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ABSTRACT. Enzymes from thermophilic organisms often exhibit low activity at reduced temperature. To
obtain a better understanding of this sluggishness, we have studied the reactiGCaif2le carbamate

kinase (CK) from the hyperthermophileyrococcus furiosusThis enzyme is much slower at low
temperature than is the CK from the mesoptiileterococcus faecalisX-ray structures demonstrated
bound ADP (even when no nucleotide was added) with the hyperthermophilic but not with the mesophilic
CK. We use centrifugal gel filtration, rate of dialysis and puisbhase experiments to demonstrate that

the pyrococcal enzyme, at 2€, binds ADP avidly Kp = 34 nM), that ADP dissociates from this complex

with aty, value of 2.4 s, and that ADP binding is very fakt=£ 8.4 x 10° M~ s™1). The high affinity,

rather than restrictions to dissociation, explains the isolation of the pyrococcal enzyme as an ADP complex.
Carbamoyl phosphate adds quickly to this complex, and ADP cannot dissociate from the resulting ternary
complex, being that it is converted very slowly,{= 10.3 s) to ATP, which dissociates quicklty{ <

2.4 s). The slow conversion is a part of the normal enzyme reaction and limits the rate of the reaction at
24 °C. Thus, the sluggishness of the enzyme at low temperature is not due to slow substrate binding or
product release but to the very slow rate of isomerization between enzyme-bound substrates and products.
Probably the catalysis of the phosphoryl group transfer is less efficient at low temperature, as suggested
by structural data showing that Lys131 is improperly positioned to assist the transfer.

The enzymes from thermophilic organisms differ from A particularly good model to study the reasons that cause
those found in organisms living at more normal temperaturesthe low catalytic efficiency of thermophilic enzymes is
not only in their high thermal stabilityl( 2), but generally ~ provided by the carbamate kinase fré&yrococcus furiosus
also in their being much slower catalysts than are their (10). This enzyme exhibits an unsually high thermal stability,
mesophilic counterpart8(4). It is frequently observed that (it survives being boiled for extended periods of tina)j,
the rate of catalysis is similar for the thermophilic and Whereas its mesophilic counterpart, the carbamate kinase
mesophilic enzymes at the characteristic temperatures affom Enterococcus faecaliss destroyed by heating for 10
which their corresponding organisms generally ligg (Ve min at 55°C (12). In_ addition, the hyperthermophlllc enzyme
are beginning to understand the factors that render thermo-Catalyzes the reaction at mesophilic temperatures §3C)
philic enzymes highly resistant to heat, particularly the 25 Orders of magnitude more slowly than does the

- 0
existence of ion pair networks (5) and extended hydrophobic enterococgal enzymel;B). BOth enzymes exhibit 50%
) . . . : .~ sequence identityl(, 12), and their 3-D structures have been
interactions §) in addition to, in some cases, the clustering

of oligomers {). However, the reasons that underlie the low found by X-ray crystallography to be vitually identicaky,

vtic effici fth | consisting of homodimers with an independent active center
catalytic efficiency of these enzymes at normal temperatures, iunin each subunit. An important difference between the

remain to be determined, although it is common to invoke 5 enzymes, as was found in the crystal structure of the
the lack of flexibility of protein regions at relatively low pyrococcal enzyme, is a bound AbBubstrate molecule in
temperatures as a possible cause for the decreased catalytig,e enzyme active centet4), whereas no nucleotide was
efficiency @ 9). In the case of indoleglycerol phosphate  found associated with the crystalline mesophilic enzyi® (
synthetase, a reduced rate of product dissociation was foundrhe nucleotide was found in the pyrococcal enzyme crystals

and appeared to justify the decreased rdjedlthough itis  irrespective of whether the enzyme was exposed to this
presently unknown if this observation can be applied to the nucleotide during the purification and crystallization pro-
generality of thermophilic enzymes. cesses, and it was concluded that the ADP was or was not

derived from theEscherichia colicells in which the enzyme
was produced and remains bound to the enzyme through the
entire experimental procedure lasting several weg#s On
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the basis of this finding, it was hypothesized that ADP might 4 °C, and the supernatant was neutralizedhv8t M Tris
dissociate very slowly from the enzyme and that the slow base. Then 5@L of the neutralized solution was added to
dissociation of the nucleotide might limit the rate of the a 1-mL spectrophotomer cuvette containing 0.8 mL of a
reaction in this hyperthermophilic carbamate kinas$,(as solution at 37°C of 50 mM glycylglycine (pH 7.4), 15 mM
had been reported for the products of thermophilic indoleg- MgSQ,, 50 mM KCI, 2.5 mM phosphoenolpyruvate, 5 mM
lycerol phosphate synthasé)( p-mercaptoethanol, and 0.25 mM NADH. The optical density
We now test the above possibility in mechanistic studies at 340 nm was determined, and the decrease in the absorption
of P. furiosusCK using pulse-chase and binding studies. Wwas monitored after addition ofi&d of a mixture of pyruvate
A surprising conclusion of these studies is thaPirfuriosus ~ kinase and lactate dehydrogenase (5 mg/mL each). An
CK, bound ADP is able to exchange at a reasonably rapid absorption coefficient of 6.22 cmh mM~* for NADH (18)
rate with ADP in the solution. Therefore, finding ADP bound was used.
to the enzyme is not the consequence of sequestration of Centrifugal Gel Filtration.The assays were carried out
the nucleotide. The studies also demonstrate an extremelyexactly as described19), using Sephadex G-50 (fine)
low Kp value for ADP of the pyrococcal enzyme and show equilibrated in buffer A and placed in 1-mL tuberculin
that the high affinity rather than the slow rate of dissociation syringes to remove unbound low-molecular-weight com-
is the reason that the enzyme is isolated and crystallized agpounds rapidly. These compounds are retained in the column
a complex with ADP. from the protein and protein-bound ligands that are excluded
Our work has also revealed that, rather than being limited and appear in the effluent. Samples of 0.05 mL were applied
by the binding of the substrates or the dissociation of the to the columns, and the centrifugation was started im-
products, the velocity of the reaction of ATP synthesis at mediately. When indicated, column slicing into four sections
low temperature is limited by the isomerization Step between and determination of the radioactiVity in each section was
the enzyme substrates complex and the enzynpeoducts carried out 0).
complex, which possibly can be equated to slowed catalysis ADP Binding Assays Using the Rate of Dialysiie
of the phosphoryl group transfer process. Structural insight assays were based on the principles of flow dialy&m.(
into the possible mechanism for this reduced catalytic Care was taken to ensure a constant geometry and rate of

