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ABSTRACT. Porphobilinogen deaminase (PBG-D), an early enzyme of the tetrapyrrole biosynthetic pathway,
catalyzes the formation of a tetrapyrrole chain, preuroporphyrinogen, from four molecules of porphobili-
nogen (PBG). The PBG-D apoenzyme is responsible for the autocatalytic synthesis and covalent attachment
of a dipyrromethane cofactor at its active site. In this paper an efficient method for the purification of
Escherichia colPBG-D apoenzyme using an affinity chromatography resin is reported. Circular dichroism
(CD) spectra of apoenzyme and holoenzyme were recorded and significant differences in both the backbone
and aromatic region of the spectra were observed. The differences in the spectra allowed the reconstitution
of holoenzyme from purified apoenzyme with PBG and preuroporphyrinogen in solution to be monitored
separately by CD. Apoenzyme incubated with preuroporhyrinogen gave a CD spectrum that was much
more like the CD spectrum of holoenzyme than apoenzyme incubated with PBG. The results showed
clearly that the cofactor was generated much more rapidly from preuroporphyrinogen than from PBG.
Changes in the CD spectrum associated with the aromatic side-chain region, in particular the contribution
assigned to phenylalanine-62, were found to correlate well with the activity of the reconstituted enzyme.
Phenylalanine-62 is located in close proximity to the cofactor and acts as a sensitive probe to active-site
changes. The stability of the holoenzyme and apoenzyme were compared with respect to both heat and
susceptibility to proteolysis. The results were consistent with a model for the apoenzyme in which, in
the absence of the cofactor, the three domains of the protein are held less rigidly together, thereby making
the protein more susceptible to heat denaturation and proteolysis. The CD spectrum of the holoenzyme
was found to be similar at both pH 5.1 and 7.4, suggesting that the crystal structure, determined at pH
5.1, is likely to be similar at physiological pH values.

A key early step in the biosynthesis of the tetrapyrrole- of the terminal d ring by a mechanism that is still not fully
derived prosthetic groups such as heme, chlorophyll, andunderstood (Jordast al.,1979; Battersbt al.,1979; Jordan
cobalamin (vitamin B) is the construction of the tetrapyrrole & Berry, 1980).
molecular framework from which all the prosthetic groups  PBG-Ds have been studied from a range of sources and
are derived (Warren & Scott, 1990; Jordan, 1991). This in all cases the protein has been found to be monomeric with
macrocyclic infrastructure is synthesized from four molecules g molecular mass of around 35 000 Da (Jordan, 1991). The
of the monopyrrole porphobilinogen (PBQ)y the succes-  enzyme performs a complex series of reactions involving
sive action of two enzymes, porphobilinogen deaminase deamination, carbon-carbon bond formation, and hydration
(PBG-D) and uroporphyrinogen Ill synthase (Jordan 1994; (Scheme 1). The enzyme contains a unique dipyrromethane
Leeper, 1994). The former generates a linear tetrapyrrole, cofactor (Jordan & Warren, 1987; Haet al., 1987) which
preuroporphyrinogen, by the deamination and consecutivejs linked covalently to the proteinia a thioether bond of a
polymerization of four molecules of PBG (Scheme 1) cysteine residue, cysteine-242 Escherichia coliPBG-D
(Battersbyet al., 1979; Burtonet al.,, 1979). The latter  (Hartet al., 1988; Miller et al., 1988; Jordaret al., 1988b).
enzyme is able to transform preuroporphyrinogen into The cofactor is itself derived from two rings of the substrate
uroporphyrinogen Il in a process that requires the inversion PBG and is synthesized and inserted by the apo (cofactorless)
enzyme (Haret al.,1988; Warren & Jordan, 1988; Scett
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Scheme 1: Reaction Catalyzed by PB&-D
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aPBG-D catalyzes the polymerization and deamination of four molecules of PBG to give preuroporphyrinogen. The reaction is catalyzed in a
discrete manner with the linear tetrapyrrole pieced together sequentially in the order of ring a followed by b, ¢, and d.

Table 1: Strain and Plasmid Description

strain/plasmid genotype/properties source/reference
TB1 IM83hsdR(r™ mt) Bakeret al. (1984)
RP523 thr-1 leuB6 thi-1 lacY1 tonA21 supE44 F~ hemBheme permeable lat al. (1988)
pBM3 pUC18 with aBanHlI/Sal fragment carryindiemC Mbgeje (1989)
BM3 TB1 transformed with pBM3; overexpresses holo-PBG-D Mbgeje (1989)
ApoBM3 RP523 transformed with pBM3; overexpresses apo-PBG-D 8tatt(1989)

lined with positively charged arginine side chains to coun- the pH at which the enzyme X-ray structure was solved, is
teract the negative charges of the cofactor and the oligo- likely to be very similar to that of enzyme at its pH optimum
pyrrole as it is synthesized. There would appear to be only of pH 8.

one catalytically important amino acid, aspartate-84, in close

proximity to the cofactor (Louit al., 1992; Woodcock &  MATERIALS AND METHODS

Jordan, 1994). Mutagenesis of this group to glutamate
reduces thé by 2 orders of magnitude but does not affect

Km. Mutagenesis of aspartate-84 to either alanine or aspar-orange A6XL column resin was from Affinity Chromatog-
agine totally abolishes enzymatic activity, although the raphy Limited. Tryptone and yeast extract were obtained
mutants are still able to assemble the dipyrromethane cofactorfrom Difco Lat;oratories. All other chemicals were supplied
(Woodcock & Jordan, 1994). by Sigma Chemical Co. unless stated otherwise.

The role of aspartate-84 has not been fully elucidated, pacterial Strains and VectorsThe E. coli strains and
although it is likely that the group is involved as a general yectors used in this investigation are described in Table 1.
acid/base. In close proximity to aspartate-84 is phenylala- sirains were routinely grown in LB medium supplemented

nine-62, which is also stacked against the second ring (C2)yith the appropriate antibiotics (Sambroekal., 1989)

of the cofactor. The role of the phenyl ring may be 10 prenaration of Hemin SolutionHemin was prepared as
maintain the aspartate carboxylic acid side chain in a described by Sambrookt al. (1989). Briefly, hemin (30
protonated form and thus allow it to act initially as a general mg) was dissolved in 0.2 N KOH (4QaL), Hzé (6004L),
acid in the catalytic process (Louet al., 1992). and 1 M Tris/HCI, pH 7.8, (10QiL), to which was added
The conversion of apodeaminase into holodeaminase hasthylene glycol (4.8 mL). The solution was mixed by
been the focus of only limited investigation. Cofactorless vortexing and centrifuged at 50§0for 5 min at 4 °C.

