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ABSTRACT: Cellobiose dehydrogenase is an extracellular flavocytochrome, which catalyzes the oxidation
of cellobiose and other soluble oligosaccharides to their respective lactones, while reducing various one-
and two-electron acceptors. Two residues at the active site of the flavin domain, His689 and Asn732,
have been proposed to play critical roles in the oxidation of the substrate. To test these proposals, each
residue was substituted with either a GIn, Asn, Glu, Asp, Val, Ala, and/or a His residue by site-directed
mutagenesis, using a homologous expression system previously developed in our laboratory. This enabled
an examination of the functional, stereochemical, and electrostatic constraints for binding and oxidation
of the substrate. The steady-state kinetic parameters for the variant proteins were compared using cellobiose
and its epimer, lactose, as the substrates. The H689 variants all exHib@0-fold lowerk:,: values,

while theK, values for both substrates in these variants are similar to that of the wild-type enzyme. This
supports the proposed role of this His residue as a general base in catalysis. The N732 variants exhibit a
range of kinetic parameters: thegy values for oxidation are-54000-fold lower than that for the wild-

type enzyme, while th&, values vary between similar to and 60-fold higher than that for the wild-type.

The difference in binding energy between cellobiose and lactose was calculated using the relationship
A(AG) = —RT In[(keal Km)iactosd (Keal Km)cellobiosd. This calculation for the wild-type enzyme suggests that
lactose binds considerably more weakly than cellobiose (7.2 kJ/mol difference), which corresponds to
one extra (cumulative) hydrogen bond for cellobiose over lactose. Mutations at Asn732 result in a further
weakening of lactose binding over cellobiose-@ kJ/mol difference). The results support a role for
Asn732 in the binding of the substrate.

Cellobiose dehydrogenase (CDHB secreted by various chaete chrysosporiunis the best studied4( 5). Two
cellulolytic fungi (1). As for cellulases, the expression of cofactors, flavin adenine dinucleotide (FAD) and proto-
CDH is promoted when cells are grown in the presence of porphyrin 1X, are noncovalently bound to two distinct
cellulose and repressed in the presence of gluc®se fie domains of the single polypeptide chain, and the two domains
role of CDH in wood degradation is still under consideration, are connected by a heavily glycosylated, hydroxyamino-rich
but evidence suggests the enzyme is involved in celluloselinker peptide 2, 6, 7), similar to that found in other modular
degradation and may be involved in lignin degradatitn ( cellulolytic enzymes &). The flavin domain is involved in
Recently, a mutant strain dframetesversicolor, which is the oxidation of cellobiose and other soluble oligosaccha-
incapable of producing CDH under normal induction condi- rides, such as cellotetraose and lactose, to their corresponding
tions, was described3). The mutant strain exhibited a lactones @, 10). The 13-hydroxyl of the reducing end of
decreased ability to grow on birch wood and on plates with the substrate is oxidized 1) with concomitant reduction of
crystalline cellulose as the carbon source, suggesting thatFAD, and the electrons are subsequently transferred directly
CDH may be essential for growth on wood and cellulosic to two-electron acceptors such as 2,6-dichlorophenol-
substrates. indophenol (DCPIP), or via the heme domain, to one-electron

To our knowledge, CDH is the only extracellular flavo- acceptors such as cytochromél).