efficiency is provided. stirring in the different dialysis steps. One milliliter of a
solution of 1 mg/mL of the enzyme in buffer A was mixed
MATERIALS AND METHODS with a trace of f*C]JADP (180 000 cpm) and was placed in

a dialysis bag (flat width, 1 cm) in a 250-mL cylinder.

Chemicals and General Condition8-*“CJADP (55 Ci/ Dialysis was carried out with brisk magnetic stirring against
mol, 55 uCi/mL) and Sephadex G-50 (fine) were from 150"m| of external buffer A and with monitoring in the
Amersham-Pharmacia. PEI-cellulose plastic TLC sheets with yternal fluid the time course of radioactivity exit and by

fluorescent indicator (DC-Plastikfolien PEI-Cellulose F) were estimating the internal radioactivity by difference. The
from Merck. The scintillation fluid was OptiPhase Hisafe Il oyternal fluid was replaced with fresh fluid wherl.0% of

(from EG&G). The Bradford reagentl) for protein e radioactivity had come out. The whole process was
determination was obtalned_from BloRad. ADP (disodium repeated 45 times (approximately 80 h total), and then the
salt) was of the highest quality from Sigma. The concentra- yja|ysis bag was opened to assay its protein and radioactive
tion of .the nucleotide was determined .from its optlcgl contents and to add 365 nmol of unlabeled ADP. A sample
absorption at 259 nm, at neutral pH, using an absorption uf the hag contents was used at this stage to confirm that
coefficient of 15.4 cm* mM™ (17). Other reagents were of e radioactivity corresponded to ADP by using PEI-cellulose
the highest quality available from Merck, Roche Diagnostics, chromatography (see below). The bag was closed, and
or Sigma. dialysis was carried out again versus fresh buffer by
Unless indicated, all procedures were carried out at 24 monjtoring the time-course of the outflow of the radioactiv-
°C in buffer A, consisting of a solution of 50 mM Tris/HCI ity, which this time was very fast, reaching equilibrium
(pH 8), 50 mM KCI, 10 mM MgC}, and 0.02 % sodium  within 6 h. The amount of protein and the enzyme activity
azide. within the dialysis bag were the same at the beginning and
Enzymes.Recombinant carbamate kinase (previously atthe end of the experiment. The proportion of the internal
called carbamate kinase-like carbamoyl phosphate synthetas@DP that was free at each buffer change was estimated from
(11, 13, 14)) from P. furiosuswas overexpressed . coli the ratio of the initial rate of exit of radioactivity (as a fraction
and was purified exactly as described)(13). The enzyme  of the total radioactivity inside the bag) to the initial rate of
was placed in buffer A by repeated cycles of dilution and exit observed after the final addition of excess unlabeled
concentration using centrifugal ultrafiltration (Microsep ADP. The amount of internal ADP at each buffer change
Centrifugal Concentrators of 10 K cutoff, from Pall-Filtron). was estimated from the radioactivity remaining in the bag
Enzyme concentration is given as the concentration of the and was based on the ADP content of the initial enzyme
carbamate kinase polypeptide (mas84.3 kDa). Pyruvate  solution of 0.93 mol ADP/mol enzyme.
kinase (from rabbit muscle, salt-free) and lactate dehydro- Pulse-Chase Experimentdhe enzyme, labeled by in-
genase (from hog muscle, salt-free) were from Roche cubation with a trace of{C]JADP, was mixed with a solution
Diagnostics. containing carbamoyl phosphate and excess unlabeled ADP.
Determination of ADP Content of Purified CKequal After a certain time, the reaction was terminated with acid,
volumes of a solution of the enzyme (6.9 mg/mL) in buffer and the radioactivity in ATP and ADP was determined after
A and of 0.3 M HCIQ were mixed and held at O for 10 separation of the nucleotides using PEIl-cellulose thin layer
min. Precipitated protein was removed by centrifugation at sheets (10-cm)22, 23), which were developed with 0.5 M
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Table 1: Labeling of the Enzyme upon Incubation with
[8-14C]ADP?

unlabeled ADP added, mM radioactivity

[““C]ADP in effluent,
added, cpm/ 1st 2nd cpm/mg protein
experiment mL (x 10%) incubation incubation (mol/mol enzyme)
| 411 138 000
402 3.86 2000
Il 492 0.61 17 093 (0.86)
492 0.61 4.60 2576 (0.95)

aThe enzyme (6@«M) in buffer A was incubated in experiment |
for 5 min with a trace of radioactive ADP and when indicated, with
the concentration of unlabeled ADP specified. In experiment II, the
enzyme was first incubated 1 min with an approximately 10-fold molar
excess of ADP containing the indicated amount of radioactivity. Then,
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when indicated, the amount shown of unlabeled ADP was added, andFIGURE 1: Time-course of enzyme labeling witHC]ADP and of

the incubation was continued for 1 additional min (2nd incubation).
Incubations were terminated by subjecting®0samples to centrifugal
gel filtration through 1 mL columns equilibrated in buffer A, followed
by the determination of protein and radioactivity in the effluent.
b Estimated by taking into account the calculation of the specific activity
of the amount of ADP bound initially to the enzyme preparation (0.93
mol/mol enzyme).

