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nisms. This is reminiscent of the class I and class I1 fructosebisphosphate aldolase enzymes that catalyze the cleavage of
fructose bisphosphate by different mechanisms; class 1 enzymes (found in higher plants and animals)
possess a catalytic
lysine residue, whereas the class I1 enzymes (found in fungi
and bacteria) require a divalent metal ion.
The subject of thispaper is the identification, prior to
completion of the ongoing crystallographic work, of two distinct regions in typeI dehydroquinase from E. coli (EC
4.2.1.10) that onlybecome apparent in biophysical experiments following the reduction of the Schiff base intermediates
3-Dehydroquinase (dehydroquinate dehydratase) catalyzes with sodium borohydride. This treatment has a pronounced
the conversion of 3-dehydroquinase to 3-dehydroshikimate, a effect on the stabilization of the enzyme (lo), and electrospray
reaction that occurs in two distinct metabolic pathways: the mass spectrometry has shown unambiguously that it is the
biosynthetic shikimate pathway of microorganisms and plants Schiff base of the product (Scheme 1) that is trapped at the
and the catabolic quinate pathway of fungi (1, 2). Two types active site of each monomer (11).Borohydride reduction does
of dehydroquinase enzyme exist that areeasily distinguished not cause any gross change in conformation, as detected by
by their very different structures and properties (3). Type I circular dichroism, but instead results in an approximate 2enzymes (typified by the enzyme from Escherichia coli) have fold increase in the conformational stability of the enzyme
only been identified in shikimic acid pathways, are dimeric and an increase of 40” in the thermal denaturation temperaproteins with subunit molecular masses of 27,500 Da, are heat ture (10). In the original work only far uv circular dichroism
labile, and catalyze the conversion of dehydroquinate to de- was used as a spectroscopic monitor of the guanidine hydrohydroshikimate via a Schiff base intermediate with syn ster- chloride denaturation of unmodified and borohydride-reduced
eochemistry (Scheme 1) (4).The type I enzyme from Sulmo- enzyme. Thus only the secondary structure of the enzyme, as
mlla @phi has recently been crystallized ( 5 ) , and structural estimated from an analysis of the GdnHC1’ denaturation
curves, was probed. Here we extend this work so that the
studies are in progress.
Type I1 enzymes on the other handoccur in both shikimate stabilization induced by the covalently attached product moland quinate pathways. They are dodecameric enzymes with ecule on tertiary and quaternary structure is also analyzed.
subunit molecular masses of 16,500 Da, are very resistant to The data suggest that dehydroquinase contains two distinct
thermal denaturation, and catalyze the reaction by an un- regions of polypeptide (possibly domains) that can be detected
known mechanism with anti stereochemistry (7, 8).The two by biophysical experiments following the reduction of product
classes of dehydroquinase do not share any clear sequence at the active site of the enzyme and that both regions are
similarities, although a putativedehydroquinate binding motif involved in intersubunit contacts within the dimer.
has been tentatively identified in both enzymes (9). These
MATERIALS ANDMETHODS
major differences between the two classes suggest that the
dehydroquinases are an unusual case of convergent evolution
Enzyme Activity, Protein Assays, Protein Purification, and Borowhere, unlike the serine proteases that have evolved from hydride Reduction of Type Z Dehydroquinuse-Overproduced type I
different ancestors to catalyze the hydrolysis of peptide bonds dehydroquinase was purified as described previously and assayed by
by a similar mechanism, the two classes have evolved to monitoring the formation of product, dehydroshikimate at 234 nm
catalyze the same reaction by completely different mecha- (12). The determination of protein concentrations and borohydride

The effects of irreversibly attaching product at the
active site of type I dehydroquinase fromEscherichia
coli have been investigated at the level of the secondary, tertiary, and quaternary structure of the protein
by spectroscopicandhydrodynamictechniques.The
results agree with the previously identified stabilization of the enzyme but show for the
first time that the
protein dimeris also stabilized andsuggest that theE.
coli dehydroquinase subunitmay be bilobal.