cytochrome reported, and it has been purified from several  Recently, crystal structures were reported for each of the
filamentous fungi ) of which the enzyme fronfPhanero- o separate domains of CDH, the heme domain (CDHcyt)
(12), and the flavin domain (CDHdh)1B). CDHcyt has a
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cohols, and their main consensus sequences include the FAzellular protein using polyclonal antibodies raised against
binding domain. While GMC enzymes catalyze the oxidation P. chrysosporiunCDH (21). The transformed strains ex-
of different substrates and exhibit little sequence similarity hibiting the highest activity and/or highest CDH protein
in their substrate-binding domains, the tertiary structures of levels were purified by isolating single basidiospores as
CDHdh (13), GOX (15, 17), and CHO (8, 19) reveal a described?3, 24), and the progeny were rescreened for CDH
highly conserved catalytic site, containing two conserved activity and/or CDH secretion.
residues, a His and an Asn or His, which are located in the Production and Purification of Recombinant Wild-Type
structurally conserved C-terminal region. In the CDHdh and Variant ProteinsEach recombinant strain was grown
crystal structure, these residues, His689 and Asn732, arefrom a conidial inoculum in high carbon-high nitrogen
positioned near the isoalloxazine ring. Conservation of the stationary liquid culture, and the variant proteins were
position of these residues in GMC proteins suggests a similarpurified from the extracellular medium on day Z0f. The
activation mechanism for oxidation of the substrate. extracellular fluid was concentrated and dialyzed against 20
Molecular modeling has identified several possible inter- MM potassium phosphate, pH 6. Subsequently, the variant
actions between cellobiose and protein, which provide proteins were purified by cellulose-affinity chromatography
insights into catalysis and substrate bindihg)(The channel ~ and gel filtration (Sephacryl S200 HR1Q).
from the surface to the catalytic site accommodates a Flavin Cofactor ExtractionThe free flavin cofactor was
cellobiose molecule, and an active-site water is replaced byobtained by the cold trichloroacetic acid (TCA) meth@s, (
the anomerig3-hydroxyl CO1. In addition, the anomeric  26). To 20—50 uM recombinant wild-type CDH (rCDH) or
a-hydrogen CH1 of cellobiose is oriented toward the FAD- flavin domain variants (10@L) was added 20% ice-cold
N5. His689 is the only basic residue near fhiydroxyl of TCA (100uL), and the mixture was incubated on ice for 10
cellobiose, and the orientation of His689 suggests that it may min. The precipitate was removed by centrifugation, and the
act as a general base. Hydrogen bonding of Asn732 with supernatant was neutralized by the addition of @QOof
the anomeric hydroxyl suggests that this residue may Tris-HCI (1 M), pH 8.0. The concentration of extracted FAD
contribute to binding of the substrate. was calculated from a standard curve, using the absorbance
In this study, we assess of the roles of His689 and Asn732at 450 nm. The concentrations of the proteins prior to
in binding and oxidation of the substrates, cellobiose and extraction were calculated using a Soret absorbance at 421
lactose, using site-directed mutagenesis and steady-stat@Mm (€az1 = 100 mM™tcm™). . .
kinetic measurements. In addition, we investigate the effect Preparation of Truncated Flan Domains.The flavin
of the mutations on the electronic properties of the flavin domains of recombinant wild-type and variant proteins were

cofactor. prepared, using limited proteolysig, (27). The flavocyto-
chromes (20uM), purified to homogeneity or purified
EXPERIMENTAL PROCEDURES through the cellulose affinity step, were incubated with 200
. ] ug/mL of papain (Boehringer-Mannheim GmbH, Germany)
Organ|sm.GrOWth and maintenance of the. Chl’ySO- in 0.1 M potassium phosphate’ pH 7' Containing 2 mM

sporiumauxotrophic strain OGC316-7 (Urall) and proto- EDTA and 2 mM dithiothreitol (DTT), fo 2 h at room
trophic transformants were as describ@@)( Escherichia  temperature. This digested protein solution was concentrated
coli DH50 was used for subcloning plasmids. and dialyzed against 10 mM Tris-HCI, pH 8, and the flavin
Construction of the Mutant Plasmid$he site-directed  domain was purified by FPLC, using a mono-Q column with
mutations at the Asn732 position (N732H/Q/A/E/D) were a 0-300 mM NaCl gradient in 10 mM Tris-HCI, pH 8.
introduced into pUGC1, which contains 1.1 kb of thed SDS-PAGE and Immuno (Western) Blot AnalyS©S-
gene promotor, fused to th& chrysosporium cdh-éoding PAGE was performed using a 12% Tris-glycine syst@s) (
region (3.1 kb) {0, 21), using the Transform site-directed in a Miniprotean Il apparatus (Bio-Rad, Hercules, CA), and
mutagenesis kit (Clontech Laboratories, Palo Alto, CK)) ( gels were stained with Coomassie blue. Proteins were
A mutagenic primer introduced the N732 mutations, chang- electrophoretically transferred to a polyvinylidene fluoride
ing the AAC codon (Asn) to CAC (His), CAG (GIn), GCT  membrane (Immobilon-P, Millipore) using a Bio-Rad system
(Ala), GAG (Glu), or GAC (Asp). The mutant plasmids were apparatus. Immunodetection was performed with the Western-
isolated, and the mutation was confirmed by dideoxy Light chemiluminescent detection system (Tropix, Bedford,
sequencing (Oregon National Primate Research CenterMA), using polyclonal antibodies raised agaistchryso-
Beaverton, OR). A protocol, similar to that described above, sporiumCDH (2).
was used to create site-directed mutations at the His689 Spectroscopic ProcedureElectronic absorption spectra
position (H689N/Q/A/E/V). of rCDH as well as N732 and H689 variants were obtained
DNA Transformation of P. chrysosporiufrotoplasts of at room temperature in 20 mM Na succinate, pH 4.5, with
P. chrysosporiumOGC316-7 (Urall) were prepared as a Cary 100 spectrophotometer (Varian, Australia). The
described 20, 22) and transformed with EcoRl-linearized proteins were reduced with either cellobiose (500) or
mutant plasmids (2g), and potential transformants were sodium-dithionite.
screened for uracil prototrophy2@, 22). Subsequently, Enzyme Assays and Kinetic Procedu@BH activity was
conidia from prototrophs were transferred to high carbon- measured using either the cytochrooar the DCPIP assay
high nitrogen stationary liquid cultures, containing 2% at room temperature (28 1 °C) (10). The specific activity
glucose, Kirk’s salts, 20 mM sodium-2,2-dimethylsuccinate, of cellobiose oxidation with DCPIP as electron acceptor was
and 12 mM ammonium tartrate as described, (21). determined with 40Q«M cellobiose and 3%M DCPIP in
Production of CDH was assayed using the cytochrormed 20 mM sodium-succinate, pH 4.55fs = 6.8 mM* cm™1].
DCPIP assayslQ) and by Western blot analysis of extra- The steady-state kinetic parameters for cellobiose oxidation
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were E_iISO determined by monitoring ferrocytochrome Table 1: Steady-State Kinetic Parameters for rCDH and H689
formation [A€red-ox (550 nm)= 21 mM* cm™] (29). The Variants

