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ABSTRACT. Mutation of the His44 residue of the subunit ofVibrio harveyiluciferase to an alanine was
known to reduce the enzyme bioluminescence activity by five orders of magnitude [Xin, X., Xi, L., and
Tu, S.-C. (1991)Biochemistry 3011255-11262]. We found that the residual activity of thd¢i44A
luciferase was markedly enhanced by exogenously added imidazole and other simple amines. The peak
luminescence intensity in nonturnover assays was linearly proportional to levet$4dfA and the rescue

agent, indicating a lack of significant binding under our experimental conditions. The rescue effect of
imidazole was pH dependent and quantitatively correlated well with the amount of imidazole base. The
rescue efficiencies of imidazole and amines were found to be regulated by both their molecular volume
and K.. A Brgnsted analysis revealeavalue of 0.8+ 0.1. The enhancement aH44A activity by
imidazole took place after the formation of the flavin 4a-hydroperoxide intermediate. The predominant
form of the flavin 4a-hydroperoxide intermediate generatedH#4A was inactive in bioluminescence,

but was reactive with the aldehyde substrate for bioluminescence in the presence of imidazole. These
findings, taken together, provide evidence for assigning a role fontfis44 imidazole as a catalytic

base in the luciferase reaction. This study provides the first characterization of a catalytic residue for
bacterial luciferase and the first demonstration of the rescue of a histidine-mutated enzyme by exogenous
imidazole and amines.

Bacterial luciferase, a flavin-dependent monooxygenase and active site structure. As shown in a minimal scheme
catalyzing the oxidation of FMNK! and a long-chain  (Scheme 1), subsequent to the binding of one FMN
aliphatic aldehyde with concomitant emission of light the luciferasexs dimer @, 7), molecular oxygen reacts with
(quantum yield= 0.1), has been the subject of extensive the 4a-carbon site of the bound reduced flavin to form an
enzymological studiesl-5). Nevertheless, much remains activated hydroperoxyflavin specie, Q) designated inter-
to be elucidated with respect to luciferase reaction mechanismmediatell . The aldehyde substrate then reacts with inter-
mediatell to form intermediatéll , proposed to be an FMN
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site location has not been determined and is still the subjectdibasic form. Peptone and yeast extract were purchased from
of speculation. Several “essential” amino acid residues of GIBCO. DEAE-cellulose and DEAESephadex were
luciferase, mostly on thet subunit, have been identified products from Pharmacia Biotech.

through a series of chemical modificatiat8(-16) and site- Luciferase and AssaysVibrio harveyiluciferase and the
directed mutagenesislT—22) studies. Modifications of  oH44A mutant were generated and overexpresseHsn
these residues result in marked reductions in substrate binding:herichia coliand purified following the methods described
affinity and/or luciferase bioluminescence activity. However, previously @0). Stocks for both enzyme samples were kept
with respect to the chemical mechanism of luciferase, no in 0.3 M sodium-potassium phosphate, pH 7.0. On the basis
luciferase residue has thus far been explicitly demonstratedof sodium dodecyl sulfatepolyacrylamide gel electrophore-

to be essential to any specific catalytic function. sis, both native luciferase andH44A were about 95% pure.

In physical organic chemical studies, a powerful way to Bioluminescence activities were determined af23under
probe the transition-state structure in general acid/base-nonturnover conditions by the copper(l) ass@)(or a
catalyzed reactions is the construction of gfsted plot in modified dithionite assay?2f), all using decanal as the
which the logk of the reaction is determined under conditions aldehyde substrate. A liquid light standa@b) was used
in which the electronic property of the catalyst is systemati- to convert observed emission intensity to unit of quantum
cally varied. However, a major barrier for applying this per second (q$). For both nonturnover assays mentioned
approach to enzymatic reactions is that the catalytic moietiesabove, luciferase activities were based on the initial peak of
are integral parts of the enzyme structure and therefore cannoemission intensitylf) expressed in g3, equivalent to the
be easily varied in a systematic way. An elegant work by observed maximal initial rate of the reaction. Unless stated
Toney and Kirsch Z3) demonstrated that inactivation of otherwise, the standard buffer of 0.1 M potassium phosphate
aspartate aminotransferase due to the mutation of the catalytigk P)), pH 7.0, was used for all luciferase reactions.