enzyme (apoenzyme) has been generated by the expressiomsoluble material was discarded and the hemin solution was
of the E. coli hemCgene inE. coli hemBcells (Scottet al., used at luL/mL of culture.
1989). As the_se cells are unable to make PBG, the_ expressed Synthesis of PBGPBG was generated enzymatically by
PBG-D is denied the substrate for cofactor synthesis and thusncubating purified 5-aminolevulinic acid dehydratase [500
apoenzyme accumulates. Alternatively, apodeaminase cannits of purified E. coli enzyme obtained as described by
be made from holodeaminase by acid hydrolysis of the gpencer and Jordan (1993)] with 5-aminolevulinic acid
thioether linkage between the cofactor and the h0|oen2ymehydroch|oride (1 g) in 10 mM phosphate buffer, pH 6.8 (2
(Hart et al., 1988). After cleavage, apoenzyme can be |) containing 10 mM dithiothreitol at 37C for 17 h, in
resolubilized in urea and refolded by slow removal of the the dark and under an atmosphere of nitrogen. The pH of
denaturant. the solution was adjusted to 7.5, and the solution was applied
In this paper the technique of circular dichroism (CD) has to a column of Dowex 1-X8 (2080400 mesh) acetate. The
been used to study structural aspects of the apo and holacolumn was washed witl L of water, after which the PBG
forms of PBG-D. In the absence of a structure for the was eluted with 0.2 M acetic acid and lyophilized. The PBG
apoenzyme of PBG-D, the work presented was performedwas further purified by recrystallization from dilute ammonia
to investigate structural changes associated with the trans-by adjusting the pH to 5 with 0.1 M acetic acid. The crystals
formation of apoenzyme to holoenzyme. Furthermore, were filtered, washed with ice-cold methanol, and freeze-
studies on the holoenzyme were used to confirm that thedried. The crystals were stored-aR0 °C in the presence
structure of the holoenzyme at pH 5 (Lowg¢ al., 1992), of a desiccant.

PD-10 columns, Sephadex G-75, and all fplc equipment
and columns were purchased from Pharmacia. Mimetic



CD of Porphobilinogen Deaminase

Quantitation of PBG. Modified Ehrlich’s reagent was
freshly prepared by dissolwinl g of p-dimethylaminobenz-
aldehyde in 42 mL of glacial acetic acid followed by the
addition of 8 mL of perchloric acid (70%) as described
previously (Mauzerall & Granick, 1956). A PBG solution
was mixed with an equal volume of Ehrlich’s reagent and
the color was allowed to develop for 15 min. The absorption
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PM-10 membrane. Holo-PBG-D was assessed for its purity
by the measurement of its specific activity and by SDS
PAGE. If required, the protein was further purified by anion-
exchange chromatography by fplc as described previously
(Jordanet al, 1988a).

Purification of ApoenzymeThe crude extract of th&.
coli bacteria (apoBM3) containing the PBG-D apoenzyme,

was measured at 555 nm and the concentration of PBG wasobtained after sonication and centrifugation, was applied

calculated using the molar extinction coefficiegt= 6.02
x 10* M~1 cm! (Mauzerall & Granick, 1956).
Determination of PBG-D Actity. PBG-D activity was
assayed by measuring the formation of uroporphyrin I. A
reaction mixture consisting of 100 mM phosphate buffer,
pH 8.0, containing 13 mMB-mercaptoethanol and enzyme
(1—10 ug) was mixed in a total volume of 450L and
warmed to 37C. The reaction was started by the addition
of 100 nmol of PBG (5Q:L); 80 uL aliquots of the reaction

directly to the top of a column (8 cm 2.5 cm) of Mimetic
Orange 1 A6XL. The column had been previously equili-
brated in 200 mL of 20 mM Tris/HCI, pH 8.0, containing 7
mM S-mercaptoethanol.

The apoenzyme was eluted by developing the column
sequentially with 40 mL of Tris/HCI buffer, pH 8.0, with
buffer containing 100 mM NacCl, with buffer containing 250
mM NacCl, with buffer containing 500 mM NaCl, and with
buffer containig 1 M NaCl (40 mL). Apo-PBG-D was

were removed at 5 min intervals and the reaction was detected by SDSPAGE and its presence was confirmed

terminated by additionfod N HCI (20 uL) to the aliquot.
This was then diluted 10-fold wit1 N HCI and benzo-
quinone [10uL, 0.1% (w/v) in methanol] was added to
oxidize the uroporphyrinogen to uroporphyrin. The mixture
was left on ice in the dark for 20 min. The absorption was

using a reconstitution assay. The fractions containing the
purified apoenzyme were subsequently pooled. The purified
protein was desalted by gel filtration through a PD-10 column
that had been previously equilibrated with 1 mM Tris/HCI
buffer, pH 8.0, containing 2 mM dithiothreitol. The protein

measured at 406 nm and the activity of the enzyme waswas freeze-dried and stored -a20 °C.

determined using the molar extinction coefficiegt= 5.48
x 1M tcm™

Protein Quantitation. Protein concentrations were deter-
mined by the method of Bradford (1976), using a commercial

Reconstitution of Holo-PBG-D from the Apo Form with
PBG. Holoenzyme was reconstituted from the apoenzyme
by preincubation with a stoichiometric excess of PBG in 0.1
M potassium phosphate buffer, pH 8.0, containing 13 mM

kit purchased from Bio-Rad. A standard curve was prepared -mercaptoethanol. Apoenzyme (B§) was incubated with

with bovine serum albumin of known concentrations.
Purification of E. coli PBG-D. The E. coli strains (see

between 4 and 10 molar equiv of PBG in a volume of 500

uL of 20 mM Tris/HCI buffer, pH 8.0, with 13 mM

Table 1 for all strains and plasmids) overexpressing the g-mercaptoethanol at 4C. At regular intervals (0, 5, 10,

PBG-D holoenzyme (BM3) or apoenzyme (ApoBM3) were
grown in LB medium containing ampicillin (108g/mL)
overnight at 37°C with shaking (200 rpm)n 2 L baffled
flasks containig 1 L of medium. In the case of ApoBM3,
hemin (1uL/mL) was also added. The cells fro2 L of
culture were harvested by centrifugation at 796 20 min,
to give aboti 5 g wet weight of cells, and were then
resuspended in 20 mL of 0.1 M phosphate buffer, pH 8.0,
containing 13 mM -mercaptoethanol. The cells were
broken by sonication, using an MSE Soniprep ultrasonic
disintegrator, at an amplitude of-80 um in five 1 min
bursts with 2 min intervening periods for cooling.
Purification of Holoenzyme.The sonicated BM3 cells
were heated to 60C and this temperature was maintained
for 10 min with gentle stirring. The solution was then cooled
on ice and the resulting extract was centrifuged (8)GQ
4 °C for 15 min. The supernatant was collected and
ammonium sulfate was added slowly to the stirring super-

and 20 min for up to 2 h) 5@L samples were removed
from the incubation and were assayed for enzymatic activity
as described above.