assays contained a fixed amount of ferricytochranf&2.5

uM) and varying levels of cellobiose {800uM) or lactose enzyme (Lffi‘) (,m)
(50—_60 mM) in ZQ mM sodium-succinate, pH 4.5._St0ck Cellobiose oxidation
solutions of cellobiose and lactose were left overnight for 'CDH 15.5 16
equilibration (mutarotation). A nonlinear regression algorithm H689N 0.004 19
was employed to obtain the MichaeliMenten kinetic H689Q 0.004 21
parameter$.,: and Kn, using a publicly available software ﬂgggC 8'883 g%
package, LSW-Data analysis Toolbox (MDL Information HE89E 0.009 22
System Inc.), integrated in Microsoft Excel. Lactose oxidation

pH Dependence of Cellobiose Oxidatidine effect of pH rCDH 14.3 270
on CDH activity was monitored in the presence of cellobiose H689Q 0.003 290
(400uM) and the electron acceptors cytochroo@2.5uM) HE89A 0.003 280

or DCPIP (35:M). The buffer systems (20 mM) used were #Reactions were performed at room temperature in 20 mM Na-

sodium-succinate (pH-35), potassium-phosphate (pH 5.5 succinate, pH 4.5, andk.« for cellobiose and lactose were determined
. X . : using 12.5¢M cytochromec and varying the substrate concentration

7.5), and Tris (pH 8.69.0). Cytochrome redyCFlon was between 5 and 40@M (cellobiose) and between 5M and 2 mM

measured at 550 nm. The spectral characteristics of DCPIP(actose) Variance was less than 5% of the values presented.

are dependent on the pH of the reaction medium. The

following wavelength and extinction coefficients were

used: pH 3.6-4.5, 515 nm (6.8 mM! cm™Y); pH 5.0, 535

Table 2: Steady-State Kinetic Parameters for rCDH and the N732

Variant
nm (6.8 mM* cm™); pH 5.5, 585 nm (8.2 mM cm™Y); - — —
pH 6.0, 600 nm (12.7 MM cm-3); pH 6.5, 600 nm (15.7 Cellobiose oxidatioh  Lactose oxidatioh
mM-1cm™%); pH 7, 600 nm (16.8 mN* cmY); and pH 7.5- Keat K Keat Kim A(AG°
9.0, 600 nr)nFEl7.7 mVE crrf‘l). andp enzyme (s9) M) (5 M) (kmor)
Chemicals.Glucose and potassium-phosphate were ob- rCOH 12? }1?) 1‘11'3 2%6(()) 17122
tained from J. T. Baker (Phillipsburg, NJ). Molecular biology  n732q 10 a1 12 4000 109
reagents were obtained from New England Biolabs (Beverly, N732A 0.4 17 0.7 1200 9.0
MA) or Stratagene (La Jolla, CA). All other chemicals were N732E 0.21 230 0.3 16 600 9.4
purchased from Sigma. Solutions were prepared in Millipore N732D 0.004 170 0005 11400 9.2
Q-50 (Millipore Corp., Bedford, MA) purified water. aReactions were performed in 20 mM Na-succinate, pH 4.5, at room
temperatureK, and ke, for cellobiose were determined, using 12.5
RESULTS uM cytochromec and varying the substrate concentration between 5
and 800uM (cellobiose) and between 5&M and 60 mM (lactose).
bVariance was less than 5% of the values presestAdAG) = —RT

