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ABSTRACT. Glutamate dehydrogenase from beef liver (bl GDH) and the corresponding enzyme from
Clostridium symbiosunfcs GDH) each catalyze the same sequence of chemical events in the oxidative
deamination of -glutamate. This catalysis involves interactions between at least six conserved functional
groups, each of which appears to occupy the same geometric position with respect to the substrate molecule
in both enzyme-coenzyme-L-glutamate reactive ternary complexes. In both cases steadyvékapH

profiles indicate the requirement for the transfer to the solvent of a single proton from the same abnormal
lysine for L-glutamate to bind and react; th& pf that lysine is the same for both enzymes. Here we
report studies of the proton traffic between enzyme and solvent using direct pH-stat back-titration and
indicator dye measurements on dead-end inhibitor ternary complexes, simultaneous transient-state time
courses of proton and product, and transient-state kinetic isotope studies on both enzymes. We find that
in the cs GDH catalyzed reaction the single proton is releasedadt@ythe hydride transfer step whereas

in the bl GDH reaction this proton release occprior to the hydride transfer step, despite the fact that

the substrate molecule undergoes the same sequence of chemical events in both reactions. Interpreting
these results in the context of the X-ray crystallographic structures of cs GDH and its NAD binary complex
and of thermodynamic studies of bl GDH and its complexes, we conclude that the difference in the relative
times of proton release in the two enzyme-catalyzed reactions must be ascribed to a difference in the
sequence of active site cleft-opening and -closing events in the two otherwise identical reaction sequences.
We suggest a possible biological significance to this unusual method of modulating a common reaction
to suit differing metabolic roles.

The reactions catalyzed by all hexameric glutamate de- MATERIALS AND METHODS
hydrogenases (and probably elbx-amino acid dehydroge-
nases) appear to involve a very specific mechanistic feature.
This feature consists of the nucleophilic attack on the
a-carbon atom of the-iminoglutarate intermediate (which
results from the preceding hydride transfer step) by a water
molecule hydrogen bonded to the deprotonatedtrogen
atom of a highly conserved lysine residue whos¢ ip
abnormally low (Brunhuber & Blanchard, 1994). We have
previously shown (Singh et al., 1993) that in bovine liver

glutamate dehydrogenase (bl GBHhe release of a proton
from they-amino group of lysine 126 to the solvent occurs 9lutamate dehydrogenase (bl GDH) was purchased from

as the earliest observable step in the reaction. Here we show!9Ma as an ammonium sulfate suspension. This enzyme

that in the same reaction catalyzed®pstridium symbiosum ~ WaS dialyzeﬁ and filtered as was done with ﬂ:lestrid(;um
glutamate dehydrogenase (cs GDH) this event occurs at gfnzyme. T € enzyme concentration was measured spectro-
hotometrically at 280 nm using = 54.4 cntt mM™L,

later point in the reaction scheme and discuss the possibleP

cause and mechanistic significance of such an unexpected\l,ADP and NAD were p'qrchlased from S!gma 'and used
circumstance. without any further purification. L-Glutamic acid was

purchased from Calbiochem. Phenol red was purchased from

" This work was supported in part by Grant MCB-9221119 from Sigma, and thg indicator solution was fre_shly prepared prior
the National Science Foundation, Grant GM-47108 from the General to each experimentL-[a-°H]Glutamic acid was prepared
Medicine Institute of the National Institutes of Health, and the following the method of Rife and Cleland (1980a). NMR

Department of Veterans Affairs. i i i 0,
* Authors to whom correspondence may be addressed at the ResearcﬁfjmalySIS of the deuterated glutamic acid showed 100%