phosphoric acid brought to pH 3.5 with KOR4). The

exchange with unlabeled ADP. The enzyme (40), in buffer A,

was mixed with a trace of'{C]JADP (185 x 1C° cpm), and after

the indicated time periods, 5L samples of the solution were
subjected to centrifugal gel filtration. The arrow indicates the abrupt
addition of 3.3 mM unlabeled ADP to the solution before additional
samples were subjected to centrifugal gel filtration. The first of
these samples was applied to the column 11 s after addition of the
unlabeled ADP. Total radioactivity in the effluent of the columns
was determined.

radioactivity incorporated into ATP was expressed as a excess (relative, in molar terms, to the amount of enzyme)

fraction of that found in ADP+ ATP. Details and concen-

of unlabeled ADP was also added to the mixture, as expected

trations are given with each assay in the captions to the f the majority of the nucleotide remained unbound and was

Tables and Figures.

Other AssaysEnzyme activity in the direction of car-
bamoyl phosphate synthesis was determined at@by
coupling with ornithine transcarbamylasd0). Protein
concentration was quantitated by the method of Bradford

retained by the column. The simplest interpretation of these
results is that during the 5 min incubation period the
unlabeled ADP initially bound to the enzyme equilibrates
with the [“C]JADP added, and thus the enzym&DP
complex becomes labeled. However, because there is a small

(16), using bovine serum albumin as a standard. The programpyt substantial fraction (7%) of the enzyme molecules that

GraphPadPrism was used for curve fitting and statistical
evaluation.

RESULTS

ADP Content of the Enzymén previous work, X-ray
diffraction of enzyme crystals grown in the absence of a
nucleotide showed the presence, with essentially full oc-
cupancy, of a well-defined ADP molecule per enzyme
subunit (L4). To quantitate this occupancy by the enzymatic
assay of ADP, the enzyme was transferred to buffer A by

are devoid of ADP, the labeling could be due to the binding
of the exogenously added“C]ADP to the free enzyme
molecules, without dissociation of the initially bound ADP
and equilibration with the ADP in the solution. To differenti-
ate between these alternatives, experiment Il (listed in Table
1), in which a 10-fold molar excess (with respect to the
enzyme monomer) of'fCJADP was added to the enzyme
to minimize the influence of the enzyme-bound ADP on the
specific activity of the nucleotide, was performed. After a
short incubation, the solution was subjected to centrifugal

repeated cycles of concentration and redilution using a 9€l filtration. The radioactivity in the effluent greatly

centrifugal ultrafilter to remove any ADP that might be in

exceeded that expected if only 7% of the enzyme molecules

solution, and then the protein was acid-denatured and ADPoriginally devoid of ADP was labeled; rather, it corresponded
was assayed spectrophotometrically in the neutralized su-to @ value not far from 1 mol ADP bound/mol enzyme,
pernatant using an NADH-based Coup|ed assay. A meanlndlcatlng that the Orlglnally bound unlabeled ADP dissoci-

value of 187.5 nmol of ADP/mL of a 6.9 mg/mL solution

ates during the period of incubation and is replaced by the

of the enzyme was obtained, corresponding to 0.93 mol of ADP in the solution. As further proof of the ability of bound

ADP/mol of enzyme monomer. No ADP was detected in
any of the samples of suspending buffer.
Enzyme-Bound ADP Exchanges with ADP in Solution

ADP to exchange with the ADP in the bulk solution, the
addition of a large excess of unlabeled ADP in a second
step resulted in a drastic reduction in the radioactivity

Because the enzyme had undergone repeated cycles oftppearing in the column effluent, highlighting also the ability
ultrafiltration and dilution, the persistence of bound ADP of the column to retain the radioactive ADP that is not bound

might reflect irreversible binding. However, when the 0 the enzyme.

enzyme was incubated for 5 min with a trace of-{8]JADP Exchange of enzyme-bound ADP with ADP in the solution
and then the mixture was subjected to centrifugal gel appears complete after 0.5 min because centrifugal gel
filtration to remove unbound ADP (which is retained by the filtration performed after 28 s of incubation of the enzyme
column), a large amount of radioactivity appeared in the with the labeled ADP yields the same amount of the labeled
column effluent, as expected if the radioactive ADP had enzyme that it does after longer periods of incubation (Figure
become bound to the enzyme (Table 1, experiment I). In 1). Furthermore, centrifugal gel filtration carried out only
contrast, little radioactivity appeared in the effluent if a large 11 s after the addition of an excess of unlabeled ADP to the
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Table 2: ADP Sequestration by the Enzyyme
unlabeled round radioactivity 2o 75
ADP of gel in effluent 25 Y
experiment added filtration (cpm/mg protein) §§ 504

| 77 nmol 1 7125 LS SN
none 1 155 000 25+ o .
none 4 170 000 N Y
none 5 158 000 oL g o8