Lys258 residue to an alanine can be overcome by exog- Chemical Rescue afH44A. Imidazole or amine was
enously added small molecule amines. This enabled themfreshly prepared in 0.1 M R at a desired pH and
to systematically vary the amines to establish the first true concentration. Chemical rescue experiments were carried
Br¢nsted analysis of an enzymatic reaction. Following this out using two methods. In one case, a 1-mL buffer solution
pioneering work, a number of reports have further demon- containing enzyme and a rescue reagent was incubated at
strated the feasibility of chemical rescue as a general 23 °C for 1 min and the luciferase activity was determined
approach to identify catalytic residues and to establish py the injection of 1 mL of buffer containing 50V FMNH,
structure-activity relationships for enzymatic reactions. (reduced by the copper(l) assay method) and 0.8 mM
Additional accounts of chemical rescue studies are included decanal. Alternatively, enzyme was first mixed with,8d
in the Discussion. In this report, we describe the application FpMNH, (reduced by a slight excess dithionite) in 0.1 mL of
of chemical rescue in a study of bacterial luciferase catalysis. pyffer. Immediately thereafter, a 1-mL standard buffer
Evidence is shown to indicate a role for the His44 residue containing a desired concentration of imidazole (or other
of the a subunit as a catalytic base. This provides the first amine) and 0.8 mM decanal was injected to initiate the
identification of a Catalytic residue for bacterial luciferase bioluminescence. Unless stated otherwise, final concentra-
and the first demonstration for the restoration of activity t0 tions of rescue agent are cited throughout the text.
a histidine-mutated enzyme by exogenously added imidazole Decay Rate of Intermediate. aH44A was first reacted
and amines. Moreover, to our knowledge, this work is also yyith 50 ,M FMNH. (reduced by a slight excess dithionite)
the first chemical rescue study in the families of luciferases j, the standard buffer precooled on ice. The solution was
and flavoenzymes and the second example for oxygenasesinmediately passed through a small Sephadex G-25 column
pre-equilibrated and eluted with the ice-cooled standard
EXPERIMENTAL PROCEDURES buffer. The luciferase 4a-hydroperoxy-FMN intermediate

Materials Imidazole, 1-methylimidazole, 2-methylimi- 1l was separated from free flavin, dithionite, and its oxidized
dazole, decanal, and copper(l) bromide were all from Aldrich. products and was obtained in the void volume. The decay
Sodium hydrosulfite (dithionite), FMN, dithiothreitol, ampi- rate of the isolated intermediate was determined at 6C
cillin, and all small molecule amines were obtained from by measuring the time course of the increase Aq%,
Sigma. Amines were purchased as the hydrochloride salts,associated with the formation of the FMN decay product. In
except for ammonia, obtained as ammonium phosphate inaddition, the time courses of the decay of the biolumines-
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Table 1: Rate Constanitgk,) for Imidazole- and Amine-Assisted
Bioluminescence byH44A and Propertiésof the Catalytic Agents

120 |

catalytic agent K. molecular volume (8 k,(M~1s?)

100 | imidazole 7.0 64.9 2.6 10

—_ methylamine 10.6 43.6 251072
& sl ethylamine 10.6 61.7 8.410°
® propylamine 10.5 80.7 3% 103
° ethanolamine 9.5 69.3 2410
x 60r ammonia 9.2 25.4 3.5 1073
= 2-fluoroethylamine 9.0 65.9 2510
40 | cyanomethylamine 5.3 53.5 261077

a Luciferase activities were measured by the Cu(l) assay at pH 7.0,
23 °C. Values ofk, were determined as described in the té&xthe
pKa values for imidazole 27) and amines Z23) are those reported
0 . ‘ ‘ . L ‘ previously. The molecular volume for imidazole was calculated using
0 20 40 60 8O 100 120 140 the method of Toney and Kirsci2). Molecular volumes for amines
Imidazole (mM) were also calculated the same way and are essentially the same as

Ficure 1: Dependence of the imidazole-assisted bioluminescence '¢POrted previously2s).

intensity on the amount of imidazole. Using 0.13 mgodi44A

per assay, the peak luminescence intensity was determined at pHyithin the range of 6.67.0 (Figure 1). Quantitatively, the
6.0, 6.5, and 7.0 at varying concentrations of imidazole as indicated. offact of pH on the extent of activity rescue by imidazole
can be correlated to the amount of the base form of imidazole
following the relationship Z3)

cence-active intermediate were determined by taking 0.1-
mL aliquots of the isolated intermediate sample after

different times and injecting into 1 mL of standard buffer k,[imidazole],,

(kept at 23°C) containing saturating decanal and 0 or 90 =0 1)
mM imidazole. 1+[HIK,