Prepara_tlon of the _CeIIoblose D_eh_ydrogena_se N732 and In[(Kea? Kon)iaciood (Kead Ken)estomosd, Where T = 298 K andR = 8.314 kJ
H689 Variants.A variety of sut_)stltutlon mutations at the  mol1 K1 A(AG) is a measure for the difference in binding energy
H689 and N732 positions were introduced into puUGTA) ( between cellobiose and lactose.
and the mutations were confirmed by DNA sequencing. The

mutant CDH enzymes were homologously expresse.in - 500 nM as compared to-120 nM), a more sensitive UY
chrysosporium(21). Western blot analysis was utilized to  vis spectrophotometer (Cary 100), and longer recording times
select strains secreting the highest level of mutant protein allowed us to conduct a steady-state kinetic analysis of the
because CDH activity in most of these mutant transformation H689 variants with cytochrome as the electron acceptor
cultures was extremely low. The CDH variants were detected (Table 1). Thek. for cellobiose oxidation ranged from 0.002
by electronic absorption spectroscopy in the concentratedto 0.009 s?, a ~5000-fold decrease from rCDH. However,
extracellular fluid. The variant proteins were purified to each variant exhibited I, similar to the wild-type enzyme
homogeneity, based on thé¥ values fuo/Acgo > 0.6). On (20 uM). The steady-state kinetic parameters were also
the basis of the amount of CDH protein purified from the determined for a second substrate, lactose (Table 1). rCDH

extracellular medium, the expression levels of the flavin and the flavin domain variants H689A and H689Q exhibited
domain variants were 26100% of that observed for rCDH. K, values for lactose oxidation that were similar to that for

SDS-PAGE analysis indicated a molecular mass of 90 kDa cellobiose oxidation. However, thé, values for lactose,
for all the purified flavin domain variants, similar to wild-  with both rCDH and the H689 variants, were 15-fold higher
type CDH @1). FAD cofactors were isolated from rCDH  than those for cellobiose.
and the variant proteins by the TCA precipitation method  Catalytic Properties of N732 Variant3.able 2 lists the
(25, 26). Their electronic absorption spectra were similar to k., andK, values for tCDH and the N732 variants (N732H/
authentic FAD, exhibiting maxima at 380 and 450 nm. The Q/A/E/D) with cellobiose or lactose as the substrate and
flavin occupancy was-90—-95% for rCDH and the flavin  cytochromec as the electron acceptor. Theg;values of the
domain variants. variants for cellobiose oxidation were-8000-fold lower
Catalytic Properties of H689 Variant3he CDH activity than for rCDH, and the order of decrease was Hi&In <
in the extracellular media of the H689 variants was drastically Ala < Glu < Asp. All variants, except N732A, exhibited
reduced as measured by the cytochramaed DCPIP assays. higherKy, values for cellobiose, which ranged from 2.5- to
Despite the very low residual activities, a combination of a 15-fold higher than that for rCDH. THe, values for lactose
much larger amount of enzyme used in the assays-{100 oxidation with the N732 variants were similar to that for
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(m) and the N732 variants, N732R}, N732Q ©), N732A (),
N732E @), and N732D Q), with DCPIP (A) and cytochrome

(B) as electron acceptors. Reaction conditions are as described in
the text. The highest level of activity observed for rCDH and the
flavin domain variants over the range of pH values tested was set
at 100%.

100 Table 3: Specific Activity of rCDH and the H689 and N732
Variants at pH 4.5
80 Electron acceptor
650 enzyme cytochrome DCPIP
rCDH 9.1 17
40 N732H 1.4 3.7
N732Q 0.6 0.7
> 2 N732A 0.2 0.2
= N732E 0.1 0.08
o O N732D 0.002 0.003
© f T T T T T 1 H689Q 0.002 0.007
g 3 4 5 6 7 8 9 H689N 0.002 0.007
= J, HB689A 0.002 0.007
© 100 —B g A B H689V 0.001 0.003
2 i /Y \ H689E 0.005 0.01
. A
\§§’< / \A a Assays were performed in 20 mM Na-succinate, pH 4.5, at room
60 \ N / \ temperature, using 40@M cellobiose and 12..%M cytochromec or
//Q%:O \ 35 uM DCPIP. Specific activity is calculated jyamol/min/mg.
. S/ )
40 ,/". /// § \‘
P _ N N\ ‘\
20 d—2—2 U e A\\ 0.20 -
I\\: \ \ \
0 '\9“36;3}. ]
T T T T 1
3 4 5 6 7 8 0.15
pH 8
©
Ficure 1: Dependence of cellobiose oxidation on pH by rCDH g 010 4
Q
<