[ 5mM 1 11349 Top  2nd  3rd  4th  Effluent
in the Fraction
column Ficure 2: Radioactivity in sections of the column and in the
none 1 242178 effluent after centrifugal gel filtration of mixtures containing the

a|n experiment I, the enzyme (0.26 mg) in a volume of 0.13 mL €nzyme andfCJADP. The experiments are those of Table 2:
was mixed with a trace of{CJADP (56 000 cpm) and was splitinto ~ Experiment I, ©) 77 nmol unlabeled ADP added to the mixture
two equal aliquots. Unlabeled ADP (77 nmol) was added to one of the Prior to gel filtration; (* andd) no unlabeled ADP added, fourth
aliquots, and 5 min later, 50L of each solution was subjected to ~ and fifth rounds of centrifugal gel filtration, respectively. Experi-
centrifugal gel filtration. Samples from the effluents were taken for ment ll, () no unlabeled ADP adde¢#) 5 mM unlabeled ADP
protein and radioactivity assay, and the remainder of the effluent from Present in the column. The radioactivity is given as a fraction of
the sample that had not been supplemented with unlabeled ADP wasthe total radioactivity in the column and in the effluent.
applied 1 min after termination of the first centrifugal gel filtration to . . . . )

a second round of centrifugal gel filtration using a fresh column. Three @mount of protein lost in each centrifugal gel filtration step
subsequent rounds of gel filtration were carried out in the same way. and was evenly distributed throughout the segments, as would

In experiment Il, a solution of 2zM enzyme was incubated with a  pe expected if the label had remained associated with the
trace of [CJADP (182 10°cpm/mL) in buffer A, and 5@ samples ~ 5¢¢ protein. However, when excess unlabeled ADP was
were subjected to centrifugal gel filtration through columns equilibrated T - -
with buffer A alone or containing 5 mM ADP. Protein and radioactivity added to the enzyme prior to gel filtration (See,above)’ not
were assayed in samples taken from the effluents. In addition, the Only was the majority of the labeled ADP retained by the
columns were extruded and sliced into four equal fractions, and the column, but also the bulk of this radioactivity was present
radioactivity in each slice was determined and is shown in Figure 2. in the top and, to a lesser extent, in the second segment of
the column, as would be expected for an unbound compound
[*“C]ADP-labeled enzyme results in virtually complete of low molecular weight (Table 2 and Figure 2).
exchange of the ADP bound to the enzyme, as shown by Centrifugal gel filtration would be unable to remove bound
the decrease of the radioactivity in the column effluent ADP from the enzyme if ADP dissociation were too slow
(Figure 1, see results after the arrow), indicating that the to take place during the centrifugal passage through the
exchange of bound ADP with the ADP in the solution has a column. This possibility was excluded in experiments in
ty2 value that is much shorter than 11 s. In fact, a small excesswhich the column was equilibrated in buffer A containing 5
of radioactivity was found in the effluent of the sample mM ADP. In these experiments, the majority of the
centrifuged through the column 11 s after addition of the radioactivity was retained in the column, as expected if bound
unlabeled ADP when compared to samples taken at longer[**C]JADP had dissociated and had been replaced by the
periods (radioactivity at 11 s, 328 cpm; radioactivitydltl unlabeled ADP in the column (Table 2, experiment lI).
s, 152+ 16 cpm). If first-order kinetics for the exchange Nevertheless, the similarity of the radioactive content of the
between bound and unbound ADP is assumed, then thetop and second column sections (Figure 2) and the substantial
comparison of the excess radioactivity at 11 s with the overall amount of radioactivity in the third segment indicate that
maximal decrease in the radioactive content of the effluent ADP dissociation is not instantaneous but has a temporal
(12 880 cpm) yields &, value of 1.8 s for the exchange. frame of seconds because the time for the passage of the
Because enzyme-bound ADP exchanges relatively rapidly, protein through the column is approximately 3019)(
we attempted to remove bound ADP by carrying out repeated Enzyme Binds ADP with Very High Affinityhe failure
cycles of centrifugal gel filtration because this technique is of centrifugal gel filtration to remove any substantial amount
very effective in removing unbound compounds of low of bound ADP is compatible with the rapid exchange of the
molecular weight19). At least 1 min was allowed between bound nucleotide only if th&p value for the dissociation
successive gel filtrations to give ample time for dissociation of ADP is extremely small relative to the amount of enzyme
of bound ADP. However, this approach failed to remove present. We could not easily remove bound ADP from the
bound ADP: the same amount of labeled ADP relative to enzyme by dialysis. For example, after 80 h of dialysis versus
the amount of protein was present after the first, fourth, and 120 volumes of buffer, with 5 buffer changes, the enzyme
fifth cycles of centrifugal gel filtration (Table 2). In contrast, retained approximately 50% of thEC]ADP bound initially.
when an excess of unlabeled ADP was added to the enzymeTo estimate thélp value for ADP, the enzyme was labeled
solution, the bulk of the radioactivity was removed in the with a trace of *C]JADP and was subjected to dialysis (see
first round of centrifugal gel filtration, demonstrating again Materials and Methods). The fraction of ADP that was free
the exchange of bound ADP with free ADP (Table 2). The in the dialysis bag was determined by comparison of the
lack of any substantial loss of ADP from the enzyme protein initial rate of outflow of the radioactivity from the bag
was confirmed by measurements of the radioactivity in the (expressed as a fraction of the total radioactivity within the
column (Figure 2). For this purpose, the column of gel was bag) after each buffer change with the corresponding rate
extruded and cut into four equal segments, as previously when virtually all of the labeled ADP was set free by the
described 20). The small amount of radioactivity found in  addition of a large excess of unlabeled ADP to the dialysis
the column (8-10%) corresponded approximately to the bag. A Scatchard plot of the results (Figure 3) was linear
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FiGURE 3: Scatchard plot forlfCJADP binding. The results of two ~ FIGURE 4: Time course of ADP dissociation from the enzyme,

rate of dialysis experiments (see Materials and Methods) are pooled.monitored by pulsechase. A portion (0.5 mL) of a 0.85 mg/mL

r = molar ratio of bound ADP to total enzyme. [F]concentration ~ solution of the enzyme in buffer A was mixed with a trace'd€]-

of free ADP. The regression line yieldsyaintercept of 0.914 ADP (235x 10° cpm/mL) and was magnetically stirred & 2 mL