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inactivation of the enzyme were carried out as described by Kleanthous et al. (10).
Circular Dichroism and Fluorescence Spectroscopy-Guanidine hydrochloride denaturation curves for unmodified and borohydridereduced enzyme were obtained using both circular dichroism and
fluorescence spectroscopy. CD experiments were carried out essentially as described previously (10). Fluorescence measurements were
made using a Shimadzu RF-5000 spectrofluorimeter thermostatted
to 25°C. Dehydroquinase samples (17 pg/ml) were dissolved in 3 ml
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SCHEME
1. Mechanism ofE. coli dehydroquinase showing the reduction of product Schiff base at the active site lysine residue
(6,11).
of potassium phosphate buffer(pH 7.0,O.l M) containing dithiothre- accurate Rayleigh interference optics onthe Beckman.mode1E ultraitol (1mM) and varying concentrationsof guanidine hydrochloride. centrifuge.
Excitation was at 280 nm, and emission wasat 320 nm. Emission due
RESULTS AND DISCUSSION
to buffer was subtracted from each sample.
Sedimentation Coefficients-Sedimentation coefficients at a loadIn order that the
secondary, tertiary, and quaternary strucing concentration of 0.8 mg/ml were performed in
an MSE Centriscan
75 analytical ultracentrifuge equipped with scanning absorption op-ture of both unmodified and borohydride-reduced dehydroquinase couldallbe
monitoredwithincreasingguanidine
tics.All experiments wereperformed at 20°C at a rotor speedof
47,000rpm.Sedimenting boundaries werescanned at appropriate hydrochloride concentration, changes infour separate paramintervals at a wavelength of 280 nm. Five to ten scans were used in eters were investigated. Secondary structurewas analyzed by
determining each value
of the sedimentation coefficientat aparticular changes in ellipticity at 225 nm, tertiary structure was anaconcentration of GdnHCl. The sedimentation data were captured lyzed by fluorescence emission at 320 nm, and quaternary
using a Cherry digitizingTablet interfaced to an
Apple IIE computer,
which evaluated the sedimentation coefficientand the radial dilution structure was analyzed by analytical ultracentrifugation. In
the latter experiments, both sedimentation
coefficient and
correction factor for concentration.
weight average molecularmass were determined as a function
~ ) subscripts referto solvent
All sedimentation coefficients,s ~ ( T(the
b, of temperature T, and at finite concentrations c), were corrected of the concentration of guanidine hydrochloride, and these
to standard conditions with water as solvent at 20’C (for example, data are shown in Fig. 1. The spectroscopic data (CD and
see van Holde (13)).
fluorescence) are presented in Fig. 2, alongside the hydrodynamic data, and are shown as the fractionof the total signal
change observed in each experiment. The datashown in Fig.
2 were collected twice using two independently purified prep1T.b is the solvent viscosity at temperature T, d is the partial specific
arations of dehydroquinase. The results from the
two experivolume, and p is the solvent density. A partial specific volume of ments were very similar,and so only one data set
is presented.
0.746 ml/g was used as previouslyreported (3), and this was assumed
Comparison of CD and Fluorescence Experiments-The efconstant over the entire range of solvent conditions.
fects
of GdnHCl on the CD spectrum
of both unmodified and
Molecular Mass Determinations-Relative molecular mass determinations were performed by low speed sedimentation equilibrium in modified (borohydride-reduced) dehydroquinase have already
an MSE Centriscan 75. All samples were dissolved inthe appropriate been reported (10) but were repeated in these experiments to
concentration of GdnHCl before analysis. Runs were performed
at permitdirectcomparisonwiththeother
techniques. The
5°C using 2-mm solution columns at a speed of 13,000 rpm. Under results were very similar to those obtainedpreviously. Fluothese conditions, equilibrium was attained in 40 h. Overspeeding to rescence spectra forunmodified and modified dehydroquinase
pellet the macromolecular solute was performedin order to check the have been described (14), but the GdnHC1-induced denaturbase line (which was routinely foundto be very closeto the electrical
zero). After data capture using a digitizing tablet linked to an Apple ation profiles have not been reported. The emission spectra
I1 microcomputer, data analysis was performed, M , being estimated for the two proteins have the sameAmnX, but the signal from
in the region of the middle of the solution columnfrom a linear the borohydride-reduced enzyme is quenched by -15% (14).