Generation of Preuroporphyrinogen and Reconstitution of
Holo-PBG-D from the Apo Form with Preuroporphyrinogen.
Preuroporphyrinogen (0.1 mmol) was generated by incubat-
ing holoenzyme (25@g) with PBG (0.5 mmol) at 37C in
25 mM Tris/HCI, pH 9.3, containing 13 mi\-mercapto-
ethanol until all the PBG had been consumed (after about
10-15 min). The high pH and temperature (&) were
essential to prevent cyclization of the linear tetrapyrrole to
uroporphyrinogen I. Under these conditions the preuropor-
phyrinogen was stable for at least 30 min. The preuropor-
phyrinogen was separated from the holoenzyme by filtration
using an Amicon ultrafiltration cell fitted with a PM-10
membrane, followed by immediate fast-freezing of the
preuroporphyrinogen in liquid nitrogen. For reconstitution
of holo-PBG-D, preuroporphyrinogen was incubated in a

natant at room temperature to give a 55% saturated solution4—10-fold molar excess with apo-PBG-D in a volume of

(351 g¢/1 L of solution). The mixture was centrifuged

500uL and the incubation was followed as described above

(800@), the supernatant was discarded, and the precipitate,for reconstitution with PBG.

containing the PBG-D, was collected.

Circular Dichroism Spectroscopy Studies with PBG-D.

The ammonium sulfate pellet was resuspended in 50 mM The enzymes were prepared in 20 mM Tris/HCI, pH 8.0,

Tris/HCI buffer, pH 6.0, containing 13 mN§-mercapto-
ethanol and applied to the top of a column (150 gn2.5

containing 7 mMpg-mercaptoethanol, typically to a final
concentration of 1.2 mg/mL. CD spectra were recorded with

cm) of Sephadex G-75. The column had been equilibrated nitrogen-flushed Jasco spectropolarimeters J-600 and J-720
in 50 mM Tris/HCI buffer, pH 6.0, containing 13 mM using 4 s time constant, 10 nm/min scan speed, and a spectral
B-mercaptoethanol and 0.02% sodium azide and developedbandwidth of 2 nm for J600 and 1 nm for J720, respectively.
at a flow rate of 60QuL/min. The fractions containing the A 1 cm path length cell (Hellma) was used for the aromatic
enzyme were pooled and dithiothreitol was added to a final side-chain region (near UV) and a 0.02 cm cell for the
concentration of 2 mM. The resulting solution was then backbone region (far UV). The spectra are reportedas
concentrated in an Amicon ultrafiltration cell fitted with a = ¢ — g (M~ cm™1) based upon a mean molecular weight
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per amino acid residue in accordance with pending IUPAC 12 3 4 5 6

IUB recommendations. The estimation of secondary struc- - -

ture content was performed using a partial least-square

method (PLSplus of Grams/32 suite program) with a calibra- -

tion data set of 16 proteins obtained from Hennessey and . S

Johnson (1981). S — 36
Polyacrylamide Gel Electrophoresid?olyacrylamide gel o — - _—

electrophoresis under denaturing conditions (SIPBGE) 24

was carried out using a 12% gel according to previously 9

described methods (Laemmli, 1970; Sambrebkil., 1989). _ -
Proteolytic Cleaage. Purified PBG-D (100ug) was “_ . —

subjected to digestion with trypsin (final concentration 1%
w/w) in 20 mM Tris/HCI buffer, pH 8.0, for up to 16 h at  Ficure 1: Purification of apodeaminase by Mimetic Orange
37 °C. The digestion was terminated by boiling the Sepharose and the effect of trypsin on apoenzyme and holoenzyme.
incubation mixture in SDSPAGE sample disruption buffer Lane 1 contains purified holo-PBG-D (14), while lane 2 contains

. apo-PBG-D (1Qug) that has been eluted from a Mimetic Orange
(Sambrooket al, 1989). The products of the proteolysis  coymn i 1 M NaCl. The purified holo- and apoenzyme migrate

were analyzed by SDSPAGE. on SDS-PAGE with a molecular mass of 35 kDa; the proteins
migrate just ahead of the 35 kDa protein standard (lanes 3 and 6).
RESULTS AND DISCUSSION Lanes 4 and 5 compare the effect of trypsin (1% w/w) on holo-

and apoenzyme after incubation for 30 min af@7 Holodeaminase
Purification of ApodeaminaseMethods for the purifica- (lane 4, 20ug) is degraded slowly, producing a major proteolytic

tion of E. coli PBG-D have provided large amounts of very Products with a molecular mass of about 29 kDa, whereas
pure protein facilitating the crystallization and eventual three- ﬁqp;'sesn;y;?fegagree 55’h§€vgr2 ° lgﬁge;agegngeéy rapidly. Molecular
dimensional structure elucidation of the enzyme (Jorefan '
al., 1988a, 1992; Louiet al., 1992, 1996). However, the Domain 2
thermal instability and lability of the apoenzyme to pro-
teolysis has made the purification of apoenzyme to complete
homogeneity much more challenging (Scettal., 1989).
The only published report on the purification dé nao
apoenzyme is protein isolated from &n coli hemBstrain
transformed with enhemCexpression plasmid (Scott al.,
1989), which affords inhomogenious protein.

To overcome the difficulties experienced with the purifica-
tion of the apoenzyme, a one-step affinity procedure was
devised. Crude cell extracts of ApoBMBgmCoverex-
pressed in afk. coli hemBstrain; Table 1) were applied to Domain 1
a column of Mimetic Orange, to which the apoenzyme was
found to bind tightly. The column was washed in a stepwise
fashion with increasing concentrations of salt and the bound
apoenzyme was found eventually to elute in buffer containing FIGURE 2: Structure of PBG-D. The three-domain structure of the
1 M NaCl in a near homogeneous form. Approximately 10 holoenzyme form of PBG-D is shown with the location of the

