNA. The data in Figure 2 strate (4.5 nM). The straightforward interpretation of this
show the ability of equal total concentrations (cf. Experi- IS that the H71A mutant produced 1.8 nM (40% of 4.5 nM)
mental Procedures) of the mutant H71A and wild-type Fpg imine intermediate DNA, at variance with the expected
to incise the duplex substrate DNA at the site of the 8-oxoG. activity from the borohydride trapping experiments. The
Although the initial rate of incision by the mutant was activity observed in Figure 2 should, therefore, be taken
somewhat lower, the accumulation of incised DNA products @s an upper bound of the activity of the mutant enzyme, with
from reaction with the H71A mutant enzyme dramatically the activity measured in the borohydride trapping experi-
slows down over the course of the assay and reached ament taken as a lower bound. Due to these uncertainties
plateau value, less than complete conversion of substrate tdn the true fractions of active enzyme in the preparations,
product. To rule out the possibility that the mutant H71A the active enzyme concentrations reported in the figure
enzyme was losing activity during the kinetic analyses, legends are referred to as “apparent active enzyme concen-
reactions containing all components except the 8-oxoG- trations”.
containing substrate DNA were incubated foh at 37°C To determine whether the plateau value of the H71A Fpg
before the addition of labeled substrate DNA. The initial was proportional to the amount of enzyme added, the enzyme
reaction rates were identical to those without preincubation concentration was varied over a 4-fold range. These data
at 37°C, ruling out the explanation that the enzyme rapidly (Figure 3) show that the accumulation of DNA product
lost activity at 37°C. plateaus at values proportional to the input enzyme concen-
Since these data were collected using equal total concen4ration. Since Fpg has both DNA glycosylase and AP-lyase
trations of wild-type and mutant enzymes, separate experi- activities, it was possible that the H71A mutation might have
ments were carried out to determine the relative fraction of uncoupled the glycosylase step from the (obligatorily sub-
active enzyme molecules in each preparation. Active site sequent) lyase event. To test this possibility, kinetic reactions
titrations were performed using NaBHeduction of the were treated (or not) with hot piperidine to cleave DNA with
Schiff base intermediates formed between the N-terminal AP sites. Incubation of H71A Fpg-treated DNA with
proline secondary amine and Cbf the substrate site  piperidine showed no difference in the amount of cleavage
deoxyribose. Enzyme concentrations were adjusted such thaof DNA product relative to H71A Fpg-treated DNA that had
less than 30% of the input labeled 8-0xoG containing DNA not been treated with piperidine (data not shown). These data
was trapped as a covalent complex. These data showed thatule out an uncoupling of the reaction steps.
the purified wild-type enzyme contained-3-fold more The data presented above were consistent with an inter-
active molecules when compared to the H71A mutant (data pretation that the H71A Fpg mutant was defective in enzyme
not shown). In light of these data, the adjusted rates of turnover, similar to that previously observed for the T4-Pdg
incision for the data in Figure 2 showed approximately equal H16 mutants Z5). To investigate this hypothesis, and to
catalytic efficiency. ensure that all 8-oxoG-containing substrates were accessible
The borohydride trapping method for active site titration and could be cleaved by competent enzymes, duplex oligo-
carries the implicit assumption that the imine intermediate nucleotide DNAs containing 8-oxoG were incubated with
to be reduced is accessible to the borohydride in solution. either 681 pM wild-type FpgH) or 185 pM H71A Fpg
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Ficure 4: Kinetics of sequential enzyme addition. DNA containing o ) )
8-0x0G (4.5 nM) was incubated with H71A Fpg at apparent active FIGURE 5: Activities of H71A and wild-type Fpg on an AP site-
enzyme concentrations of 185 pM (0, ®) or 370 pM ©) for an containing substrate. A substrate oligodeoxynucleotide containing
initial 120 min. [All enzyme concentrations reported are apparent an AP site (4.5 nM) was treated with wild-type or H71A Fpg as
active enzyme concentrations (cf. Experimental Procedures).] At described in the Experimental Procedures. The kinetics of the
120 min, either 185 pM H71A®) or 681 pM wild-type Fpg () production of incised DNA molecules for wild-type Fpg (340.5
was added to the reactions. No additional enzyme was added toPM apparent active enzyme proteilm))(and H71A Fpg (370 pM

the 185 or 370 pM H71A Fpg reactiona (or O, respectively). enzyme protein)@). Thus, approximately equal molar apparent

Control reactions containing wild-type Fpg at 681 pl) @nd 4.5 active enzyme concentrations of wild-type and mutant enzymes are
nM DNA were performed. The total concentration of W 12 shown. Aliquots were removed at 1, 2.5, 5, 10, and 20 min. The
nM and H71A= 12 nM. total concentration of WF 6 nM and H71A= 24 nM.