Service, VA Medical Center, 4801 Linwood Blvd., Kansas City, MO CONversion at thet-position.
64%8- Tetle%féone (8(1:?1) 8§1t-4780 X7tl56;tFéX (316)36_1-11%;)-P o V/K measurements were carried out as described previ-
resent address: emistry bepartment, branaeis university, P.O. H
Box 9110, Waltham, MA 02254-9110. ously (Singh et al., 1993). _
© Abstract published ifdvance ACS Abstractflecember 1, 1995. The pH titration experiments were carried out on a
d 1AbbreVI%t|I%nS|i_| CS G_DHﬁl?lostﬂldltum S%/n:jblgsgglutamate Edehy- Radiometer PHM Research pH meter interfaced witha TTT
rogenase; , bovine liver glutamate aenydrogenase,; &, enzyme; i H
O, oxidized coenzyme [NAD(P)]; R, reduced coenzyme [NAD(P)H]; 80 titrator and ABU 89 autoburet.. The solutions yvere
I, a-iminoglutarate: Ca-carbinolamine; K.a-ketoglutarate; N, am-  thoroughly degassed with argon prior to each experiment,

monia; KIE, kinetic isotope effect. and the experiments were carried out under an argon

C. symbiosunglutamate dehydrogenase (cs GDH) was
prepared and purified following the methods of Rice et al.
(1985). The enzyme was dialyzed against three changes of
0.5 mM potassium phosphate and 0.1 M sodium sulfate
buffer at the required pH, centrifuged at@ for 20 min at
1500 rpm, treated with approximately 1 mg/mL Norit A, and
finally filtered through 0.45um Millipore filters. The
enzyme concentration was measured spectrophotometrically
at 280 nm usinge = 51.8 cm! mM~%. Bovine liver
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Ficure 1: pH dependence af/K values for bl and cs GDH at 10 N R R
°C (panel A) and at 28C (panel B). V/K measurements were 6.5 7.0 75 8.0
done at [glutamate dehydrogenased.022-0.044uM, [NAD] = -
1 mM, and [-glutamate]= 0.2-150 mM. The buffer contained P
0.1 M potassium phosphate with either 10 mM MES for .6 Ficure 2: pH dependence of the number of protons released per
or 10 mM CHES for pH>7.6. The open circles indicate thgK mole of enzyme during the formation of the bl and cs GBH
results for cs GDH. The solid line represents the fit of the above NADPH—isophthalate complexes. The open and closed circles
data to a single If, equation with X values of 7.6 at 23C and represent the data obtained by pH-stat back-titration method for cs

8.1 at 10°C. The dotted lines represent thié plot for bl GDH GDH and bl GDH, respectively. The open and closed squares
simulated with the data published by Rife and Cleland (1980b) represent the data obtained from conventional spectrophotometric

(panel A) and Singh et al. (1993) (panel B), respectively. Vhe static experiments. The reaction conditions used for cs GDH and
values for bl GDH in both panels have been divided by a factor of p| GDH were cs GDH= 80 mM, NAD = 380xM, and isophthalic
1000 to permit easier visual comparison. acid= 2 mM in 0.5 mM potassium phosphate and 0.1 M sodium

. ) . sulfate buffer. For bl GDH, the conditions were bl GDH 45
atmosphere as described previously (Fisher et al., 1986). The,m, NADP*+ = 380 uM, and isophthalic acid= 2 mM. The

static indicator dye experiments were carried out in a HP- reactions were carried out at 28 for both cases.

8450A diode array spectrophotometer using phenol red as

the indicator. The solutions containing the substrate, the clearly shows that thg-amino group of lysine 125 is in close
coenzyme, and the dye on both sides were first balanced inproximity to thea-carbon atom of the bound substrate. Thus,
the spectrophotometer, and then a small volume of the the finding shown in Figure 1 of the occurrence of the same
enzyme solution was added. To compensate for the enzymepK in the V/K plots of the two enzymes was to be expected.
an equal volume of buffer was added to the reference cell. It should be noted, however, that K pbtained from av//K
The difference in absorbance was converted into moles ofplot indicates only that such a protonic event must occur
H* produced per mole of enzyme using a standard curve somewherén the sequence that begins with the binding of
obtained by titrating the indicator-containing solution with L-glutamate and terminates with the release of the first
standardized HCI. product (NH, in this case).