0.00 - T T T T T
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cellobiose oxidation (Table 2), as is observed for rCDH and
the H689 variants. However, tlig, for lactose was affected % (nm)

in the N732 variants, increasing 5-fold for the N732A variant FIGURE 2: Electronic absorption spectra of cellobiose-reduced CDH
to 60-fold for N732E. The relative binding strength of the holo-enzymes under aerobic conditions. The flavocytochromes

. . . rCDH and the CDH variants N732Q, N732A, N732E, and H689Q
two substrates can be determined by calculating the differ- ,ore treated with 50QM cellobiose at pH 4.5 under aerobic

ence in binding energy. Assuming that oxidation of lactose conditions, and the resulting spectra were stable over at least 15
and cellobiose follows a similar reaction mechanism and the min. Insert shows the electronic absorption spectra of rCDH,

ratio of the configuration at the anomeric carbaxf) is oxidized ¢-) and dithionite-reduced (- - -).
similar for the two substrates, the difference in binding ) . ) )
energy is similar to the change in activation eneyfAG)). N732E variants exhibited optima at pH 6 and 5, respectively

This change can be calculated using the relationAlipG) (Figure 1B).
= —RTIN[(Keal Km)iactosé(Keal Kim)cetiobiosd (30). This shows that Electronic Absorption Spectra of the H689 and N732
for the wild-type enzyme lactose binding was energetically Variants.The UV—vis spectra of the oxidized and sodium-
less favorable than cellobiose binding by 7.2 kJ mhaind dithionite reduced H689 and N732 variants are similar to
that a mutation of Asn732 weakened the binding of lactose the wild-type protein rCDH (insert Figure 2PR1): the
by a further 2-4 kJ mol? (Table 2). absorption bands at 421, 529, and 570 nm are attributed to
pH Dependence of Acity. Wild-type CDH exhibits an a ferric, low spin heme, and the bands at 429, 532, and 562
acidic pH optimum with a broad maximum between pH 3 are attributed to a ferrous, low spin hen®&r), The weak
and 5 for the oxidation of cellobiose with DCPIP (Figure absorbance between 450 and 500 nm indicates the presence
1A) (9, 25). Activity gradually decreases above pH 5. Hence, of a flavin. Under aerobic and anaerobic conditions, cello-
the specific activity for rCDH and the flavin domain variants biose (50Q«:M) completely reduced the FAD and heme group
was measured at pH 4.5 (Table 3). All H689 variants (data in both rCDH and the N732H variant. In contrast, the
not shown) exhibited a pH dependence similar to the wild- addition of cellobiose did not reduce either the heme or the
type enzyme. The mutations N732E and N732D introduce flavin in any of the H689 variants or the N732D variant,
a carboxylate group, which may be ionized, and these under aerobic conditions, and only the heme appeared to be
variants exhibited a neutral pH optimum (6:B) with DCPIP slowly reduced under anaerobic conditions. Finally, under
as the electron acceptor (Figure 1A). In the presence of theaerobic conditions the heme domain was completely reduced
one-electron acceptor cytochron® all flavin domain in the N732Q/A/E variants, whereas the flavin was only
variants, except N732E and N732D, had a similar pH profile partially reduced (Figure 2). On the basis of the residual
to that for rCDH, with the highest activity at pH 3, decreasing absorbance at 458 nm and an absorption coefficient of 10
as the pH increased (Figure 1B). In contrast, the N732D andmM~* cm™ (10), the FAD in N732Q, N732A, and N732E
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", Ficure 4: Active site of CDHdh complexed with cellobiose. The
(Lo-o. . N732E binding modes for the substrate were obtained by docking cellobiose
» e in the active site of CDHdh1@). Atom colors: carbon, yellow

y \oe-- HEB9Q (protein) and gray (cellobiose); oxygen, red; nitrogen, blue.