(a, O, @) for 120 min (Figure 4). Although the wild-type DISCUSSION

Fpg resulted in complete conversion to nicked produmis ( Data presented herein provide evidence for a role of His71
the accumulation of incised DNA products for the first 120 j, facilitating the turnover of Fpg acting on an 8-0xoG-
min in all reactions containing the H71A Fpg reached a containing duplex DNA. The Fpg active site is located in a
plateau at~35% conversion4, O, ®). After 120 min an  ¢jeft petween two domains, and the active site residues are
additional 185 pM H71A Fpg was introduce®)(to one of located on one surface of this cleft (Figure 1, panel A). The
the H71A Fpg reactions, and to another, 681 pM wild-type gcissile substrate nucleotide is flipped into the active site in
Fpg was added). The product accumulation in the H71A  he Michaelis complex. If the substrate is Fapy or 8-0x0G
reaction that did not receive any additional enzymes remainedj, the context of duplex DNA, water is likely to be excluded
constant for the final 120 min reactiom). In the H71A  from the active site, but if the substrate is an AP site, the
reaction to which additional wild-type Fpg was added, the \ojume ordinarily occupied by the flipped base should be
remaining substrate DNA was rapidly incised to completion fjjjed with water molecules. Since tieelimination product
(D). The addition of another aliquot of H71A Fpg at the s the most frequently accumulated product species prior to
120 min time point produced anothe_r burst of product that enzyme-product turnover, the enzyme is covalently bound
reached a plateau at65% (@). An identical plateau of {5 5 5-carbon fragment derived from the deoxyribose of the
conversion of substrate to product was measured for H71A gcissile base Z1). The gapped DNA product is free to
Fpg being added at an initial 370 pM concentrati@.(  gissociate. Hydrolysis of the 5-carbon sugar fragment imine
Collectively, these data provide support for the hypothesis ghould be rate limiting for enzyme turnoves)(
that the H71A Fpg mutant was defective in some aspect of  \jytation of His71 prevents enzyme turnover, directly
enzyme turnover. implicating this residue in the hydrolysis of the enzyme:5-
Kinetics with an AP Site Substratélthough the data  carbon sugar fragment imine product. The role of this residue
described above demonstrated a defective turnover for H71Ais probably to act as a general base activating a water
Fpg on 8-0xoG substrates, all AP lyases should be capablemolecule for the hydrolysi29). If dissociation of the scissile
of catalyzing g3-elimination backbone cleavage reaction on base from the active site pocket were prevented by the
AP site-containing substrate DNA. Thus, the activity of product imine, turnover in the mutant enzyme would be
H71A relative to the wild-type Fpg was assayed with an AP prevented. In the case of theelimination product being
site substrate. To establish a concentration with which to generated by the reaction at an AP site, water trapped in the
carry out AP nicking, we examined a range of enzyme scissile base pocket should be able to hydrolyze the imine
concentrations to empirically determine the concentration that product by attack on the imine from within the pocket. We
would result in less than 50% conversion of substrate to suggest that this scenario explains the difference in mutant
product within 20 min. In contrast to the data previously enzyme turnover when the enzyme is acting on an 8-oxoG
obtained with 8-oxoG site-containing substrate DNA, H71A versus an AP site substrate.
cleaved AP sites at a rate similar to that of wild-type Fpg In conclusion, the histidine at sequence position 71 has
(when normalized for the fraction of apparent active mol- been shown to be an essential residue for the biologically
ecules; Figure 5) without a detectable plateau in product required turnover of the Fpg AP-lyase covalent enzyme
formation. In data not shown increased concentrations of product species. Since these two enzymes share no sequence
wild-type or H71A enzymes achieved a complete conversion homology and completely differ in the base-flipping schemes
of substrate to product without any detectable lag. used to form their respective Michaelis complexes, yet share
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a (apparently convergent) scheme for turnover of their
covalent imine product complexes, these results strongly
suggest a generalization to BER glycosylase:AP-lyase en-

zymes. The general base residue need not be a histidine, but

we suggest that the structure of all such enzymes will reveal
a similarly placed residue with a similar catalytic potential
(activation of the hydrolytic water molecule).
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