RESULTS in which K, is the association constant for the imidazole

acid—base equilibriumk, is the observed rate constant (in

Chemical Rescue afH44A by Imidazole.Replacement  s%) for the luciferase light-emitting reactioke is thek in
of aHis44 of theV. hareyi luciferase by alanine was the absence of imidazole, akgis a rate constant (in M
previously shown to decrease the bioluminescence activity s™2) for the emission catalyzed by the imidazole base. As
to <1075 of that for the wild type luciferase2Q). In this defined above,, ke, andk, are all based on rates of quantum
investigation, we found that the bioluminescence activity of emission rather than rates of other product formation by
the aH44A dark mutant was markedly enhanced by the taking the quantum yield of the luciferase reaction into
exogenously added imidazole. Using 0.18 mgudi44A consideration. When normalized to the same amount of
luciferase, the peak light intensityy) of 2 x 10’ g s'* was luciferase per reaction, eq 1 can be transformed to eq 2
enhanced about 200- and 540-fold by the addition of 50 and e
125 mM imidazole, respectively. In comparison, thé44A | = Kplimidazole],, 4 @)
activity was not significantly enhanced by histidine and was ° 1+ [H*]K e
only elevated 6- and 8-fold by 1-methylimidazole and a
2-methylimidazole, respectively, at a final concentration of \yherel, is the observed peak light intensity ahds thel,

50 mM of these rescue agents. Under the nonturnover assayn the absence of imidazole. Moreovés, |, andk’, are
conditions employed, the light decay for thl44A enzyme | related to the correspondirg, ke, andk, by the same
followed an apparent first-order time course in the absence conyersion factor. Therefor&), (henceks,) can be conve-
(Kgec= 0.35 min'™) or presence of 50 MMdec= 0.86 min'™) niently determined from plots df, against total imidazole

or 125 mM gec = 1.1 min) imidazole. Taking both,  concentration according to eq 2. Using data shown in Figure
and the light decay rate into consideration, the total quantumy and K, = 6.95 for imidazole 27), the k, for imidazole
output was enhanced about 80- and 170-fold by 50 and 125p35e catalysis was determined to be 2.0.1) x 104 M1

mM imidazole, respectively. At 50 mM imidazole, the peak s-1 (Table 1). Moreover, theoretical ratios of the slope at
luminescence intensities observed were linearly proportional gne pH over that for another pH were calculated (on the
to the amount otH44A up to the highest level of 0.18 Mg pasis of eq 1 or 2 and{a = 6.95) to be 2.0, 2.6, and 5.2 for
per assay. Enzyme-free control samples showed no signifi-s, /5, o § 4S5, andS; JSs o, respectively, wher&refers to
cant luminescence by reacting FMiBind decanal with ©®  the slope and the subscript refers to the pH. These theoretical
in the absence or presence of imidazole. As another control,ratios correlated well with the experimentally determined
imidazole at 50 mM was found ineffective in stimulating yajues of 1.9, 2.6, and 4.8 & JSs5, Ss5Ss.0, aNAS; IS 0

the wild-type luciferase activity. respectively (Figure 1).

Imidazole as a Catalytic Basedror a fixed amount of the Rescue Effects of Other Amines angisted Plot. Seven
oH44A enzyme at 0.13 mg per assay, the bioluminescencesimple amines were also tested and found to be active in
peak intensity was linearly dependent on the concentrationenhancing the light activity odtH44A (Table 1). At pH
of the imidazole catalyst up to the highest level of 125 mM 7.0 and for each of these seven amines (up to 75 mM for
tested at pH 7.0 (Figure 1). Moreover, the efficiency of propylamine and 250 mM for all others), theincreased as
imidazole in enhancing the activity of theH44A enzyme a linear function of the amine concentration qualitatively
was pH dependent, with higher efficiencies at higher pH’s similar to that shown in Figure 1 for imidazole. Values of