" N
' B oxidase (CHO), and monoamine oxidase, catalyze the
oxidation of nonactivated alcohols and amines, which lack
458 an electron-withdrawing group adjacent to the position of
rCDH (oxidized) dehydrogenation. Two different mechanisms, a radical mech-
anism (L8, 31) and a hydride transfer mechanisd8(32),
have been proposed to account for the dehydrogenation of
these nonactivated substrates. In the radical mechanism,
electrons are transferred from the substrate one at a time,
'CDH whereas in the hydride transfer mechanism, two electrons
N732E\ N732H/Q/A are transferred in a single step. Despite this difference, both
- reactions appear to be assisted by the action of a general
- base 18).
dithionite reduced ~ B mscacan v The tertiary structures of three members of the GMC
300 ' 400 ' 500 ' 600 oxidoreductase family, CDHdh18), GOX (17, 33), and
CHO (19, 34), reveal a highly conserved active site, including
A (nm) an active-site water and two semi-conserved residues, His
SIGURE 31f rlggﬁrgggctﬁgigﬁﬁg ;F;g%:é} &EE?Dtgjﬁc?/%tfﬂsfé%\gn and Asn (in GOX, the Asn residue is replaced by a His). In
omain O . i i i
(A) Oxidized; (B) reduced with cellobiose (3800 xM) under CDNE'Z'_f_lh.66%‘3"“3'(]3':;_"&"3“;;2""_?;121? is rydrto%en bor:ged
anaerobic conditions. The relative absorbances are calculated uslné0 IS6o9 an sn - IS site s located near the
the absorbance at 458 nm for the flavin domain of rCDH as a Isoalloxazine ring and at the end of a 12 A channel that can
reference. The spectra are offset in thaxis for clarity. accommodate a cellobiose molecule. Molecular modeling
suggests that Wat1214 is expelled from the active site on
was reduced‘*?s, 50, and 35%, respectiVE|y. The addition b|nd|ng of the Substrate, and the anomﬁihydrox}ﬂ cO1
of cellobiose under anaerobic conditions resulted in the of cellobiose is positioned between His689 and Asn732
Complete reduction of both cofactors in these N732 variants. (Figure 4) In this modeL His689 acts as a generai base,
Flavin Domain of rCDH and VariantsBecause the heme  activating the substrate for oxidation by deprotonation of the
absorbance dominates the BVis spectrum of a flavocyto-  4-hydroxyl. The anomeria-hydrogen of cellobiose, pointing
chrome such as CDH, the truncated flavin domains of rCDH toward the FAD_NS, is Optima”y positioned for efficient
and several flavin domain variants (N732H/Q/A/E/D and hydrogen and electron transfer. The productive binding of
H689Q/A) were produced by limited proteolysis and anionic the anomeric hydrogen is most likely assisted by the
exchange chromatography. The molecular mass for the flavininteraction between thg-hydroxyl and the two residues,
domain of each variant, determined by SERFAGE, was  His689 and Asn732. Previous mutant studies in GGB) (
approximately 60 kD, as was observed previoudly The  and CHO 86—38) have demonstrated the importance of their
specific activities of each of the flavin domains for cellobiose active-site residues in catalysis. In this report, we have
oxidation in the presence of DCPIP were similar to those assessed the steric and electrostatic constraints of His689
for the 90 kD enzymes, suggesting that the isolated flavin 3nd Asn732 of CDH fronP. chrysosporiunin binding and
domains remained intact. The electronic absorption spectragxidation of the substrates cellobiose and lactose. The
of the flavin domain for most of the H689 and N732 variants structural and kinetic properties of variants were assessed
were similar to the flavin domain of rCDH, with maxima at by kinetic and spectroscopic studies.
386 and 458 nm (Figure 3A). The N732D variant exhibited e of His689AIl the variants containing a substitution
blue-shifted maxima at 383 and 452 nm (Figure 3A). The 4 Hise89 exhibit a significantly reduced oxidation rate for
addition of cellobiose to rCDH and the N732H/Q/A/E/D  cg|igbjose (Tables 1 and 3), implicating this residue in
variants under anaerobic conditions resulted in bleaching Ofcatalysis. This is further supported by the apparent lack of
the absorbance, and it is estimated th@0% of the flavin 41y spectral changes in the heme and flavin cofactor in the
was reduced (Figure 3B). presence of cellobiose (i.e., no apparent reduction of the
flavin and heme cofactors were observed upon binding of
DISCUSSION cellobiose (Figure 2)). The low residual activity 1000-
Flavoproteins, such as the flavin domain of cellobiose fold decrease ik in all H689 variants, resulting from the
dehydrogenase (CDHdh), glucose oxidase (GOX), cholesterolabsence of a base near {phydroxyl (Wat1204), suggests