regression of ln(optica1 extinctionat 280 nm) versus (radialdistance)’. Comparison of the CD and fluorescence data shows that,
The cell loading concentration of the solute (-0.5 mg/ml) was suffi- while the overall shapes of the GdnHCl denaturationprofiles
ciently low that nonideality could be neglected, and hence M , thus for the two protein samples are very similar, the two techdetermined could be regarded as being an adequate estimate for the niques do notyield identical curves. The unmodified enzyme
“ideal”average mass.
The value for the weight average molecularweight in native buffer (Fig. 2 A ) showsa simple denaturation transition by both
(ie. at zero GdnHCl concentration)of 48,000 f 1,000 is in excellent techniques, but the fluorescence-derived curve is shifted to
may, in part, be
agreementwith an earlierpublishedvalue (3) of46,000 f 2,000 slightly higher GdnHCl concentrations. This
obtained for a similarloadingconcentrationbutusing
the more a consequence of microenvironment of the single tryptophan
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FIG.1. Changes in quaternary structure of type I dehydroquinaee with increasing concentrations of guanidine hydrochloride in the absence (0)or presence (0)of borohydridereduced product. Values for sedimentationcoefficients ( A ) and
weightaveragemolecular mass ( B ) were determined as described
under “Materialsand Methods.”
residue of dehydroquinase that is likely to be buried deep
inside the protein since the emission maximum (318 nm) is
highly blue-shifted from that of free tryptophan (354 nm)
(15). The spectroscopic data (and the
hydrodynamic data, see
below), reflecting both the secondary and tertiary structure
of the protein,areconsistent
with the unmodified dimer
unfolding as a single cooperative unit as theconcentration of
denaturant is raised to 2 M. Similarly, the unmodified protein
dimer is the cooperative unit of denaturation in differential
scanning calorimetry experiments (10).
The GdnHCl denaturation profile for the product-linked
enzyme is clearly biphasic (Fig. 2B). Here again the fluorescence and CD data do not coincide, but the overall shapes of
the curves are very similar; the first denaturation transition
occurs between 2 and 4 M GdnHCl, and the second, larger
transition occurs between 4 and 5 M GdnHCl. Although the
denaturation curves produced from the two spectroscopic
techniques are not superimposable, the positions of each of
the two denaturation transitions arethe same, suggesting that
both techniques are identifying the same event. The first
transition accounts for-30% of the totalchange in secondary
and tertiary structure; thesecond accounts for the remaining
70%. This biphasic nature of the denaturation curve suggests
that the dehydroquinase subunit is composed of two distinct
regions or domains that only become apparent when the
enzyme is irreversibly linked to the product by borohydride
reduction of the imine intermediate. This would further suggest that these regions are differentially stabilized by the
product molecule, hence unfolding at different concentrations
of GdnHC1. The single denaturation curve for the unmodified
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FIG. 2. Comparison of the changes in secondary, tertiary,
and quaternary structure of unmodified ( A )and borohydridereduced ( B ) dehydroquinase with increasing concentrations
of guanidine hydrochloride. Experiments were performed as described under “Materials& Methods,” and the dataare presented as
the fractional changein signal observedat each denaturationconcentration. Values of 0 and 1 on they axis are equivalent to folded and
unfolded protein respectively. 0, fluorescence emission at 320 nm; 0,
ellipticity at 225 nm; A,sedimentation coefficient; 0,weight average

molecular mass.

enzyme suggests that thetwo regions unfold cooperatively in
this protein but that this cooperativity is disrupted when the
product is linked at theactive site.