14612 Biochemistry, Vol. 36, No. 48, 1997 Accelerated Publications

A B : Table 2: Effect of Imidazole in Relation to Reaction Steps
M [
iql 145 S treatmertt lo(gs™?)
2 1. (E+ FMNH; + Oy) — Il — + decanal 2. 10°
1 A 1 ,, & 2. (E+ FMNH; + Oy) — Il — + imidazole+ decanal 1.6< 1C¢°
£ H 3. (E+ imidazole+ O;) — + FMNH, — Il — + decanal 1.1x 1C°
> o
s 21} A .55 2 @ Reactions were carried out in 0.1 B], pH 7.0 at 23°C using a
T modified dithionite assay26). Reactants included in the initial reaction
> solution were indicated by parentheses. Each reaction solution had a
-23r 1744 £ final volume of 2.5 mL containing 0.17 mg of theH44A enzyme
. S (E). The final concentration of imidazole was 20 mM for treatments 2
>25 L L 1 L L : 1 1 Il ] _55 and 3.
40 50 60 70 80 90 4 6 8 10 12
Molecular Volume (X) pKa _oo4f

Ficure 2: Effects of molecular volume andg of imidazole and

amines on the bioluminescence activityodfi44A. (panel A): On —-0.55 -

the basis of eq 3, the effect of amine molecular volume onkjpg

was determined using data for methylamine, ethylamine, and -0.86

propylamine from Table 1. (panel B): A Bnsted plot was also *
-1a7¢ d

constructed as shown to evaluate the effectkf [Data used for
such a plot are from those in Table 1 and the téfmas determined

from the plot in panel A. -1.48 -

Log (AA/AA,) or Log (I/l,)

ky, for these amines are summarized in Table 1, along with 179

values of their corresponding<g and molecular volume. 3
The efficacy of chemical rescue is sensitive to both ' e e I T
o} 2 4 6 8 10 12 14 16 18 20
molecular volume andHKy, of the rescue agent, and results

shown in Table 1 were analyzed on the basis of eg3. ( o ) Time (mf") ] )
Ficure 3: Decay kinetics of intermediaté species formed with

lo = K.) + V(molecular volume+ ¢ 3 oH44A. After isolation, the intermediaté was kept at 6C, and
gk = APKa) ( i (3) the decay kinetics were determined by following the changes in

. . absorbance at 450 nma) or bioluminescence peak intensity upon
The dependence of the catalytic efficacy of the rescue agentreacting with decanal aIt > in the absenceq? or presencg@p

on molecular volume can be shown by examining methy- of 90 mM imidazole.

lamine, ethylamine, and propylamine which have essentially
the same K, but are quite different from one another in their  {race amount of a second form had a slower decay rate and
molecular volumes. A plot of log versus molecular ~ Was active in light emission. These earlier measurements

volume for these three amines shows a linear relationship Were carried out using dodecanol as a stabilization agent for
(Figure 2A), allowing the calculation of the steric teki= intermediatell . We have repeated these measurements at
—0.023 in eq 3. On the basis of the data for all the rescue 6 °C in the absence of dodecanol under otherwise identical

agents shown in Table 1 and taking the steric factor into Cqmﬂtion- Again, a faster decaying speciége{ = 0.45
consideration, a Bmsted plot of logk, — V(molecular min~1) was detected by the absorption changes at 450 nm,

volume) as a function of, was constructed (Figure 2B), Whereas a slower decaying forik = 0.12 mim) was
giving a value ofs = 0.8+ 0.1. detected by following the decreases in bioluminescence

Catalytic Stage Affected by ImidazoleSeveral key activity induced by secon(_jary addi_tion of a_ldehyde (Figure
intermediates in the luciferase reaction pathway are shown3)- The decay rate of the intermeditespecies which was
in Scheme 1. The question as to whether imidazole affectsactive in the |m|dazole—enhanced _blolu_mlne.scence was also
reaction steps prior to or after the formation of FMN 4a- determined to be_0.46_3 nif, ess_entlally |qlent|cal to that for
hydroperoxide intermediate was subjected to investigation. the faster decaying intermediate species detectable by
A modified dithionite assay metho@%) was employed for ~ absorption signals.
the reduction of FMN. At 23°C and using 0.17 mg of
oH44A enzyme in a final solution of 2.5 mL of 0.1 &, DISCUSSION
pH 7.0, a low level of 2.2« 10° q s* was observed for the Mutation of the aHis44 residue of theV. harneyi
I, without the addition of imidazole. THgwas substantially  luciferase to an alanine was previously shown to result in 5
and similarly enhanced when imidazole (final concentration orders of magnitude of activity reductiof@). In this study
20 mM) was introduced either after (treatment 2) or before we found that the low activity oétH44A could be greatly
(treatment 3) the formation of intermedialie (Table 2). enhanced by the addition of imidazole. Such an enhance-
These results indicate that imidazole enhances the biolumi-ment was dependent on the presence obtHd4A enzyme
nescence emission at reaction step(s) after the formation ofand linearly proportional to theH44A concentration. In
the FMN 4a-hydroperoxide intermedialie rather than by addition, the increases in light intensity at pH 600 were
increasing the yield of intermedialieunder our experimental  linearly proportional to the amount of imidazole up to the