Relative absorbance
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that deprotonation facilitates oxidation. Thus, His 689 likely cellobiose, which is attributed to the binding affinity for the
acts as a general base in the oxidation of cellobiose by CDH.substrates (i.e., thé&, for oxidation is similar for both
This conclusion agrees with the site-directed mutagenesissubstrates, but th€, is 15-fold higher for lactose (Tables 1
studies on the catalytic histidine in CHO frogtreptomyces  and 2)). The cellobioseenzyme model 13) indicates the
sp. 36, 37) and GOX fromPenicillium amagasakieng85), aromatic ring of Phe282 is stacked againstdtface of Glc2
where a 100-fold decrease in catalytic activity for H447Q (Figure 4). For cellobiose, the hydroxyl at the Glc2-C4
in CHO and a more than %¥dold decrease for Val and Ala  position is oriented away from the aromatic ring of Phe282,
substitutions in GOX were reported. The significant residual whereas for lactose, this hydroxyl would be oriented toward
activity for the H447Q mutant was attributed to the presence the aromatic ring, hindering lactose binding. The kinetic data
of a base, Glu361, in the active sit&7]. No such residue is  for the flavin domain variants with cellobiose suggest that
present in CDH. Asn732 substitutions weaken the binding of the substrate,
Role of Asn732The second catalytic residue, Asn732, whereas the H689 variants exhibit a similar affinity for this
would not act as a general base, but it appears optimally substrate. The steady-state kinetic data for lactose oxidation
positioned to assist in the binding of the anomg@ricydroxyl with the flavin domain variants supports this. Furthermore,
of cellobiose (Figure 4)1(3). All Asn732 variants exhibita  the Ky, for lactose is greatly increased upon mutation of
reduced rate for cellobiose oxidation (Tables 2 and 3), N732. Using the change in activation enerf§yAG) as a
implicating this residue in catalysis. The wide variation in quantitative measure of the difference in binding energy
the kear (0.004-2.7 s1) and theK, (16—230 uM) for between the substrates cellobiose and lact86g (actose
cellobiose among the N732 variants suggests that eachbinds 7.2 kJ mol* less favorably to the active site of rCDH
substitution uniquely alters the substrate specificity of the than cellobiose (Table 2). This value is comparable to
enzyme (i.e., each substitution uniquely changes the active-changes in free energy resulting from removal of a weak or
site structure), affecting the binding as well as the positioning strong hydrogen bond, shown to be-@ and 15-19 kJ
of the substrate with respect to the general base, His689,mol™ 1, respectively 80, 39), and in CDH may be the result
and the flavin, FAD-N5. Thus, the N732A variant exhibits of the loss or weakening of hydrophobic, electrostatic, van
a low Ky, indicating that it easily accommodates cellobiose. der Waals, or hydrogen bonding interactions between the
However, this variant lacks a hydrogen bond donor to assistenzyme and the substrate. The additional42kJ mol?
in positioning the anomeric carbon. While the residues GlIn difference observed for the N732 variants suggests that an
and His may act as hydrogen bond donors, they are bulkier Asn residue may partially compensate for the weaker binding
than Asn. The severalfold-lowd¢, and 2-3-fold higher of lactose, whereas the N732 substitutions apparently do not.
Km for N732Q and N732H suggest structural changes inthe pH DependenceThe results with the H689 and N732
cellobiose-enzyme complex, affecting the binding and variants (Figure 1) indicate that these residues do not control
oxidation of the substrate. The Glu or Asp substitutions the pH profile for cellobiose oxidation. However, for an
introduce possible hydrogen bond donors, or if ionized, a enzymatic reaction assisted by base catalysis, the protonation
residue that may assist in the polarization of faleydroxyl state of the base should be important. In CDH, His689 should
of cellobiose. For example, in CHO, the residual activity in be neutral in the catalytically active state. rCDH exhibits a
the H447Q variant is partly attributed to the presence of a pH optimum for cellobiose oxidation between 3 and 5 (Figure
second active-site base, Glu361, which is hydrogen bonded1A), implying a greatly perturbed Hiska from its value in
to the active-site water3@, 37). Although the carboxylate  aqueous solution~6). It is known that amino acid bases
residues in N732D and N732E appear ionized (see below),and carboxylic acids in proteins can exhibit anomalokig p
their presence apparently lends no advantage to CDH.attributed to their microenvironments. For example, the
Moreover, both substitutions result in a much higKgrfor general base His159 in the thiol protease papain exhibits an
cellobiose than is exhibited by the other variants, suggestingunusually low K, of ~3.4 (40), attributed to a hydrophobic
that the binding of substrate is significantly weakened in the environment around the imidazole ringlj. In the case of
N732E and N732D variants. Two possible explanations can CDH, His689 is indeed buried in a hydrophobic pocket of
be proposed. First, the presence of a negative charge mayhe active site, near the xylene moiety of the isoalloxazine
significantly alter the hydrogen bonding network within the ring (13). The results for N732D and N732E exemplify how
active site, inducing steric and/or electrostatic hindrances for the microenvironment around the general base, His689, can
binding of the substrate. A second explanation is based onmodulate its acietbase properties. The distance between
an extended hydrogen bonding network from Asn732 to Asn732-N and His689-Nis ~3.5 A. The Asn732 carbox-
Thr584 via GIn582. These residues are in close contact withylate variants shift the pH optimum for cellobiose oxidation
Arg586, which forms two hydrogen bonds with the substrate from pH 3—5 to 6-7 (Figure 1A). The introduced carbox-
in the enzyme-cellobiose complex (Figure 4). Disruption ylate groups may be ionized, creating a negative charge near
of this hydrogen bonding network, owing to a new negative His689. This would raise thelf of the His and thus shift
charge, might alter the orientation of Arg586, thus weakening the optimum to neutrality.
cellobiose binding. Overall, an Asn residue appears to be The shift in pH optimum upon introduction of a carbox-
the optimal choice in the active site for CDH and in almost ylate group in the active site is of interest when comparing
all other GMC oxidoreductases. the catalytic properties of the CDHSs frof chrysosporium
Lactose as Substrateactose is an epimer of cellobiose, and Humicola insolens(42) since theH. insolensCDH
differing in configuration at the C4 of the nonreducing exhibits a pH optimum closer to neutralit§d). While there
glucosyl unit (Glc2). In the cellobioseenzyme complex, is no crystal structure for the flavin domain frdth insolens
Glc2-C4 is located at the entrance of the substrate bindingthe primary sequence alignment of the five sequenced CDH
site (L3). rCDH exhibits lower specificity toward lactose than genes 2, 14, 43—46) suggests that the catalytic site is
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conserved in all CDHs, containing a His and an Asn. In
addition, the N732E variant still exhibits an acidic pH
optimum for cytochrome reduction, whereas the alkaline
CDH from H. insolends most active at neutral/alkaline pH.