0.02 mol ADP/mol enzyme and k& value of 33.74+ 3.7 nM. beaker. Then 0.05 mL of 36.5 mM unlabeled ADP was rapidly
stirred in, followed, after the indicated time interval, by 0.05 mL

of 30 mM carbamoyl phosphate. Time O corresponds to the addition
of ADP and the carbamoyl phosphate as a mixture in 0.1 mL. Forty
seconds after the addition of the carbamoyl phosphate, 0.025 mL

Table 3: Trapping of Enzyme-Bound'C]ADP as [“C]JATP in
Pulse-Chase Experimerits

chase step HCIATP of 100% (w/v) trichloroacetic acid was added, and the radioactivity
) produced, in ATP was determined (see Materials and Methods). The results
experiment [An?ﬁl’ 'ntesrva'- [carb;n'\}loyl—P], pg‘igges perceniage  have been corrected for the presence of L.9%IATP in [1C]-
! ADP (determined by addition of the trichloroacetic acid before
| 3.3 0 0.9 20 44.6 mixing in the unlabeled ADP and carbamoyl phosphate) and for
3.3 60 0.9 20 4.1 the production of ATP of low specific activity during the 40 s
33 o 0.9 24 incubation with carbamoyl phosphate (determined in samples in
I 6 0 1.7 30 71.6 which the carbamoyl phosphate was added 60 s after the ADP; for
6 40 1.7 30 9.4 the correction, it was taken into consideration that a smaller amount
3 0 1 40 79.7 of radioactivity exchanges if bound ADP gives ATP before
3 60 1 40 18.1 dissociation). Results are expressed as a percent fraction of the
3 0 10 40 84.4 radioactivity found in ATP when carbamoyl phosphate and ADP
3 60 10 40 24.1 were added together (74% of the radioactivity in the sample). The
3 ® 1 19 line fitted to the points is the exponential for a decay with,a

a A solution of the enzyme labeled witf*C]ADP was mixed with value of 2.43 s.

small volumes of solutions of unlabeled ADP, after the indicated time
interval to give carbamoyl phosphate (carbamoyl-P), to give the Rapid. Figure 4 illustrates the influence of variable time
indicated concentrations of these reagents. A 0-s interval denotes thejntervals between the additions of unlabeled ADP and

addition of ADP and carbamoyl phosphate as a mixture. At the indicated : S :
period after addition of the carbamoyl phosphate (chase period), 10% carbamoy! phosphate on the radioactivity incorporated into

trichloroacetic acid was added (as a small volume of a stock 100% ATP in pulse-chase experiments (Figure 4). The radioactiv-
(w/v) solution), and the radioactivity in ATP was determined. In ity in ATP declines sharply with longer time intervals, and
experiment |, 2uM enzyme and 175¢ 10° com/mL were used. In  the data fits well to an exponential withtg value of 2.43
?;‘é’iigmﬁ/’i‘tty U\;a;hgﬂexnzly(;‘;ipfn‘;:‘ncfr;tﬁ]t;o?ﬂcv%’ﬁjsroﬁgﬁca:CUi'd t\t\‘lzs s. Because the experiments were carried out under conditions
added before the unlabeled ADP and carbamoyl phosphate. Where the enzyme was essentially saturgted V_Vlt_h ARIP, .
is a measure of the rate constant for dissociation of this
nucleotide k,. From thety, value,k; was determined to be

and was consistent with the existence of a single binding T : o .
site for ADP per enzyme subunit with Ko value of 0.285 st Thety, value for ADP dissociation determined

approximately 34 nM. in this way is consistent with .the rough. est@mate prov_ided
Pulse-Chase Experiments Trap Bound ADP as ATPp above on the basis of the centrifugal gel filtration data (Figure

Before It DissociatesNVhen the enzyme was incubated with
[1C]JADP and the reaction was “chased” by the rapid addition ~ The rate constant for the binding of ADP to the enzyme,
of carbamoyl phosphate and unlabeled ADP, a large excesgi, may be calculated from the relationskip = ko/ki, where
of radioactivity was found in ATP compared with the Ko is the dissociation constant for ADP and has the value
radioactivity found when the unlabeled ADP was mixed with determined above of 337 10-° M. This calculation gives
the enzyme 4660 s before carbamoyl phosphate was added @ second-order rate constant for ADP binding of ap-
(Table 3). Thus, under these conditions, bound ADP can reactproximately 8.4x 10° st M™%, a very large value that is
with carbamoyl phosphate to yield ATP before it dissociates only about 2 orders of magnitude lower than might be
from the enzyme. The efficiency of trapping bound ADP is €xpected for a diffusion-controlled proce@s) For an ADP
quite high (Table 3), and it does not increase markedly by concentration of 1 mM, the rate of binding would be &4
increasing the concentration of carbamoy! phosphate from 10° ™%, a value to be compared with a turnover rate for the
1 to 10 mM. However, the radioactivity in ATP is higher €nzyme of about 0.067% (discussed later).
after 30-40 s of reaction with carbamoyl phosphate than  Corwersion of Bound ADP to ATP Limits the Rate of ATP
when the chase period lasts only 20 s. This aspect of theSynthesidn the pulse-chase experiments described in Table
chase reaction is examined in more detail later. 3 with a chase period of 40 s, conversion of bound ADP to
Determination of the Rate of Exchange of Bound ADP with ATP was on the order of 75%6but with a 20-s chase period,
ADP in Solution Using PulseChase Studies and Demon- the yield of ATP was substantially less. Further studies
stration That the Binding of ADP to the Enzyme Is Very showed ATP to be formed in the chase period with an
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FicURE 5: Time course of the conversion of bourfdJJADP to FiIGURE 6: Time-course of ATP production by the enzyme. A
[1C]JATP upon reaction with carbamoyl phosphate. A solution of Portion (0.5 mL) of a solution of the enzyme (0.94 mg/mL) in buffer
1 mg/mL enzyme in buffer A was incubated with a trace '6€]- A was mixed with a trace of {CJADP (201 x 10° cpm/mL) and