conditions. highest levels tested (Figure 1). Therefore, the enhancement
Identity of Reactie Intermediatell in the Rescued of the light emission required the presence of both the
BioluminescenceUnlike the wild-type luciferase, theH44A oH44A luciferase and imidazole. However, on the basis of

mutant has been shown to generate two forms of the the linear dependence of emission enhancement on imidazole
intermediatell (20). The predominant form had a faster concentration, there was apparently no significant binding
decay rate and was inactive in bioluminescence whereas aof imidazole byoH44A under our experimental conditions.
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Scheme 2 or before the formation of the FMN 4a-hydroperoxide
=\ ~\ intermediatdl (Table 2). Therefore, the imidazole-assisted
HN@/NH = ‘N\Q““ +H bioluminescence apparently resulted from reaction step(s)

after the intermediatl formation rather than from increased
yields of intermediatél .

The exact catalytic function of the added imidazole is still
not fully understood. However, we entertain the following

An important finding of this study is that the exogenous
imidazole acted as a catalytic base in enhancingtié4A
activity. The effect of imidazole was greater at higher pH's 1, hypotheses. The exogenous imidazole in det4A
within the range of pH 6.67.0. Moreover, the slopes of — gystem and theHis44 residue in the native luciferase system
the plots at different pH's in Figure 1 could be interpreted g first abstract a proton from the flavin peroxyhemiacetal
according to eq 2, derived on the assumption that the jyermediatelll at the boxed position shown in Scheme 1
imidazole base was the active species in enhancing biolu-tyiowed by a hydride transfer from the circled position
minescence. Using aKa of 6.95 for the acierbase  4ccording to a BaeyetVilliger mechanism proposed some
equilibrium of imidazole £7) as shown in Scheme 2, the  ye4r5 ago10) and resurrected recentlgd). Alternatively,
theoretical values 08 0S5, S9S0 andS.dSso all cor-  ihe catalytic base could be involved in facilitating the transfer
related well with the experimentally determined values ot 4 proton from the circled position following an electron/
(Figure 1). Therefore, the critical assumption that the cparge transfer (a modified version of the chemically induced
imidazole base is the active species in enhancCinguHe4A electron exchange) mechanis2®¢33). In either case, this
activity was validated. These findings allow us to infer that proposed catalytic role is consistent with the known deute-
the imidazole group of theHis44 residue in the wild-type  j;m isotope effectqk = 1.4—1.7) of C1l-deuterated alde-
V. harveyi luciferase functions similarly as a catalytic base hydes on luciferase bioluminescence decay 13034, 35).
in bioluminescence. In this connection, althoughdi#s45 The aH44A andaH44D luciferases were each shown to
residue is also highly critical to luciferase activitgq), generate two forms of intermediadteunder conditions using

imidazole did not have any detectable rescue effect on the y,qecanol as a stabilization ageRO), In the present work
activity of aH45A luciferase (Hui Li and Shiao-Chun Tu, 5 forms of intermediatdl were also detected in the

unpublished results). The possibility that free imidazole 5p5ence of dodecanol (Figure 3). After the isolation of

could not diffuse into the cavity created by theélis45 10 jytermediatal formed withaH44A, the absorption changes
alanine mutation cannot be eliminated. However, we favor accompanying the decay to FMN followed an apparent first-
the alternative interpretation thatHis45 is functionally order process Withgee = 0.45 min at 6°C. A biolumi-

distinct from aHis44. Although both residues are critical o5cence-active intermedidtespecies, however, exhibited
to bioluminescence, the FMN 4a-hydroperoxide intermediate 5 first-order decay wittkgec = 0.12 mim. Since both