" ified d duciblv be obtained aromatic residues within the structure highlighted. The enzyme
mg of puriied apoeénzyme could reproducibly be oblained ,niains only 10 aromatic amino acids; five tyrosines, three

from 1 L of ApoBM3 using the Mimetic Orange resin. An  phenylalanines, and two tryptophans. The polypeptide chain of the
SDS-PAGE gel of the purified apo-PBG-D is shown in protein is folded into three domains, marked 1, 2, and 3. The
Figure 1. The nature of the interaction between Mimetic dipyrromethane cofactor is linked to domain 3 and is situated in
Orange and apodeaminase is unknown but the resin doe he central catalytic cavity. Domain 1 contf:uns one tyrosine, one
- - . .~ 1ryptophan, and two phenylalanine residues; domain 2 contains two
not interact as tightly with holoenzyme. In fact, the resin yyogine and one phenylalanine residues; and domain 3 contains
can be used to separate apoenzyme from holoenzyme as thgvo tyrosine and one tryptophan residues.
holo-PBG-D elutes from the Mimetic Orange resin largely
in 0.5 M NaCl (data not shown). of the holoenzyme revealed that phenylalanine-62 is located
Comparison of Apoenzyme and Holoenzyme by CDin the enzyme active site and is stacked against the second
Spectroscopy.The CD data recorded in the far-UV CD ring of the cofactor (Louiet al., 1992, 1996) (Figure 2). It
region (185-250 nm) reflects the backbone secondary is conceivable that the aromatic side chain of phenylalanine-
structure of the protein, representing the amide chromophore62 may act as an active-site reporter group as any change in
and the amide amide interactions. Further information can the orientation of the aromatic ring (torsional angh due
be obtained from the protein by examining the near-UV CD to substrate interactions or rearrangement/denaturation of
region (256-320 nm), which reflects the local tertiary backbone structure will give rise to changes in sign and/or
structure of the aromatic side chains of tryptophan (285 intensity to the CD contribution of the phenylalanine-62 side
295 nm), tyrosine (276280 nm), and phenylalanine (255 chain in the 255265 nm region.
265 nm) (Strickland, 1974) and the disulfide bond of cystine  The spectra of apoenzyme and holoenzyme measured in
(at about 250 and 300 nm) (Siligarelt al., 1991). the far-UV CD region are overlaid in Figure 3a. The
E. coli PBG-D possesses two tryptophan, five tyrosine, secondary structure suggestions from these spectra are given
and three phenylalanine residues but no disulfide bondsin Table 2. The CD spectrum of holodeaminase suggest that
(Thomas & Jordan, 1986) (Figure 2). The crystal structure the holoenzyme has aa-helical content of 26% and a

Domain 3
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Table 2: Secondary Structure Estimations of Apoenzyme and
Holoenzyme Structure Suggested from CD Spectroscopy in
Comparison to the Values Obtained by X-ray Crystallogréphy

a

a-helix [-sheet  other
protein and conditions (%) (%) (%)

apoenzyme (pH 8.0, Tris/HCI) 18 30 52
holoenzyme (pH 8.0, Tris/HCI) 26 26 48
holoenzyme (pH 7.4, NaAc) 32 30 38
holoenzyme (pH 5.0, NaAc) 32 30 38
actual holoenzyme (X-ray) 38 23 39

Ag (M em™)

aThe secondary structure content from CD data was carried out using
a principal component regression (PCR) method of GRAMS/32
(Galactic Industries Corp.) with a calibration data set of 16 proteins
obtained from Hennessey and Johnson (1981).

holoenzyme was consistent with a protein containing 32%
o-helix and 30%g-sheet (Table 2).

200 220 240 The CD spectra of apo-PBG-D was very different from
that of the holoenzyme and was equivalent with a protein of
18% a-helix and 30%3-sheet content, implying that the
cofactorless form of the protein is not unfolded. While the
apoenzyme is suggested to contain 8% less helical structure
than the holoenzyme, the CD data also implies that it contains
4% morefS-sheet. A possible reason for the increase in the
proportion of thea-helical content in the holoenzyme may
be the stabilization of several loops, which may become more
firmly held upon cofactor insertion, or alternatively it may
represent the final folding of the long helix (residues 222
248, Figure 2) linking domains 1 and 3 on cofactor assembly.

The spectra of apoenzyme and holoenzyme measured in
the near-UV CD region are overlaid in Figure 3b. The
spectra show significant, measurable differences in the local
environment of the five tyrosines and three phenylalanine
residues. The spectra of apoenzyme and holoenzyme provide
a reference to which subsequent spectra can be compared
and allow the reconstitution of holoenzyme from apoenzyme
to be monitored by CD spectroscopy (see later).

Reconstitution of Holoenzyme by the Addition of PBG to

Wavelength (nm) ApoenzymePreviously it had been reported that apoenzyme
Ficure 3: Far- and near-UV CD spectra of holoenzyme and can be converted to holoenzyrirevitro in yields of up to
apoenzyme. (a) Far-UV CD spectra of holoenzyme (solid line) and 409% by incubation of the cofactorless apoenzyme with PBG
apoenzyme (dashed line) in 20 mM Tris/HCI buffer, pH 8.0, with (Scottet al, 1989; Harkt al, 1988; Warren & Jordan, 1988).

7 mM B-mercaptoethanol. The spectra are consistent with proteins . : -
of theﬁa/ﬁ clas% and suggest tr?at the apoenzyme contaiels 189 1 he conversion, however, displays a characteristic lag phase

a-helix and 30%3-sheet, whereas the holoenzyme is estimated to Of around 30 min, after which time the conversion is
contain 26% of bottu-helix ands-sheet. (b) Near-UV CD spectra  observed at a faster rate. Although no reason was advanced

of holoenzyme (solid line) and apoenzyme (dashed line) in 20 MM for the lag phase, the recent discovery that preuroporphy-
Tris/HCI buffer, pH 8.0, with 7 mMS-mercaptoethanol. There are  jnqqen js the preferred substrate for the cofactor (Shoolingin-

clear differences in the environment of the aromatic side chains of Jord t al. 1996) off ti | | i Th
tryptophan (285289 nm), tyrosine (276280 nm), and phenyla- ordanet al., ) offers a rational explanation. Thus

lanine (255-265 nm). The large differences mean that CD can be @poenzyme will use PBG as a poor substrate for the cofactor
used to monitor the conversion of apo- to holoenzyme. synthesis but once holoenzyme has been generated, preuropor-

phyrinogen will be synthesized that will readily be utilized

pB-sheet content of 26%, whereas the X-ray-derived structureby the remaining apoenzyme, forming the f#ermediate
complex directly (Scheme 2). Hence the lag phase may

of the holoenzyme reveals that the enzyme has an actualrepresent the period of time for a few molecules of

a-helical content of 38% and g-sheet content of 23%.  5556n,vme to incorporate PBG to yield holoenzyme. The
Although the CD spectrum of holoenzyme is consistent with .o -onstitution of holoenzyme from apoenzyme, with both
the protein belonging to the/$ class, it must be remembered pgG and preuroporphyrinogen, was monitored by CD
that only thea-helical content from CD spectra can be taken spectroscopy to determine if the technique could yield any
with confidence. Other conformations includiigsheet,  structural information concerning the reconstitution of apoen-
B-turns, extended polyproline Il (; and irregular loops give  zyme from holoenzyme.

rise to less accurate estimations (Siligardi & Drake, 1995).  The reconstitution of holoenzyme from apoenzyme was
Changing the buffer led to a relative change indhkelical anticipated as being most successfully examined in the near-
andp-sheet content; when the spectrum of holoenzyme wasUV CD region, as it was hoped that phenylalanine-62 would
measured in sodium acetate at pH 7.4, the spectrum ofserve as a suitable marker for the active-site changes. The