The stopped-flow experiments were carried out in either A plot of the number of protons released per mole of
a Hi-Tech SF-51 or an Applied Photophysics SX-17MV  enzyme vs pH involved in the formation of the enzyme
stopped-flow instrument equipped with dual photomultipliers NAD(P)—isophthalate dead-end inhibitor complex as deter-
and interfaced to an IBM compatible PC. After subtraction mined by two different physical measurements is shown in
of baselines and averaging of 280 individual scans, the  Figure 2. It can be seen that bl GDH shows the same
absorbance signals at 340 and 560 nm were converted tbehavior in this case as previously reported for the formation
concentrations of produetomplex produced and protons of the enzyme-NADPH (ER) binary complex (Fisher et al.,
released, respectively, as described earlier (Fisher et al.,1986)-the destabilization of a proton from a group now well
1988). established as lysine 126 from its abnormally lafd¢® and

interpreted as reflecting the closing of the active site cleft
RESULTS (evident from the X-ray crystal structural work). Figure 2,

The pH dependence df/K for the cs GDH catalyzed however, shows that no protonic traffic between the cs
reaction is shown in Figure 1 along with its previously €nzyme and the solvent occurs on formation of its corre-
determined equivalent in the bl GDH catalyzed reaction. It sponding ternary complex, even though we have found
can be seen that the samié palue occurs in both enzyme isophthalate to be an effective and fully competitive inhibitor
reactions. For bl GDH it has been firmly established that for that enzyme (data not shown). Furthermore, preliminary
this pK is in fact that of lysine 126 and is characterized by isothermal titration studies of the formation of cs GDH stable
its ability to form a stable complex with pyridoxal phosphate complexes show thermodynamic properties which are similar
at low pH (Smith et al., 1970; Brown et al., 1973; Rife & o those which accompany the active-cleft-closing event
Cleland, 1980b). Lilley and Engel (1988, 1992) showed that, ascribed to theAC,® effects observed in the bl GDH case.
in a highly analogous sequence in cs GDH, lysine 125 also To explore the nature of the paradox presented by the
forms an intermediate with pyridoxal phosphate at low pH, results described above, we turn to transient-state kinetic
and the crystal structure of cs GDH described by the approaches. The rection time courses of proton release and
Sheffield group (Baker et al., 1992; Stillman et al., 1992) of reduced-coenzyme product formation (measured simul-
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Ficure 3: Reaction time courses of proton release and of reduced coenzyme product formation catalyzed by bl and cs GDH at pH 7.6, 10
°C. (A) bl GDH = 45uM, NADP* = 380uM, andL-glutamate= 45 mM. The dashed curve corresponds to the proton release whereas
the solid curve corresponds to the product formation. (B) cs GBRO uM, NAD = 380uM, andL-glutamate= 45 mM. The dashed

and solid curves correspond to the proton and product formulation, respectively.

carried out transient-state kinetic isotope effect (KIE) studies
of the proton release time courses (again using the indicator
dye stopped-flow technique). The proton release time
courses of the reaction usinga-*H]- andL-[o-?H]glutamate
for each enzyme are shown in panels A and B of Figure 5.
In both panels A and B the experimental data for the
unlabeled (H) and the-deuteriot-glutamate reactions are
shown in thick lines in the upper panel of the figure. The
best single-term or two-term exponential fits to the data are
shown by the corresponding thin lines. The time courses of
the deviations of the data from the thin smoothing curves
are shown in the lower panel in each cas€he correspond-
ing KIE’s for both enzymes are shown in Figure 6. We have
shown that, in a sequential reaction, a KIE significantly
greater than 1 that decreases with time indicates that the
) signal being measured arises from an event which follows
Time (ms) the isotope-sensitive step, while a rising KIE indicates that
Ficure 4: Proton/product ratio time courses calculated from the the signal being measured reflects an event which precedes
data in Figure 3. The dashed line corresponds to th¢/[P| (mol/  {he jsotope-sensitive stépThe opposite time dependences
mol) ratio for cs GDH whereas the solid curve represents the ratio , . . .
for the bl GDH reaction. of the 'proton KIE's shown in Flgurg 6 remfprce the
conclusion reached from the other studies described above:
the specific proton release step and the hydride transfer step
shown in panels A and B of Figure 3 for bl and cs GDH, do indeed oceur in a diffe_rent order in these two enzyme-
respectively2. While the bl enzyme shows an immediate Catalyzed reactions, despite the fact that in all other respects
proton burst accompanying a pronounced lag in reducedthe){ give every indication that their chemical mechanisms
coenzyme-product formation, the cs enzyme appears to are identical.
show quite the opposite behavior; product formation is rapid
and immediate (much of the burst occurring in the experi- PDISCUSSION
mental dead time), while proton release seems to lag behind.
These effects are shown more clearly in Figure 4, in which
the molar ratio of protons released to product formed shows
a rapidlyfalling value for bl GDH in contrast to the slowly
rising value for cs GDH.