Il species could be isolated in substantial yields from ,,cesses were first-order in kinetics, apparently the biolu-
luciferases with thexHis44 mutated to alanine, aspartate, minescence-active species was minute in quantity, so it was

or Iysine but not from luciferases with theHis45 residue invisible by absorption measurement, whereas the major
similarly mutated £0). Moreover, thexH44K mutant was  gpacies detectable by absorption was inactive in biolumi-
about 2% active as the wild-type luciferase and 4900-fold hegcence. Importantly, the intermedititespecies active in

higher in activity than theiH44A enzyme 20). Probably o imidazole-assisted bioluminescence appeared to be the
the terminal amino group of the lysine side chain could same as the major and originally inactive species on the basis

partially replace thexHis44 imidazole as a catalytic base. ot heir identical decay rates (Figure 3). Therefore, the lack
In contrast,aH45K was 4 orders of magnitude less active ot pigluminescence activity for the major intermediake

than the native luciferase and only 70-fold more active than species formed withiH44A was apparently due to the

aH45A (20). removal of an enzyme catalytic base required for aldehyde
A series of amines were tested for their rescue effects on oxidation in step(s) subsequent to the formation of intermedi-
the aH44A activity. Such an endeavor was prompted by atell. Moreover, the lost catalytic group mH44A could
both our conclusion thattHis44 in the wild-type enzyme  pe replaced by the exogenous imidazole or amine to assist
acted as a catalytic base and the finding thatdh&l4K the luminescent oxidation of aldehyde by intermeditte
mutant is markedly more active thaiti44A (20). Allseven  The exact difference between this major intermediatnd
amines tested showed significant effects in enhancing thethe trace amount of the imidazole-independent, biolumines-
aH44A activity (Table 1). Efficiencies of these amines and cence-active intermediatd species formed byrH44A,
imidazole were sensitive to both their molecular volume and however, still remains unresolved.
pKa (Table 1, Figure 2A,B). On the basis of the eq 3, @ A number of critical residues of bacterial luciferase have
Br¢nsted plot was constructed yielding a valuefot= 0.8 been identified previously. Among the better characterized
+ 0.1 (Figure 2B). Thigs value indicates that a transition  ones, theXenorhabdus luminescefclassified ashoto-
state was formed containing close to a full positive charge rhabdus luminesceptuciferasenTrp250 residue was shown
at the protonation site. It also indicates that the luminescenceto be important to flavin and aldehyde binding2). For
reaction is highly sensitive to the basicity of the general base theV. hareyiluciferase, the “critical’'oCys106 residue was

catalytic group. later shown to be neither essential to FMNét aldehyde
At least three ground-state oxygenated flavin intermediatesbinding (16) nor directly involved in catalysisl@, 19). The
(namelyll, Ill , andlV in Scheme 1) can be identified for aAsp113 residue was proposed to be near the flavin 38e (

the luciferase reaction. It is important to determine which Mutations of theaHis45 greatly reduced the stability and/
reaction step(s) could be affected by the exogenous catalyticor yield of the intermediatél, whereas mutations of the
base. UsingaH44A, the light activity was greatly and  aHis44 residue was known, prior to this work, to render the
similarly enhanced when imidazole was added either after major intermediatell species inactive 20). Chemical
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modifications of a primary amine, identity and position
undetermined, on either the or the g subunit led to
luciferase inactivation1s). Mutations of theSHis82 also
resulted in marked reductions of the luciferase activ2tj)
However, none of these studies have identified any catalytic
role for these critical residues. On the basis of chemical
rescue of thexH44A activity by imidazole and amines, the
functional role as a catalytic base at Meharveyiluciferase ; :
activ_e site has begn gssigned to m;44 re;idue. This is_ 10_!22:}?;‘(1?;' QLN H%?ﬁ%?oghw'?i%’fgggfg;?cggbhys.
the first characterization of a catalytic residue for bacterial Res. Commun. 4B48-353.
luciferase. In addition, theHis44 residue may potentially 11. Fisher, A. J., Raushel, F. M., Baldwin, T. O., & Rayment, .
serve as a reference point to facilitate the delineation of the " (':1_9?]5) BECgefT%iﬁtry C">4658T1—f[5358$-h den 3. B.. Baldwin. T

xact location of the lucifer tive site. T r knowl- - Fisher, A. J., Thompson, 1. B., Thoden, J. 5., Baldwin, 1.
edge, this work is also the first chemical rescue study for . O & Rayment. | (19963, Biol. Che. 2712195621968

’ . - . ) 13. Nicoli, M. Z., Meighen, E. A., & Hastings, J. W. (1974)

enzymes in the families of luciferases and flavoproteins and Biol. Chem. 2492385-2392.
the second example for oxygenases (see ref 37 for the other 14. Cousineau, J., & Meighen, E. A. (197Bjochemistry 15
case). 4992-5000.