ADP (213 x10° cpm/mL). A 0.5 mL sample of this solution was ~ With 46 uL of 30 mM unlabeled ADP, and the mixture was
placed h a 2 mL beaker, and 5QL of 30 mM carbamoyl incubated 2 min. Then, 5A of 30 mM carbamoyl! phosphate was
phosphate, alone (open symbols) or with 26.5 mM ADP (closed suddenly stirred into the solution, and samples were quenched with
symbols), was added abruptly with brisk stirring. After the indicated 5% trichloroacetic acid at timed intervals after the addition of the
time periods, 2L of the solution was mixed with 2L of 100% carbamoyl phosphate, and the amount4€JATP in the quenched
(w/v) trichloroacetic acid. Alternatively, for short intervals between Samples was determined. The results are corrected for the amount
the addition of the carbamoy! phosphate and the quenching with Of [**CJATP in samples that were quenched with acid before the
acid, 25uL of 100% trichloroacetic acid was added abruptly to addition of carbamoyl phosphate. The regression line 0.998)

the solution in the beaker at the indicated time, after the addition iS €xtrapolated through the origin and gives a rate of ATP
of carbamoyl phosphate. The line drawn corresponds to the Production of 0.057 .

exponential for 84% maximal conversion and,a value of 10.3

S. expected, with an initial “lag” in the production of ATP when

compared with that from a simple exponential.

In the scheme shown in Figure 7, the conversion of ADP
into ATP and the dissociation of ATP from the enzyme are
shown as separate steps. The effect of the dissociation step
on the kinetics depends on the relative values of the rate
‘constants. To further investigate this aspect of the reaction,
experiments were carried out under the same conditions as

exponential time course andgg value of 10.3 s (Figure 5,
closed circles). Chase experiments were also carried out
without the addition of unlabeled ADP in the chase because
in the pulse period with labeled ADP only a very small
fraction of the ADP remains unbound, as is discussed above
The data from these experiments (Figure 5, open circles)
agree closely with those obtained with excess unlabeled ADPWere the pulsechase experiments, but the enzyme was

in the chase (Figure 5, closed circles). equilibrated with an excess of ADP and then the reaction

_ The above findings are inconsistent with a simple model 55 simply started by the addition of carbamoyl phosphate
in which ADP dissociates at the same rate from both the (Figure 6). The rate of the reaction was constant, and the

enzyme-ADP complex {y. for dissociation, 2.43 s) and from  ¢;rmover rate (0.057-¢) was only slightly less than the rate

the ternary enzymeADP—CP complex that is formed in ot hroduction of ATP from the enzymeADP—CP complex
the chase. If ADP dissociated from both complexes at the 4,nd in the pulse chase experiments (0.068' Therefore,

same rate, to convert in the chase period 75% of bound ADP 4 th6,gh slow, the conversion of enzyme-bound ADP to ATP
into ATP would require this conversion to be 3-fold faster ,qnitored in Figure 5 is sufficiently fast to be a part of the
than that of the dissociation of bound ADP, for which the 54| enzyme reaction, and given the similarity of its rate

tizvalue is 2.43 s, leading to an expectegl< 1s, whereas 5 of the turnover rate, this step is likely to be the main

the experimentally determineigl, value for the conversion r4ie jimiting process of the reaction. Consequently, virtually
of bound ADP to ATP was 10.3 s (Figure 5). The high degree o ot the enzyme, under the steady-state conditions, must
of conversion of bound, labeled ADP to ATP and the similar |, present as the enzymADP—CP complex; correspond-
efficiency of the conversion irrespective of the presence or ingly, the amount of the enzyme in ATP-con:caining or other
absence qf unlabeleq ADP in th? chase solution (Figure 5) comélexes must be small. Further, the progress of the
are explame_d bESt. if, initially, in the_z chase, carbamoyl reaction is linear with respect to time and passes through
p_hospha';e binds quickly (compared with the speed of ADP 4, origin (Figure 6). If there were a significant slow step
dissaciation) to form the ternary enzymaDP—CP com- after the formation of ATP, then initially there would be a
plex, from which ADP Ca”'.’““ d|s§OC|ate or d|ssomat.els only rapid phase in the reaction while the intermediates containing
very slowly. Thus, glmost |mmed[ately after the addition of ATP increased to a sufficient concentration to maintain the
the chase, there will be on_ly a single precursor_(enzyme reaction at its steady-state rate, which would lead to a positive
ADP_CP.) for ATP generat_|on in the chase SOIU.“O”' which intercept at zero time. Considering the possibility of a slow
also provides an explanation for the exponential shape of ..o niation of ATP from the enzyme\TP—carbamate
the curve depicting the production of ATP in the chase. With complex (Figure 7), it can be shown that the steady-state

t(\:NF?)p;eé:glrjsl,)c:;selz Sc?r?:r?ti(;nczgrﬁ\jsI\?vzligdo?r:]ezm:eAk?aF\)/; beenrate of ATP production (mol/s mol enzyme) approximates
’ P to ksk7/(ks + ks + k7) and that the intercept (mol/mol enzyme)
approximates tis/(ks + ks + k7). The ratio of these values
2 Estimated from Table 3, by subtracting from the results of the 0-s yields k;. From Figure 6, it would appear that if there is an

interval tubes the radioactivity found after a 60-s interval, adjusted to ; i ;
take into account the lower specific activity of the ADP in free solution intercept, it is very unlikely to exceed 0.2 mol/mol enzyme.

in the tubes with the 0-s interval, where little labeled ADP dissociates USiNg this value and the steady-state rate of 0.057ks =
from the enzyme. 0.057/0.2= 0.285 s*, corresponding to &, value of 2.4 s