To confirm the inference from the spectroscopic kinetic
data that in the cs GDH reaction the proton release step
followsthe hydride transfer step (the opposite order of events
to those which occur in the bl GDH reaction), we have

8 T T T

6l bl-GDH i

[H*1/[P]
H

2k / M

cs-GDH

0 ! ! !
0 25 50 75 100

taneously in indicatordye stopped-flow experiments) are

To understand the basis of the “step-reversal” phenomenon
demonstrated by the experimental results described thus far,
it is necessary to consider the currently known sequence of
chemical events that occurs in the reaction, the series of
individual enzyme complexes which accomplish those
chemical changes, and the clues from X-ray crystal structure
studies which reveal at least some of the specific functional
group interactions between the enzyme and the substrate
which define the nature of the various complexes.

2The determination of the precise zefgs, value presents some
difficulty due to the extreme sensitivity of the signal in such weakly 3We have demonstrated and discussed this phenomenon in our
buffered solutions. We have found that the average of the unmixed previous paper (Saha et al., 1994). A full theoretical treatment of such
E—NAD and the E-L-glutamate baselines using the identical solutions transient-state kinetic isotope effects, and an experimental demonstration
mixed in the experimental shots provides the most valid zero-time value of their existence along with the process of obtaining &4 from
for the proton signal. The curves shown in Figure 3 have been correctedexperimental data, is presented in the preceding paper (Fisher & Saha,
in this way. 1996).
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Ficure 5: Proton release time courses for the bl and cs enzyme catalyzed reactioqsaifo- anda-deuteriot-glutamate. The thick

lines in all four panels are the experimental data for the unsubstituted (H) and the isotopically substituted (D) reactions for each enzyme.
Zero-time intercepts have been subtracted from each curve for reasons discussed in footnote 1 of the accompanying paper. The thin lines
are smoothing functions. The lower panels show the deviations on an expanded scale, as described in the text.

2.5 ; . . . Some years ago it was shown that only compounds that
had the equivalent of two carboxylate groups separated by
the same negative charge distance-gfutamate itself (7.45

A) were strict competitive inhibitors of the bl GDH catalyzed
forward reaction (Caughey et al., 1957). Isophthalate, a
planar molecule whose interproton charge distance can be
accurately measured, was found to be one of the tightest
binders of this group. The finding reported here, that
isophthalate is also a tight competitive inhibitor of the
corresponding cs GDH reaction, establishes the fact that the
distance between Lys 90 and Lys 114 in bl GDH must be
identical to that between Lys 89 and Lys 113 in cs GDH.
05k 4 We have also reported here that the o¥ili pK observed

for cs GDH is the same as that which appears in the
equivalentV/K profile of bl GDH. We have previously

2.0 -

0.0 . . | L assigned thatlo to the abnormal Lys 126 of bl GDH and
o 10 20 30 40 50 [following the suggestion of Rife and Cleland (1980b)] have
Time (ms) ascribed its function as one of positioning a boungDH

FIGURE 6: Time courses of Klksfor the reactions catalyzed by molecule for the chemically required nucle(?philic attack on
cs GDH and by bl GDH. The vertical marks on each curve thea-carbon atom of the bound substrate (Singh et al., 1993).

represent the estimated error calculated as described in the precedinghe cs GDH structure shows that the corresponding abnormal
paper (Fisher & Saha, 1996). Lys 125 is in fact ideally located for just such a function in
that enzyme alsb.