The drastically reduced activity of a subtilisin mutant 15-%’\{‘;'_‘325? W. T., & Baldwin, T. O. (198Biochemistry 20
lacking a catail‘ytlc histidine was shown a d”eca.de ago to be 16. Paquatte, O., & Tu, S.-C. (198Bhotochem. Photobiol. 50
enhanced by “substrate-assisted catalysis” using substrates  g17-g25.
containing a histidine residue at an appropriate posit&h ( 17. Chen, L. H., & Baldwin, T. O. (198Biochemistry 282684
Toney and Kirsch Z3) subsequently developed a more 2689. _
general approach in which restoration of activity to a mutant 18-2‘;'%%’:2} TM OMv ((:{];;é)lj' gi'élﬁmil#\mé%nlﬁl jh;ir?eﬂgig- H.,
enzyme lacking a catalytic group could b.e achleved_ by the 19.Xi, L. Cﬁo, K.-W.. Herndon, M. E.. & Tu, S-C (1990)
addition of small molecule catalysts functionally equivalent Biol. Chem. 2654200-4203.
to the missing enzyme catalytic group. This latter chemical 20. Xin, X., Xi, L., & Tu, S.-C. (1991)Biochemistry 3011255~
rescue approach has already been successfully applied toa  11262. _ .
number of enzymes. The rescue molecules were added 21-f2|r21b>1<-‘ Xi, L., & Tu, S.-C. (1994 Biochemistry 3312194~
exogenously in most cases, but could also be linked to the , 57" ¢ \1inen £ A (1995Biochemistry 3415084
mutation site covalently. These substrate-independent chemi- =" =590

cal rescue studies include the activity restoration of lysine- 23. Toney, M. D., & Kirsch, J. F. (1989%cience 2431485~

Tu, S.-C., & Mager, H. I. X. (1995Photochem. Photobiol.
62, 615-624.

Becvar, J. E., & Hastings, J. W. (1978)oc. Natl. Acad. Sci.
U.S.A. 72 3374-3376.

Meighen, E. A., & Hastings, J. W. (1971) Biol. Chem. 246
7666-7674.

Hastings, J. W., Balny, C., LePeuch, C., & Douzou, P. (1973)
Proc. Natl. Acad. Sci. U.S.A. 78468 - 3472.

Vervoort, J., Miller, F., Lee, J., van den Berg, W. A. M., &

© ® N o O

mutated enzymes by amine3( 37, 39—42), arginine- 1488. _
mutated enzymes by guanidine$3{46), and a tyrosine- 24-;{-%_‘3{-%2-. & Becvar, J. E. (199Bhotochem. Photobiol. 54

mutated enzyme by phenold7. Possible roles of fatty . . .
acids in chemical rescue of an aspartate-mutated enzyme 25'1;1’5 ~C., & Hastings, J. W. (197B)ochemistry 144310

have also been implicated). The present study provides 26, Hastings, J. W., & Weber, G. (1963) Opt. Soc. Am. 53

the first demonstration of the rescue of the activity of a 1410-1415.
histidine-mutated enzyme by exogenously added imidazole. 27. Kirby, A. H. M., & Neuberger, A. (1938Biochem. J. 32
Moreover, ammonia and (derivatized) alkylamines, known 1146-1151.

: L 28. McCapra, F. (1997) iBioluminescence and Chemilumines-
for their rescue effects on lysine-mutated enzymes, were also cence. Molecular Reporting with Photogidastings, J. W.,

shown for the first time to be effective rescue agents for a Kricka, L. J., & Stanley, P. E., Eds.) pp-15, John Wiley
histidine-mutated enzyme. These simple amines may also  and Sons, Chichester.
exhibit similar rescue effects on other histidine-mutated 29.Mager, H. I. X., & Addink, R. (1984) inFlavins and

enzymes to facilitate structur@ctivity studies in general E?:?Fggtgggz(o&s\yétsr- c?é’ g&%?ér%ng”c% Mggn;w, S. G,

and Brgnsted analysis in particular. 30. Macheroux, P Ghisla, S., Kret, M., & H’astings, J. W.
(1984) inFlavins and Flaoproteins(Bray, R. C., Engel, P.