3922 Biochemistry, Vol. 41, No. 12, 2002 Ramm-Maiques et al.

AD! ATP, carbamate

P CP
:; k=8.4x10°Ms? \zgkg 5.54 x 102 M5! ks=0.068 5™
E E-ADP E-ADP-CP <—= E-ATP-carbamate —Z—» E

k»=0.285s"! k<0155 ks <<k k202855

Ficure 7: Steps and values for the rate constants in the reaction of the carbamate kinade fioiosusat 24 °C (E, enzyme; CP,
carbamoyl phosphatel; was determined from the time-course of ADP dissociationkanétom the expressioKp = 34 nM= ky/k;. The

minimum value given foks was estimated from the ratlg x 2.7 x 103 M = k, x 0.84/0.16, which is based on 84% trapping of bound

ADP as ATP in pulsechase experiments in the presence of 2.7 mM carbamoyl phosph#&essumed not to exceed 0<1ks x 2.7 x

103 M because 2.7 mM appears to stop the dissociation of ADP completely; thus, at this concentration of carbamoyl phosphate, the
equilibrium between the binary and ternary complexes must greatly favor the ternary complex, from which ADP cannot dissbaite.

been given the value of the rate constant for the conversion of enzyme-bound ADP to ATP, illustrated in Figure 5, which is based on the
exponential shape of the time-course of the conversion and on the lack of an intercept in the steady-state reaction, indicating that the
concentration of the enzyme\TP—carbamate complex is negligible. The estimation of a minimal valué&f@s given at the end of the

Results sectiorks has to be small compared kebecause in the steady-state assays the slop€57 s = ks x k/(k; + ks + ks). Taking

the value ofks as 0.068 s?, ki/(k; + ks + kg) = 0.84, thus Ks + ke)/k; = (1—0.84)/0.84= 0.19.

for product dissociation, which is much faster than the l -
conversion of bound ADP into ATR(; = 10.3 s). Thus,
both the rates of individual steps and the lack of a significant |§
intercept support the conclusions that no substantial amounts
of E—ATP complexes were present in the steady-state [*
experiment illustrated in Figure 6 and that the ATP measured
in the pulse-chase experiments of Figure 5 represents ATP
that has dissociated from the enzyme.

DISCUSSION

The present demonstration that enzyme-bound ADP
exchanges with ADP in the solution but that the affinity for
ADP binding is extremely high (34 nM) proves our previous
proposal that ADP might be unable to dissociate from the
enzyme {4) incorrect and fits very well with our observa-
tions on the 3-D structure of the enzym&DP complex that
revealed the existence of extensive interactions and tight K Kl
fitting between the protein and the nucleotide (Figure 8) but
that failed to substantiate a closure mechanism that would
lock the ADP into its binding sitel@). The nucleotide was
shown to bind in a tightly fitting crevice, with the adenine
occupying a narrow pocket (Figure 8) that was sandwiched
between a tyrosine and a methionine, the ribose half-buried
on a ridge with its hydroxyl oxygens partially exposed to
the medium, and the two phosphates nested at the proteir

surface, interacting with the protein only through contacts \Aﬁ )”“" & Jms /"2““ &
W25l W2s1
AZ4] A

of the f phosphate mainly with two lysines. Structural
differences at the site for ADP between the carbamate kinase
from P. furiosusand the mesophilic enzyme froln faecalis . .

Ficure 8: Structure of the ADP site oP. furiosuscarbamate

(14, 15) appear to be in line with the observation of a much kinase. Stereopairs were prepared using the coordinates deposited

lower affinity of the enterococcal enzyme for ADBY[: the i, RCSB Protein Data Bank 1e19. The top panels provide a
site for ADP is more open in the mesophilic enzyme from semitransparent surface representation of the site, with a space-