Wavelength (nm)
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Scheme 2: Transformation of Apoenzyme into Holoenzyme
and the Catalytic Cycle of PBG®D

preuroporphyrinogen

E
PBG
(slow) /&
ES,

ApoE ES,
PBG
(fast)
° \—pBG
preuroporphyrinogen ESZ ~ ES3
PBG

2The enzyme proceeds through its catalytic cycle via discernible

covalently linked enzyme intermediate forms. These forms represent

the enzyme with one (B} two (ES), three (E$), and four (E9)

substrate molecules attached to the dipyrromethane cofactor. The

Awan et al.

incubation (specific activity 12«mol h™* mg™2). In par-
ticular, the CD spectrum showed both tryptophan residues
and the majority of tyrosine residues still in an apoenzyme
environment because of their retained positive CD sign. Only
the local tertiary structure of phenylalanine residues with a
change in CD sign from positive to negative could be seen
as being affected by the conversion. A simulated CD
spectrum representing 60% apoenzyme and 40% holoenzyme
(Figure 4) was very different from the spectrum of the
reconstituted holoenzyme at equilibriutn= 140 min. A
larger change in the CD spectrum was observed after
reconstitution of the apo-PBG-D with PBG for 140 min at
37 °C, although this also exhibited only a 40% restoration
of holo-PBG-D activity.

Why should spectra C and H (Figure 4), which are
markedly different, produce similar reconstitution activity
of holo-PBG-D? One possibility is that after reconstitution

addition of the final substrate molecule leads to hydration of the bound Of @po-PBG-D with PBG for 140 min at4C some cofactor

tetrapyrrole, resulting in the generation of free enzyme (E) and

will have been formed, generating approximately 19%

preuroporphyrinogen. Holoenzyme can be generated from the apoen-holo-PBG-D (spectrum C). When this is incubated in the

zyme either by addition of two molecules of PBG or by the addition
of preuroporphyrinogen. The latter gives rise to the direct formation
of an ES intermediate.

T
290

T T T
260 270 280 300

Wavelength (nm)

T
240 250

Ficure 4: Effect of PBG and preuroporphyrinogen on the

PBG-D assay to determine the activity of the reconstituted
enzyme with a large excess of PBG, the small amount of
reconstituted holo-PBG-D quickly generates preuroporphy-
rinogen, which is inserted into the remaining apo-PBG-D,
thereby forming more active holo-PBG-D. When apo-
PBG-D is reconstituted with PBG at 37TC, more holo-
PBG-D is generated, about 30% as observed in spectrum H
(Figure 4), because it was reconstituted at a higher temper-
ature. As apo-PBG-D does not reconstitute above 40%,
when this sample is assayed the activity more closely
correlates with the observed CD spectrum.

However, a comparison of spectra C and H to the 40%
simulated spectrum (Figure 4) does not support the simple
explanation that the partial enzymatic activity of the recon-
stituted holoenzyme from PBG is due to 40% of the
apoenzyme converting to a holoenzyme conformation, as
even spectrum H does not appear very similar to the
simulated spectrum. A rather different mode of conversion
has to be accounted for.

Reconstitution of Holoenzyme by the Addition of Preuropor-
phyrinogen to Apoenzyme As Monitored by Near-UV CD.
The reconstitution of holoenzyme from apoenzyme by the
addition of preuroporphyrinogen proceeds with much higher

reconstitution of holoenzyme from apoenzyme. CD spectra were yje|ds and at a much faster rate (Shoolingin-Jordaal.,

recorded in 20 mM Tris/HCI buffer, pH 8.0, with 7 mi#mer-
captoethanol in the aromatic side-chain region (2320 nm).
Spectra of apoenzyme at°€ (A), apoenzyme reconstituted with
a 10-fold molar excess of PBG fat= 0 min at 4°C (B) and att =

140 min at 4°C (C), and apoenzyme incubated at 7 for 140
min with a 10-fold molar excess of PBG (H) are shown. Also shown

are spectra obtained when apoenzyme was reconstituted with a 10

fold molar excess of preuroporphyrinogert at 0 min at 4°C (D)
and att 140 min (E) in comparison to the spectrum of

1996). The structural changes induced by the addition of
preuroporphyrinogen were investigated by CD. Apoenzyme
was incubated with a 10-fold molar excess of preuropor-
phyrinogen at 4°C and spectra were collected at various
times. The spectra of preuroporphyrinogen incubated apoen-
zyme att = 0 (spectrum D, Figure 4) antd= 140 min
(spectrum E, Figure 4), together with the spectra of apoen-

holoenzyme (F). The dotted lines represent simulated spectra ofzyme, holoenzyme, and PBG-incubated apoenzyme, are
40% and 70% reconstituted holoenzyme generated from the spectrajisplayed in Figure 4.

of apoenzyme and holoenzyme in the appropriate proportions. Data
for spectra B, C, D, E, and H were not taken below 255 nm as the .
incubations were performed in the presence of a high concentration

of B-mercaptoethanol, which interfered with the recording.

Addition of preuroporphyrinogen to apoenzyme resulted
in an immediate change in the environment of the phenyl-
alanine and tyrosine residues (Figure 4, spectrum D). The
reaction was so rapid that at= 0 much of the change had

CD spectrum of apoenzyme that had been incubated with aalready occurred and a CD profile that was closer to that of

10-fold molar excess of PBG is showntat O min (spectrum
B) andt = 140 min (spectrum C) in Figure 4. The spectrum
of apo-PBG-D after reconstitution with PBG af@ fort =

holoenzyme was observed (Figure 4, spectrum D). The CD
spectrum in the tyrosine region (26275 nm) was signifi-
cantly positive in terms of CD sign, clearly indicative of