ACKNOWLEDGMENT C., & Mayhew, S. G., Eds.) pp 66%72, Water de Gruyter

- . . d Co., Berlin.
We thank Hui Li for sharing with us her results on the 31.?25196? H. ﬁr;g Sazou D.. Liu. Y. H.. Tu. S-C.. & Kadish

lack of significant effects of imidazole on theH45A K. M. (1988)J. Am. Chem. Soc. 118759-3762.
luciferase. We are grateful to Dr. Mitchell D. Miller for 32. Mefanyi, G., Lind, J., Mager, H. I. X., & Tu, S.-C. (1992)
calculating the molecular volumes of the rescue agents and __ Phys. Chem96, 10528-10533.

; ; 33. Eckstein, J. W., Hastings, J. W., & Ghisla, S. (1993)
to Dr. Michael D. Toney for helpful advice on the method Biochemistry 32404411,

of calculation. 34. Presswood, R. P., Shannon, P., Spencer, R., Walsh, C., Becvar,
J. E., Tu, S.-C., & Hastings, J. W. (1980) iHavins and
REFERENCES Flavoproteins(Yagi, K., & Tamano, T., Eds.) pp 155160,
) . Japan Scientific Societies Press.

1. Hastings, J. W., Potrikus, C. J., Gupta, S. C., RigtiuM., & 35.Tu, S.-C., Wang, L.-H., & Yu, Y. (1987) ifflavins and
Makemson, J. C. (1983)dv. Microb. Physiol. 26235-291. Flavoproteins(Edmondson, D. E., & McCormick, D. B., Eds.)

2. Meighen, E. A. (1991Microbiol. Rev. 55, 123-142. pp 539-548, Walter de Gruyter and Co., Berlin.

3. Baldwin, T. O., & Ziegler, M. M. (1992) irChemistry and 36. Baldwin, T. O., Chen, L. H., Chlumsky, L. J., Devine, J. H.,
Biochemistry of FlaoenzymegMdiller, F., Ed.) Vol. lll, pp Johnston, T. C., Lin, J.-W., Sugihara, J., Waddle, J. J., &
467-530, CRC Critical Reviews in Biochemistry, CRC Press, Ziegler, M. M. (1987) inFlavins and Flaoproteins(Edmond-
Boca Raton, FL. son, D. E., & McCormick, D. B., Eds.) pp 625631, Water

4. Lee, J. (1993Biophys. Chem. 48149-158. de Gruyter and Co., Berlin.



Accelerated Publications

37. Smith, H. B., & Hartman, F. C. (199Bjochemistry 305172
5177.

38. Carter, P. and Wells, J. A. (1983Fience 237394—399.

39. Zhukovsky, E. A., Robinson, P. R., & Oprian, D. D. (1991)
Science 251558-560.

40. Sekimoto, T., Fukui, T., & Tanizawa, K. (1994)Biol. Chem.
269 7262-7266.

41. Banik, U., Zhu, D. M., Chock, P. B., & Miles, E. W. (1995)
Biochemistry 3412704-12711.

42. Gloss, L. M., & Kirsch, J. F. (1998iochemistry 3412323~
12332.

43. Phillips, M. A., Hedstrom, L., & Rutter, W. J. (199RJotein
Sci. 1, 517-521.

Biochemistry, Vol. 36, No. 48, 19974615

44. Dhalla, A. M., Alibhai, M. F., Yost, K. J., Hemmingsen, J.
M., Atkins, W. M., Schineller, J., & Villafranca, J. J. (1994)
Protein Sci. 3476-481.

45. Rynkiewicz, M. J., & Seaton, B. A.(1998iochemistry 35
16174-16179.

46. Boehlein, S. K., Walworth, E. S., Richards, N. G. J., &
Schuster, S. M. (1997). Biol. Chem. 27212384-12392.

47. Brooks, B., & Benisek, W. F. (199Bjiochem. Biophys. Res.
Commun. 1841386-1392.

48. Fetter, J., Sharpe, M., Qian, J., Mills, D., Ferguson-Miller, S.,
Nicholls, P. (1996FEBS Lett. 393155-160.

BI9722554