E. faecalis and some interactions between the enzyme and filling model of bound MgADP to highlight the tight fit of the ligand
the nucleotide may be missing4). to the site. Color code for ADP atoms is yellow for carbon, blue
o . for nitrogen, red for oxygen, green for phosphorus, and orange for
The low Kp value rather than restrictions to ADP dis- magnesium. The backbones of the residues that form the site are
sociation accounts for the presence of bound ADP in the presented under the surface. Only Lys131 is labeled (constructed
protein crystals and for the inefficiency of the techniques With Program D|hNOb€72j),- The bottomd panels édelqtifybin bgngDP
used for the removal of ADP from the hyperthermophiic (TRESEFEVET %\ I, B SB2I0ES AT (6, and A2aL
enzyme. Thus, for 5 mg/mL enzyme in the mother liquor cqrrespond to the.C of these residues, shown as a part ofdi@
and an ADP content of 0.93 mol/mol enzyme, free [ADP] backbones (drawn with MOLSCRIPRS)).
should be 0.43M, which is more than 10 times larger than
the Kp value. Therefore, 99.7% of the ADP in the crystal- mg/mL) by ultrafiltration, should remove only2.3% of the
lization mixture will be bound to the enzyme. In the ADP per cycle if the enzyme initially contains 0.93 mol
preparation of the enzyme solution for crystallization, the ADP/mol enzyme and th&p value is 34 nM. Centrifugal
procedure used for buffer exchange, consisting of severalgel filtration also proved of little use to remove bound ADP,
cycles of dilution (to 0.5 mg/mL) and concentration (to 10 as shown by the retention of the enzyme-bound ADP even
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after five successive rounds of centrifugal gel filtration (see proposed for mesophilic carbamate kinase on the basis of
Results), perhaps because the noninstantaneous dissociatiatme results of kinetic studies under steady-state conditions
of ADP from the enzyme drastically limits the number of (26). The dissociation of carbamate and ATP may be
theoretical plates of the chromatographic process. Finally, assumed to be ordered in view of the evidence for the binding
in the case of dialysis, for 38M enzyme containing 0.93  of ADP before that of carbamoyl phosphate, our preliminary
bound mol ADP/mol enzyme, free [ADR} 0.39uM for a finding that ATP displaces enzyme-bound ADP in absence
Kp value of 34 nM. By assuming that il h 50% of the free  of other substrates (unpublished results), and the conclusions
ADP exits the dialysis bag (on the basis of our observations derived from steady-state kinetic studies with the carbamate
when all of the ADP was free), 0.2 nmol ADP would exit kinase fromE. faecalis(26). The failure to find a positive
per hour. If this rate remained constant (clearly an overes-intercept in studies on the steady-state reaction (Figure 6)
timation), approximately 70 h would be required for removal also indicates that the dissociation of carbamate and ATP
of 50% of bound ADP, in line with our observation of 80 h must be rapid in relation to the rate of ATP formation from
of dialysis for approximately 50% removal. bound ADP and carbamoyl phosphate, allowing one to
The same reasons must underlie the observation of boundpropose a minimum value for the rate of product relekse,
ADP in the enzyme preparation, even when no nucleotide > 0.285 s*. Overall, our study identifies the isomerization
was added during the purificatiofi4). The ADP must have  between enzyme-bound substrates and products as the
been bound to the enzyme in vivo or in the initial cell extract slowest step in the reaction pathway at°2tand excludes
and must have been carried in its bound form throughout the dissociation of ATP, which is much faster, that limits
the entire purification process. As already reporté&8),( the rate of the reaction. Given the similarity of the rates of
approximately 10% of the cell protein was the plasmid- the forward and reverse reactions catalyzed by this enzyme
encoded, superexpressed pyrococcal enzyme, correspondinat least at 37C, (13)), it also appears unlikely that the rate
to an estimated concentration in the cells of 20 mg/mL or of dissociation of ADP, which takes place withta value
0.5 mM enzyme. Because the dilution factors in the three- of 2.43 s, limits the rate of the reverse reaction, the synthesis
step purification procesd.() did not exceed 50 and the two  of carbamoyl phosphate from ATP and carbamate. Therefore,
dialysis steps used were each h and did not involve more  hyperthermophilic carbamate kinase does not resemble
than three changes of the dialysate, final occupancy of thethermophilic indoleglycerol phosphate synthetagelf the
site for ADP was>0.8. latter enzyme, product dissociation limited the rate at
Under the conditions in our experiments where the amount mesophilic temperatures, whereas in the carbamate kinase
of ADP was limited (Figure 5), the opportunity was taken the isomerization between two central complexes is the
to test for possible interactions between the two active centerslimiting step at low temperature, showing that diverse
of the carbamate kinase dimer. Given the limited ADP causative mechanisms in different thermophilic enzymes may
availability, when ATP is formed at one active center, no account for their sluggishness at low temperature.
ADP binds to the enzyme to replace the ATP that has been The slow isomerization may indicate that the chemical
formed. Thus, conversion of ADP to ATP at the second site process of phosphoryl group transfer is the step that is slowed
occurs under different conditions, and if there were cross- the most at low temperature in the carbamate kinase from
talk between the two active centers of the dimer, the P. furiosus As catalysis exquisitely depends on the proper
formation of ATP under these conditions might have been orientation of groups at specific locatior?5f and because
expected to follow a time course represented by a doubleenzymes are known to fluctuate between many different
exponential. However, as already shown in Figure 5, ATP conformations, as highlighted by the results of NMR studies,
formation followed exactly the same exponential time course the frequency of adoption of a specific enzyme conformation
whether or not additional ADP was added to ensure the may determine the rate of the catalytic process. At low
presence of an ADP at both binding sites, indicating that temperature, the catalytically active conformation would be
there is no functional cross-talk between the two sites of the adopted by this enzyme very infrequently; therefore, it is
dimer. likely that the snapshot provided by the crystallographic
The present work provides information about the reaction structure of the enzyme corresponds to a catalytically inactive
pathway and the rate constants of the various steps (Figureform. In any case, further structural information is required
7). The rate of addition of carbamoyl phosphate must be high to clarify the nature of the rapid change that is triggered by
to account for the high degree of conversion of ADP to ATP the binding of carbamoyl phosphate and that results in the
in pulse-chase experiments (Figure 5), allowing us to sequestration of enzyme-bound ADP.
estimate a minimum value for this rate constdatX 5.54 Movement of Lys131 toward the active center appears to
x 107 M~t s71). At millimolar carbamoyl phosphate con- be required for efficient catalysis of phosphoryl group
centrations, this step is much faster than the turnover of thetransfer by this enzyme. This residue, which is fully
enzyme in the direction of ATP production. As already conserved in carbamate kinas&g)(and whose mutation to
indicated, the high efficiency of trapping ADP also indicates alanine inactivates the enzyme (unpublished results of this
that when carbamoyl phosphate binds the dissociation of laboratory with the carbamate kinase fr&@nfaecali3, was
ADP is effectively stopped, which constitutes strong evidence proposed 14) to be important for negative charge neutraliza-
for a compulsory order of addition of ADP and carbamoy! tion in the transition state. Lys131 emerges from the so-
phosphate because if ADP dissociates only slowly from the called “flexible subdomain” (colored in yellow in Figure 9)
ternary complex the rate constants for the alternative reactionin the direction of the active center, but it is too far away to
in which carbamoyl phosphate adds first to the enzyme mustinteract with the substrate44, 15) (Figures 8 and 9), thus
be very unfavorable. That ADP binds first is consistent with the “flexible subdomain” has to move toward the active
the isolation of the EADP complex and was originally  center to allow the participation of the lysine in the catalysis
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