140 min still maintained many of the characteristics of the several tyrosine residues still being in an apoenzyme
apoenzyme CD spectrum (spectrum A) despite the 40% environment, and similarly, the tryptophan residues were also
activity of the reconstituted holoenzyme recovered in this reflecting an apoenzyme environment because of their
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positive and relatively unchanged CD contributions. By the a
end of the incubatiort,= 140 min, the CD spectrum (Figure
4, spectrum E) was very similar to that of holoenzyme. At o
this point the CD spectrum of the incubation of apoenzyme
with preuroporphyrinogen was equivalent to a simulated
spectrum of a mix containing apoenzyme and holoenzyme
in the ratio of 30:70. These results confirm that preuropor-
phyrinogen is the preferred substrate of apoenzyme, leading
to a rapid conversion of holoenzyme, in a conversion yield
of around 70%. This yield is far greater than has been
attained when PBG has been used for cofactor generation. -1
A guestion has to asked as to why the reconstituition does
not improve beyond 70%. The most likely explanation is
that some of the apoenzyme has been inactivated during the
purification procedure. The cofactor is attached to cysteine- -.154
242 of theE. coliPBG-D and in this respect the apo-PBG-D
is particularly sensitive to sulfhydryl reagents such as T T
N-ethylmaleimide (Awan, 1996). 240 260 280 300
CD Changes on the Addition of PBG to Holoenzyme. Wavelength (nm)
Evidence for the occurrence of conformational changes
during the catalytic cycle of holoenzyme had been obtained b
from demonstrating the increased susceptibility of the
holoenzyme to thiol-directed modifying reagents during the
catalytic cycle (Warren & Jordan, 1988; Warretral., 1995).
This had provided strong evidence for the relative movement 0
of domains 2 and 3 with respect to one another. The binding
of PBG to wild-type holoenzyme was therefore examined
by CD spectroscopy to investigate whether conformational
changes could be observed by changes to either the near- or
far-UV CD spectrum. No overall change in the secondary -.0054 /
structure of the enzymesubstrate intermediate as compared .
to the free holoenzyme was observed (data not shown). /
Spectra were also recorded in the near-UV CD region for .
the addition of PBG to holoenzyme (Figure 5a). In this /
region, it was anticipated that significant changes may be od
recorded, especially as the positioning of phenylalanine-62 "/
against the substrate-binding site would suggest that the local 280 290 300 310
environment of this residue may change during the catalytic Wavelength (nm)

cycle of the enzyme. Indeec_i, the add|t!on of !DBG to the FiIGUurRe 5: Effect of substrate on the UV-CD spectrum of holoen-
holoenzyme at 4C (Figure 5a) induced an immediate change zyme. (a) CD spectrum of holoenzyme in the aromatic side-chain
in the CD spectrum of the tryptophan side-chain region region (246-320 nm) in 20 mM Tris/HCI buffer, pH 8.0, with 7
(285—-295 nm) that was followed by subsequent changes in MM p-mercaptoethanol without substrate (solid line) and with 4
the phenylalanine side-chain region (2855 nm) until the lr_”O'ar S of '?_BGt_a‘t: ? (datshfed "”el) arr‘f' ﬁ: ﬁ? ml?h(dotrt]ed
reaction had reached completiontat 30 min, when no ilr?eC)[.)(s%gn.agm ication of part of panet a highlighting the change
further CD changes were observed. The small changes in
the CD spectrum of the tryptophan region are consistent with holoenzyme is found to be relatively stable to heat (Jordan
the relative movements of domains 1 or 2, where each of et al, 1988a) and does not lose significant activity or
the tryptophan residues is located (Figure 2), while the structure after heat treatment at@Dfor 10 min, as analyzed
changes in the phenylalanine region are more likely to reflect by both gel electrophoresis and enzyme activity assay after
the reactions at the catalytic site. At about 295 nm (Figure cooling. The apoenzyme analyzed under the same condi-
5b), the change in CD sign at equilibrium was clearly tions, however, shows a dramatic loss of activity and
indicative of a change in environment of both tryphtophan structure. When apo- and holoenzyme were studied by CD
residues. It is conceivable that the three tyrosine residues,under similar thermal conditions, different temperature
close in space to the two tryptophan residues (Figure 2), dependencies in terms both of thermal denaturation and
would experience similar tertiary structure perturbations. This structural recovery were observed. The overlaid far-Uv CD
result provides the first physical evidence for the role of spectra for holoenzyme at 60 andZ5can be seen in Figure
phenylalanine-62 in the catalytic process of the enzyme. 6a. The spectra showed that, at 8D, the holoenzyme
However, this conclusion does not preclude any contribution secondary structure was disrupted but that, on cooling, the
that may be made to the spectrum from the two other native structure was recovered. In contrast, the backbone
phenylalanines (at positions 89 and 108) in the protein.  CD spectrum of apoenzyme showed a structural denaturation
Effect of Heat on Apoenzyme and Holoenzyme Structureon heating from 25 to 60C that was largely irreversible on
As Monitored by CD.The apoenzyme and holoenzyme have cooling back to 25°C. In the aromatic side-chain region,
been observed to display very different characteristics uponthe thermal denaturation at 60C of apoenzyme was
heat treatment at 60C (Scottet al, 1989). In general, the  experienced by many aromatic residues, in particular the
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Ficure 6: Effect of temperature on the far- and near-UV CD spectrum of apoenzyme and holoenzyme. (a) CD spectra of apoenzyme in
20 mM Tris/HCI buffer, pH 8.0, with 7 mMB-mercaptoethanol in the backbone region (2260 nm) at 25°C (dashed line) and 6%C

(solid line) and cooled to 25C (dotted line). The perturbations in the backbone with temperature appear not to be reversible with apoenzyme.
(b) CD spectra of holoenzyme in 20 mM Tris/HCI buffer, pH 8.0, with 7 mdNinercaptoethanol in the backbone region (2260 nm)

at 25°C (dashed line) and 6TC (solid line) and cooled to 25C (dotted line). The perturbations in the backbone with temperature appear

to be largely reversible with the holoenzyme. (c) CD spectra of apoenzyme in 20 mM Tris/HCI buffer, pH 8.0, withB7hmek¢aptoethanol

in the aromatic side-chain region (24820 nm) at 25°C (dashed line) and 60C (solid line) and cooled to 28C (dotted line). The
changes in the aromatic side-chain environment that occur on heating°© &Ppear not to be reversible on cooling. (d) CD spectra of
holoenzyme in 20 mM Tris/HCI buffer, pH 8.0, with 7 mgtmercaptoethanol in the aromatic side-chain region {B#D nm) at 25°C

(dashed line) and 60C (solid line) and cooled to 25C (dotted line). The changes in the aromatic side-chain environment that occur on
heating to 60°C appear to be largely reversible on cooling