Biochemistry, Vol. 42, No. 14, 20031055

promote deprotonation and oxidation. These conclusions are
in agreement with those based on the crystal structure of
the CDH flavoprotein in complex with a transition-state

analogue (C. Divne, personal communication). The results

Other differences in the active site may account for the also suggest that the proximity of a neutral residue, like
different pH dependencies rather than an amide to acid Asn732, to the His689 and the isoalloxazine ring may control
substitution. The redox properties of the heme domains of the acidity of the general base and the electrostatic environ-

the two CDHs are very similar2@), suggesting that
differences within the flavin domain may control the inter-
domain electron transfer and the pH dependence.
Electronic Properties of the Flan. The turnover rates for
the two carboxylate variants, N732D and N732E, were

ment around the flavin.
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somewhat surprising. Intuitively, the Glu substitution, which ity the preparation of Figure 4.

is electrostatically and sterically different from Asn, should
have resulted in a weaker catalyst than the Asp mutation. In
contrast, the N732E variant exhibits a higlkes (50-fold)
than the N732D variant (Table 2). Under anaerobic condi-
tions, the flavin cofactor is reduced by cellobiose in both
variants (Figure 3B), but the rate of reduction is significantly
lower in the N732D variant. The microenvironment around
the isoalloxazine ring modulates various chemical properties
of the flavin, including its electronic structure and reactivity
(47). For example, flavin enzymes often have a positively
charged entity in close contact with the NC2=02 locus

of the flavin @8). This regulates the redox properties of the
cofactor, and it is proposed to stabilize the anionic form of
the reduced flavin and thus to raise the redox poter@@l (
The pH profile (Figure 2) suggests that the carboxylate
residues in the N732D and N732E variants are ionized,
introducing a negative charge in the active site. This could
significantly alter the electrostatic environment around the
flavin, reducing the oxidizing power of the FAD cofactor.
To probe the effect of these variants on the redox potential,
the electronic absorption spectra of the truncated flavin
domains of N732D and N732E were recorded and compared
to rCDH and several of the other flavin domain variants
(N732H/Q/A, H689Q/A) (Figure 3A). Previous mutant
studies of flavin enzymes show that changes in the electronic

absorption spectra are accompanied by changes in the redox

properties of the flavin. For example, substitution of the
catalytic Asn by Leu in CHO results in a drop of 76 mV in
the redox potential, and the UV spectrunste4 nmred-
shifted Amax With respect to the wild type3@). In the old
yellow enzyme, Thr34 forms a hydrogen bond with FMN-
04, and the T37A variant has a lower redox potential,
supporting the role of Thr34 in stabilizing the reduced state
(49). The shift in redox potential is accompanied by a shift
in the absorption maxima to a shorter wavelength. Only the
N732D variant exhibits a different flavin spectrum from
rCDH, with absorption maxima blue-shifted to 383 and 452
nm (Figure 3A). Therefore, the Asp substitution may affect
the redox properties of the flavin in CDH. The N732E (and
other variants) exhibit a spectrum similar to that of rCDH,
suggesting that their redox properties are not significantly
altered.

ConclusionsResidues His689 and Asn732 are involved
in catalysis by CDH fronP. chrysosporiumThe catalytic
His appears to facilitate the oxidation of cellobiose and
lactose and concomitant reduction of the flavin cofactor,
functioning as a general base. The primary role of Asn732
appears to be to position the substrateH and 15-OH
relative to FAD and His689, respectively, which would
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