Analytical Ultracentrifugation Experiments-The values for
the sedimentation coefficient and weight average M,for type
I dehydroquinase have already been reported (3) but were
reexamined in these experiments to determine (i) the effect
of covalent attachment of the product at theactive site of the
enzyme and (ii) the effect of guanidine hydrochloride on the
quaternary structure of the enzyme. Neither the sedimentation coefficient nor the weightaverage M, of the protein
change appreciably as a result of the covalent modification
(Fig. l ) , showing that the overall quaternary structure of the
protein remains unaltered. The values obtained for both the
sedimentation coefficient and weight average molecular mass
for native dehydroquinase agree reasonably well with previous
estimates ( s $ , , ~= 4.1 and weight average M , = 46,000 (3)). E.
coli dehydroquinase has a subunit molecular mass of 27,500
Da, and so the dimer molecular mass is expected to be 55,000
Da. The lower value of 46,000 suggests that the dimer is in
equilibrium with monomer subunits (3). The absence of any
changes in M , asa result of the covalent attachment of
product is of particular interest because it shows that this
monomer-dimer equilibrium remains unaffected.
The results inFig. 1 show that inboth setsof hydrodynamic
experiments the end points arethe same for both the unmodified and product-linked enzymes. In other words, the values
for the sedimentation coefficient and weight average molec-
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ular mass for the folded proteins (at 0 M GdnHC1) and fluorescence spectroscopy, a result that is consistent with the
unfolded proteins (at 2.5 M for the unmodified enzyme and 6 involvement of both secondary and tertiary structurechanges
M for the modified enzyme) are the same regardless of the in the protein. This intermediate is also detected by both of
covalent attachment of product at the active site. What is the hydrodynamic experiments showing that the quaternary
clear, however, is that thechanges in these parametersas the structure of the protein also changes. The data show that as
denaturant concentration is raised are very different.
the intermediate appears (at -4 M GdnHC1, at which point
The changes in both the weight average molecular mass 30% of the secondary and tertiary structure has been deand the sedimentation coefficient for both the unmodified stroyed) there is a 30% reduction in theweight average M,of
and product-linked enzyme with increasing guanidine hydro- the protein that can only be explained by increased dissociachloride correlate very closely with the spectroscopic data tion of the dimer into monomers. This suggests that the loss
(Fig. 2). The sedimentation and molecular mass data for the of secondary and tertiary structure in each subunit is correunmodified enzyme are consistent with the dimer unfolding lated with the weakening of intersubunit contacts so that the
in a single step with no discrete dimer-monomer transition. dimer-monomer equilibrium is displaced toward monomers.
The sedimentation and molecular mass data for the borohy- As further unfolding in each subunit occurs, between 4 and 5
dride-reduced enzyme, on the other hand, both mirror the M GdnHCl, the remaining intersubunit interactions are also
two-step transition observed by CD and fluorescence. Three destroyed leading to complete dissociation. All these data are
conclusions can be drawn from thesedata:(i)Since
the consistent with the presence of two regions or domains in
sedimentation and molecular mass determinations follow very each dehydroquinase monomer, one that accounts for 30% of
similar patterns, it is
likely that thechanges in sedimentation the secondary and tertiary structure and one that accounts
coefficient, as the GdnHCl concentration is raised, are due for the rest, both of which are involved in intersubunit consolely to changes in M , and not tochanges in shape. (ii) The tacts. The presence of the two regions only becomes apparent,
destruction of secondary and tertiary structure
of the product- experimentally, following borohydride reduction of a product
linked enzyme within each of thetransitionsresults
in molecule at theactive site of each monomer. While the reason
changes in molecular mass, suggesting that if two domains for this is not yet clear, it may be that the attachmentof the
are present in each subunit each is involved in intersubunit product may stabilize each of the regions of the protein to
different extents. The ongoing structural studieswill eventucontacts and that denaturation of either results in further
ally clarify these points.
dissociation of the dimer. (iii) The quaternarystructure
(weight average dimer) of the covalently modified enzyme
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