phenylalanine and tyrosine residues (Figure 6c), as identified Stability of Apoenzyme Compared to Holoenzyme with
by a decreased overalle intensity. A partial recovery of  Regard to Proteolysis by TrypsinThe instability of the
the Ae intensity related to the local tertiary structure of the apoenzyme can also be visualised by examination of the
aromatic residues was observed on cooling the apoenzymeeffect of trypsin on apodeaminase compared to holodeami-
to 25°C (Figure 6c¢). Holoenzyme showed significant CD nase (Figure 1). Holoenzyme is cleaved at several defined
changes only in the 25260 nm region on heating to 60 points; initially at lysine-64, generating a major 29 kDa
°C that were attributed to phenylalanine residues (Figure 6d). fragment, and subsequently at lysine-158 and arginine-278
These changes were largely recovered on cooling to@5  (Warren, 1988). Degradation of the holoenzyme is slow,
(Figure 6d). and even after 30 min at 3T with a high concentration of
Thus the thermal lability of the apoenzyme appears to be trypsin (1% w/w) the 29 kDa fragment can be visualized by
due to an irreversible structural denaturation of the secondarySDS-PAGE. Conversely, apo-PBG-D is rapidly degraded
and tertiary structure. In the holoenzyme the thermal by the protease such that no major fragments can be detected
denaturation of the protein is reversible, presumably as the(Figure 1). The apo-PBG-D is not cleaved in the absence
presence of the cofactor favors the correct folding of the of trypsin when left at 37C for the same period of time,
protein into its active conformation. indicating that no endogenous proteases are present. The
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enhanced susceptibility of apodeaminase to proteolysis by
trypsin suggests that, in comparison to holoenzyme, the
apoenzyme has a less tightly folded structure, allowing
greater accessibility to the protease. The crystal structure
of the holoenzyme has shown that there are few contacts
between the three domains of the holoenzyme and that the
majority of contacts which stabilize the association between
the three domains of the protein are formed between the
enzyme and the cofactor (Louet al., 1992, 1996). Thus
the absence of the cofactor may allow for greater flexibility
between the domains and make the protein more susceptible
to thermal denaturation and proteolytic degradation. How-
ever, a structure for the apoenzyme in which the protein is
totally unfolded has also been proposed and supported by
NMR studies (Scotet al, 1989). In this case it has been -2 — .//
suggested that the addition of the cofactor to apoenzyme \u .__m‘/
leads to folding of the protein. It is possible that the observed T T

NMR signals of the apoenzyme may be due to denaturation 200 220

of the protein in the NMR tube during data collection. The Wavelength (nm)
CD spectrum of apodeaminase presented in Figure 3 is not
consistent with an unfolded protein. b

Comparison between the CD Spectrum of Holoenzyme at
pH 8.0 and 5.0. Native E. coli PBG-D has an optimal 0
activity around pH 8.5 (Jordaet al., 1988a). The enzyme
is catalytically inactive below pH 6.0 and the enzyme is
irreversibly inactivated when the pH drops below pH 4.0
(Jordaret al.,, 1988a). Crystal growth of the enzyme is most
effective in conditions around pH 5.0 (Jordanal., 1992),
and the structure currently available for PBG-D is one that
has been solved at pH 5.0 (Louit al., 1992, 1996).
However, the crystals of the holoenzyme grown at pH 5.0 -1
shatter upon addition of substrate, indicating that although
catalytically inactive at this pH, the enzyme is able to interact
with PBG (S. Wood, personal communication). The validity
of a structure obtained from PBG-D at a pH where the
enzyme is inactive was therefore investigated by CD
spectroscopy.

The holoenzyme was resuspended in 20 mM sodium
acetate buffer, pH 7.4, and the spectrum was recorded.
Sodium acetate buffer was used for the experiment as it wasFicure 7: Effect of different buffers and pH on far- and near-Uv
the buffer in which crystallization of the enzyme was CD spectrum of apoenzyme and holoenzyme. (a) CD spectra of

: : : P holoenzyme in the backbone region (£8%0 nm) in 20 mM Tris/
achieved. The overlaid spectra are given in Figure 7a. In HCI buffer, pH 8.0, with 7 mMB-mercaptoethanol (solid line) and

20 mM sodium acetate buffer, pH 7.4, the holoenzyme 100 mm sodium acetate buffer, pH 7.4 (dotted line), pH 5.0 (dashed
(Figure 7a) maintained itg/g type of CD spectrum but an line), and pH 3.7 (dotteddashed line). In sodium acetate buffer
overall increased\¢ intensity was indicative of an higher at pH 7.4 and 5.0 the holoenzyme is observed to have a higher
content ofa-helix conformation than that observed in Tris/ g;oof’?"g'l&”o(ggéng"inV"tg'ghc;Ssg?;‘irggt”usr':tcen[‘:h‘:‘a”tehntzhemzontJ“}_'
HC_I bu1_‘fer, pH 7.8 (Figure 3a). The Sec_ondary structure 57" <5 e secondary struct)L/Jre is lost as the protgin becol?nes
estimation from CD data alone was consistent with a 32% jrreversibly denatured. (b) CD spectra of holoenzyme in the
a-helix content in sodium acetate, pH 7.4, and 26% in Tris/ aromatic side-chain region (24320 nm) in 20 mM Tris/HCI
HCI buffer, pH 7.8 (Table 2). The X-ray-derived structure buffer, pH 8.0, with 7 mM3-mercaptoethanol (solid line) and 100
shows a protein with 38%:-helix content (Louieet al, mM sodium acetate buffer, pH 7.4, (dotted line), pH 5.0 (dashed
line), and pH 3.7 (dotted-dashed line).
1996). The far-UV CD spectrum of holoenzyme appeared
unchanged at the lower pH, indicating that the backbone of perhaps reflecting a more protonated environment. This
the protein was not in an altered conformation at pH 5.0. further confirmed the validity of a PBG-D structure obtained
Thus PBG-D crystallized at pH 5.0 is likely to have a similar at pH 5.
structure to enzyme crystallized at pH 7.4. The holoenzyme Effect of Lowering the pH of the Holoenzyme to pH 3.7.
was also monitored for the drop from pH 7.4 to 5.0 in the Previous work has shown that the holoenzyme becomes
near-UV CD region under the same conditions. The two irreversibly inactivated below pH 4.0 (Jordenal., 1988).
spectra can be seen in Figure 7b. In sodium acetate buffer,Such a loss of activity suggests that the holoenzyme may be
pH 5, no significant changes were observed in the backboneirreversibly denatured below this point. It would be antici-
region, suggesting an overall unchanged backbone conformapated, therefore, that major changes would be observed in
tion (Figure 7a). A small but significant change was either or both the far- and near-UV CD regions at the lower
observed, however, in the aromatic side-chain region thatpH values. The spectra of holoenzyme at both pH 7.4 and
was assigned to the phenylalanine contribution (Figure 7b), 3.7 are shown in Figure 7, panels a and b. The far-Uv CD

At M em™)

T
240

-1,
cm’)

AT (M

T T
240 260 280 300

Wavelength (nm)



9282 Biochemistry, Vol. 36, No. 30, 1997 Awan et al.

spectra showed that some secondary structure had been lostadener, A., Matzinger, P. K., Malashkevich, V. N., Louie, G. V.,
at pH 3.7 (Figure 7a) Lowering the pH of the ho'oenzyme WOOd, S. P, ollVer, P., Alefoundelf, P.R., Pitt, A. R, Abe", C.,
from 7.4 to 3.7 brought about changes in the local environ- , & Battersby, A. R. (1992Fur. J. Biochem. 211615-624.