We have previously shown that a boumdminoglutarate

The sequence of complexes shown in Scheme 1 have beefhtermediate must occur in the bl GDH reaction (Fisher et
shown to occur in the bl GDH catalyzed reaction (Saha et 3|, 1984), and since it is unlikely that such a hydride transfer
al., 1994). _ . _ could occur starting from the protonated amino form of
. The early events in the forwarc_i reaction can be described L-glutamate, that amino proton must be lost prior to hydride
in terms of the sequence of chemical bond changes that ocCufransfer. On that basis, Rife and Cleland (1980b) postulated
in the a-carbon atom of the substrate as shown in Scheme hat an enzyme carboxylate group must abstract that proton
2 (Singh et al.,, 1993). The assignment of intermediate i, the injtial step after binding. Our proton release studies
substrate structures to sp_ecmc enzyme complexes for the b'(Singh et al., 1993) showed the absence of the release of
GDH catalyzed reaction is shown below the scheme. such a proton to the solvent. The location of Asp 165 in

The functional group interactions inferred from the X-ray he 5 GDH structure is ideal for such a proton abstraction,

crystal structure studies of the cs GDH-B and EEG  j4rees with our negative proton release-to-solvent experi-
complexes are shown schematically in Figure 7. The five

protein functional groups of cs GDH whose spatial locations
precisely fit the chemical catalysis requirements are all ~ “Brunhuber et al. (1994) have noted that a “GGGK” motif is widely
conserved in bl GDH as are eight other groups listed in the conserved among the-amino acid dehydrogenases as a group. The
. . . “GGAK” sequence (which includes Lys 126) is itself highly conserved
legend to Figure 6, whose function is to define the substrate among the mammalian GDH'’s (Smith et al., 1975) and represents a

binding pocket. very close analogy to this motif.
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Scheme 4
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aE is bl GDH, O is NADP (oxidized coenzyme), R is NADPH (reduced coenzyme),&ligtamate, | isx-iminoglutarate, C is-carbinolamine
(a-hydroxy-a-iminoglutarate), K isa-ketoglutarate, and N is ammonia.
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mental findings on cs GDH, and, as Stillman et al. (1992, ys 125 RN
1993) have noted, agrees with the step postulated by Rife Lys 113 (126

(114)

and Cleland (1980b) for the bl GDH reaction.

These structurefunction correlations make it clear that Ficure 7: Conservation of enzymesubstrate functional group
the same set of principal functional groups is involved in interactions between cs GDH and bl GDH. For each enzyme

both the bl and cs GDH reactions. that these functional functional group the underlined number in the box refers to the
. ) . . _ position of that residue in the cs GDH sequence (Baker et al., 1992).
groups have t_he same relative Iogatlons on th.e. peptlde_chalnﬁhe number enclosed in parentheses refers to the position of that
in each species, and thatt the time of specific C_hemlcal residue in the bl GDH sequence (Smith et al., 1995). The functional
bond changesthey occupy closely corresponding geo- group interactions indicated are those inferred from the cs GDH
metrical positions. L-glutamate complex crystal structure (Stillman et al., 1993). Not

Given this near identity of both the chemical reaction shown are five specific Gly residues, a Val, and an asparagine

d acti ite functi | trv. h residue which line the active site pocket and define the substrate
sequences and active site tunctional group geometry, NOW,inqing site in the cs GDH structure. All eight of these residues

then can we account for the reverse order of the hydride are conserved, occupying closely corresponding positions in the bl
transfer and the proton release steps of the bl and cs GDHGDH sequence.
reactions?