t of the t . d ticularly th h lalani Hart, G. J., Miller, A. D., Leeper, F. J., & Battershy, A. R. (1987
ment O e tyrosine and particularly € phenylalanine J. Chem. Soc., Chem. Commuhiz62-1765.

residues as shown in Figure 7b. A greater change wasygar, G. J., Miller, A. D., & Battersby, A. R. (198@iochem. J.
observed than for the effect of heating holoenzyme to 60 252 909-912.
°C. This may reflect the irreversibility of the low pH on Hennessey, J. P., & Johnson, W. C. (19Bijchemistry 201085~
the activity of the enzyme. 1094. N _

In summary, a rapid one-step procedure for the purification Jordan, P. M. (1991) iBiosynthesis of Tetrapyrrolggordan, P.

of E. coliapo-PBG-D was achieved by affinity chromatog- '\Eﬂl's:el%/(ijé)r N:r\;vs(t:e%n;)r;e_hens've Biochemistry, Vol. 19, ppeb,

raphy using Mimetic Orange resin. The availability of large  jordan, P. M. (1994) ifihe biosynthesis of the tetrapyrrole pigments
guantities of very pure apoenzyme facilitated a detailed study (Chadwick, D. J., & Ackrill, K., Eds.) Ciba Foundation Sym-
of the conversion of apo- to holoenzyme. The reconstitution  posium 180, pp 7696, Wiley, Chichester, England.

of apo- to holoenzyme was found to occur at a much faster Jordan, P. M., & Berry, A. (1980FEBS Lett. 11286—88.

rate and with greater efficiency when preuroporphyrinogen Jordan, P. M., & Warren, M. J. (198FEBS Lett. 22587-92.
was used as a substrate as compared to PBG, consistent with’[ "\ % 'St "™} (1579)5. Ghém. Soc.. Chern. Gommun
recent kinetic findings (Shoolingin-Jordanal.,1996). The 204—205.

cofactorless form (apoenzyme) of PBG-D is both thermoun- jordan, P. M., Thomas, S. D., & Warren, M. J. (198B&chem.
stable and susceptible to proteolysis in comparison to the J. 254 427-435.

holoenzyme. However, analysis by CD spectroscopy hasJordan, P. M., Warren, M. J., Williams, H. J., Stolowich, N. J.,
shown that the apoenzyme is not unfolded, as suggested gggslsgg_r’lgéA" Grant, S. K., & Scott, A. |. (198#5BS Lett.
preVI.OUS|y frqm NMR data, but rather eXh'.blts a spgctrum Jordan, P. M., Warren, M. J., Mgbeje, B. I., Wood, S. P., Cooper,
consistent with the presence of well-defined regions of = 3 B. Louie, G., Brownlie, P., Lambert, R., & Blundell, T. L.
a-helix andB-sheet. The instability of the apoenzyme is (1992)J. Mol. Biol. 224 269-271.

therefore attributed to the important interactions made Laemmli, U. K. (1970)Nature 227 680-685.

between the cofactor and the three domains of the protein,'—e(e&e];dl\:,\-/ii-k (189‘3) imgt“; ?:i?rﬁ?/nlt(he?ziz gf)lfé‘?ggt?ga{]rg;eﬂgir?gems
which mcrease_the r|g|.d|ty of_ the structure as the cofactqr posium 18'0, op 1'1&130, V\’Iile);, Chichester, England. y
makes over 26 interactions with the protein structure (Louie Li, J. M., Umanoff, H., Proenca, R., Russell, C. S., & Cosloy, S.
et al, 1996). CD is an excellent tool to study the D. (1988)J. Bacteriol. 170 1021-1025.

transformation of the apoenzyme into holoenzyme as the Louie, G. V., Brownlie, P. D., Lambert, R., Cooper, J. B., Blundell,
near-UV CD spectrum of apoenzyme is markedly different  T. L., Wood, S. P., Warren, M. J., Woodcock, S. C., & Jordan,
from that of holoenzyme. In particular, the different  P. M. (1992)Nature 359 33—-39.

: ; ; ; ouie, G. V., Brownlie, P. D., Lambert, R., Cooper, J. B., Blundell,
environments of the phenylalanine and tyrosine residues are- T. L. Wood, S. P.. Warren, M. J.. & Jordan, P. M. (1996)

most striking. . Proteins: Struct., Funct., Genet. 288—78.

The CD spectrum of preuroporphyrinogen-regenerated mauzerall, D., & Granick, S. (1956). Biol. Chem. 219435—
holoenzyme was found to be very similar to the CD spectrum  446.
of holoenzyme, whereas the CD spectrum of PBG-regener-Mgbeje, B. I. A. (1990) Ph.D. Thesis, University of Southampton,
ated apoenzyme maintained many of the characteristics of England.
the apoenzyme CD spectrum. CD was also used to probeM'""tr' A.D., Hart, G. J., Packman, L. C., & Battersby, A. R. (1988)
the structure of apoenzyme and holoenzyme at different Biochem. J. 254915-918. -

Sambrook, J., Fritsch, E. F., & Manniatis, T. (198@plecular
temperatures. The results showed that although the holoen- Cloning: a laboratory manualCold Spring Harbor Laboratory
zyme was able to regain its secondary structure after heating Press, Cold Spring Harbor, NY.
to 60 °C, the apoenzyme was not. Apoenzyme was also Scott, A. I., Clemens, K. R., Stolowich, N. J., Santander, P. J.,
shown to be more sensitive to proteolysis by trypsin. The Gonzalez, M. D., & Roessner, C. A. (198BEBS Lett. 242
lability of the protein to both heat and proteolysis is 319-324.

: - . . Shoolingin-Jordan, P. M., Warren, M. J., & Awan, S. J. (1996)
consistent with a holoenzyme tertiary structure that is more Biochem. J. 316373-376.

organized and compact, reflecting the large number of gjigardi, G., & Drake, A. F. (1995Biopolymers (Pept. Sci.) 37
interactions between the three domains and the cofactor. 281-292.

Finally, the CD spectrum of the holoenzyme was found Siligardi, G., Drake, A. F., Mascagni, P., Rowlands, D., Brown,
to be very similar at both pH 5.0 and 7.4 in acetate buffer. _ F-» & Gibbons, W. A. (1991Fur. J. Biochem. 19%45-551.
This is an important observation since the crystal structure SPEncer, P., & Jordan, P. M. (199BJochem. J. 290279-287.
of the holoenzyme was determined at pH 5.0, a pH at which Strickland, E. H. (1974Frit. Rev. Biochem. 2113-175.

: : : . ) Thomas, S. D., & Jordan, P. M. (1986Jucleic Acids Res. 14
the enzyme is catalytically inactive. This would suggestthat  g>15-g226. (198BJcleic Aci !

the tertiary structure is broadly similar at both pH values. warren, M. J. (1988) Ph.D. Thesis, University of Southampton,

England.
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