In a previous paper we have postulated a mechanism foran H' transferred to the solvent from the abnormal Lys 126
the bl GDH reaction that involves the closing of the active then triggers three rapidly ensuing events: the cleft closes,
site cleft, an event which provides a hydrophobic environ- a single water molecule becomes hydrogen bonded to the
ment suitable for the subsequent hydride transfer step (Singh—NH: group of Lys 126, the bulk solvent is expelled, and
et al., 1993). This closure, in the bl GDH case, appears to thea-hydrogen atom of the substrate is brought close enough
require the removal or neutralization of the four positive to the C-4 atom of the bound nicotinamide ring to permit
charges carried on the three conserved enzyme lysinehydride transfer. We have recently shown that the attainment
e-amino groups and the substratemino group. The latter ~ of this necessary closure in distance is signaled by the
charge is removed by transfer to Asp 165 (as we have alreadyappearance of a pre-hydride weakly absorbing but highly
noted) while the substrate carboxylate groups form salt fluorescent charge-transfer complex (Saha et al., 1994). The
bridges, neutralizing the charge on two of the three lysine phenomenon is due to the apposition of the unshared electron
groups. The spontaneous loss of the remaining proton aspair of the unprotonated substrakeamino nitrogen atom
above and quite close to the NADP nicotinamide ring. In

5While there is no question that the substrate moleculegifitamate the bl GDH reaction both the proton release step and t_he
must lose a proton from itg-amino group prior to the hydride transfer ~ appearance of the charge-transfer signal appear very rapidly
step, some confusion has existed as to precisely where in the reaction
course this event actually occurs. Rife and Cleland (1980b) originally
suggested that the substrateamino hydrogen is transferred to an 6 There is a possible alternative explanation for the delayed release
enzyme carboxyl group o= 5.2, as the first step after the binding of  of the proton in the cs GDH catalyzed reaction which we have explained
the amino protonated form afglutamate in the forward reaction. On  here in terms of changes in the cleft-opening sequence. It is at least
the basis of a study of the pH dependence of the oxidatierpsbline conceivable that the critical proton ionization of the conserved abnormal
by bl GDH, Srinivasan and Fisher (1985) concluded that the protonic lysine residue (125) actually does occur before the hydride transfer in
assignments of Rife and Cleland could be interpreted in an opposite both enzyme reactions but that in the cs GDH case that proton is
fashion (with the unprotonated form pfglutamate binding to the-EO transferred internally to another enzyme residue rather than directly to
complex). Singh et al. (1993), observing that the formation of the the solvent as in bl GDH. This proton would then be released to the
E—O-isophthalate complex produced a proton release equivalent to solvent well after completion of the hydride transfer step, again by a
that of theL-glutamate reaction, concluded (correctly) that the ascending late cleft-opening event. While we cannot formally exclude this
pK observed in both steady- and transient-state studies could not arisepossibility, there are several facts which are difficult to explain on this
from theL-glutamate amino group. They also maintained (incorrectly) basis. First of all, an examination of the crystal structure of the cleft
that glutamate binds with its amino group unprotonated. If this were surfaces has failed to reveal any residue which has both the chemical
s0, howevery/K and transient-state studies would both show the release structure and geometric position to serve such a function. A second
of two protons rather than the single one observed. The X-ray crystal fact that is difficult to explain by the internal transfer hypothesis is the
structure of the cs GDHG complex clearly shows a conserved close agreement of th¢/K pK values andAHioy's of bl and cs GDH.
aspartate residue in the (Baker et al., 1992) precise position requiredFinally (in work to be described elsewhere) we have found that the
to abstract a proton from the substratamino group. Such aninternal  late transient proton release demonstrated here hidsaagAH;o, that
proton transfer need not necessarily release a proton to the solvent atigree very well with the correspondiigK function of the cs enzyme.
this point in the reaction sequence. We now conclude that the substrateWe believe, therefore, that the cleft-opening phase-shift mechanism
binding event does indeed proceed precisely as Rife and Cleland suggested in the text is better supported by the facts than the alternative
originally predicted. internal transfer hypothesis.
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and at similar rates & 5—10 ms). In the much more rapid reflect such circumstances. If so, it would be quite surprising
¢cs GDH reaction the charge-transfer phenomenon appearsf such behavior patterns were limited to this single enzyme.
to be completely formed in the instrumental dead time, while

the proton release step is delayed until after the hydride ACKNOWLEDGMENT
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