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ABSTRACT: The flavoenzyme nikD is required for the biosynthesis of nikkomycin antibiotics. NikD exhibits
an unusual long wavelength absorption band attributed to a charge transfer complex of FAD with an
unknown charge transfer donor. NikD crystals contain an endogenous active site ligand. At least four
different compounds are detected in nikD extracts, including variable amounts of two ADP derivatives
that bind to the enzyme’s dinucleotide binding motif in competition with FAD, picolinate (0.07 mol/mol
of nikD) and an unknown picolinate-like compound. Picolinate, the product of the physiological catalytic
reaction, matches the properties deduced for the active site ligand in nikD crystals. The charge transfer
band is eliminated upon mixing nikD with excess picolinate but not by a reversible unfolding procedure
that removes the picolinate-like compound, ruling out both compounds as the intrinsic charge transfer
donor. Mutation of Trp355 to Phe eliminates the charge transfer band, accompanied by a 30-fold decrease
in substrate binding affinity. The results provide definitive evidence for Trp355 as the intrinsic charge
transfer donor. The indole ring of Trp355 is coplanar with or perpendicular to the flavin ring in “open”
or “closed” crystalline forms of nikD, respectively. Importantly, a coplanar configuration is required for
charge transfer interaction. Absorption in the long wavelength region therefore constitutes a valuable
probe for monitoring conformational changes in solution that are likely to be important in nikD catalysis.

Nikkomycins are peptidyl nucleoside antibiotics that block
the biosynthesis of chitin by inhibiting chitin synthase (1).
Chitin, the second most abundant polysaccharide in nature,
maintains the structural integrity of the cell wall in fungi
and the exoskeleton of insects and other invertebrates. Neither
chitin nor chitin synthase is found in mammals. Nikkomycins
are effective for the therapeutic treatment of fungal infections
in humans and as easily degraded insecticides in agriculture
(2).

Biosynthesis of the nikkomycin peptide occurs via a
nonribosomal pathway. The first step is catalyzed by an
aminotransferase that convertsL-lysine to anR-keto inter-
mediate that cyclizes and dehydrates to yield piperideine-
2-carboxylate (P2C),1 a compound that can exist in imine
and enamine forms (3). The second step is catalyzed by nikD
in a reaction that involves a remarkable four-electron
oxidation of P2C to picolinate, accompanied by reduction
of 2 mol of oxygen to hydrogen peroxide (Scheme 1) (4-
6). NikD contains 1 mol of covalently bound FAD (8R-S-
cysteinyl-FAD), exists as a monomer in solution, and acts
as an obligate two-electron acceptor. The initial two-electron
oxidation of P2C to dihydropicolinate (DHP) is rate-
determining. Subsequent conversion of DHP to picolinate
appears to proceed without release of the labile DHP
intermediate into solution (5, 6).

NikD exhibits two absorption maxima in the visible region,
a feature characteristic of flavin-containing enzymes. How-
ever, the enzyme also exhibits an atypical long wavelength
absorption band, extending out to nearly 700 nm. This
absorption band can be eliminated by enzyme denaturation,
flavin reduction, acidic pH (pKa ) 7.3), or binding of
competitive inhibitors. The long wavelength absorption band
has been attributed to a charge transfer complex containing
oxidized FAD as the acceptor and an unknown species as
the charge transfer donor (5).

Crystal structures of open and closed forms of nikD have
recently been determined at 1.9 and 1.15 Å resolution,
respectively (7). Both forms contain an endogenous active
site ligand that is modeled as an aromatic carboxylate with
a six-membered ring. The enzyme contains flavin- and
substrate-binding domains. FAD is bound in an extended
conformation with its ADP moiety bound to a classic
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dinucleotide binding motif in the flavin domain. The flavin
ring is located at the interface between the flavin and
substrate domains. Conversion from the open to the closed
form involves a dramatic, large-scale rotation of the substrate
domain and movement of a five-residue loop into the active
site cavity, accompanied by a striking rearrangement of key
active site residues. For example, the aromatic ring of the
endogenous ligand is stacked (3.5 Å) above the flavin ring
in the closed form and the indole ring of Trp355 is
approximately perpendicular to the flavin ring. In contrast,
the indole ring of Trp355 assumes a stacked position above
the flavin ring in the open form, displacing the ligand in an
impressive rearrangement that involves a 90° rotation of the
aromatic rings of both the ligand and Trp355 (Figure 1).

Trp355 and the endogenous ligand emerged as likely
candidates for the charge transfer donor, as judged by the
observed crystal structures. In this paper, we identify the
endogenous active site ligand and the intrinsic charge transfer
donor. The results provide insight into the mechanism of
substrate binding.

EXPERIMENTAL PROCEDURES

Materials.Picolinate, nicotinate, isonicotinate, benzoate,
2-pyrazinecarboxylate, alkaline phosphatase, and purified
phosphodiesterase I fromCrotalus adamanteusvenom were
purchased from Sigma. 2-Pyrimidinecarboxylate and 4-py-
rimidinecarboxylate were obtained from Bridge Organics.

Restriction enzymes and T4 DNA ligase were purchased
from New England Biolabs. Ni-NTA agarose (Ni2+ affinity
matrix) was obtained from Qiagen. P2C was prepared as
previously described (6).

Enzyme Purification and Assay.Recombinant wild-type
nikD was isolated from cells [Escherichia coliBL21(DE3)/
pDV101] grown in LB or Terrific Broth, as previously
described (5, 6). A clone that expressed the Trp355Phe
mutant [E. coli BL21(DE3)/pGZ42] was constructed as
described below and grown in LB. The mutant enzyme was
isolated by the same method used for purification of wild-
type nikD. Enzyme activity was measured by monitoring
picolinate formation at 264 nm in a standard assay containing
50 µM P2C (6). Specific activity values are calculated on
the basis of flavin content and expressed as a turnover rate
(micromoles of picolinate per micromole of nikD per
minute). Apparent steady state kinetic parameters were
determined by measuring the level of picolinate formation
at various concentrations of P2C in air-saturated 50 mM
potassium phosphate buffer (pH 8.0) at 25°C. The concen-
tration of purified wild-type or Trp355Phe mutant enzyme
was determined on the basis of its absorbance at 455 nm (ε

) 11 200 M-1 cm-1) or 462 nm (ε ) 12 700 M-1 cm-1),
respectively.

Preparation of NikD Extracts.NikD was heated at 100
°C for 2 min, centrifuged at 14000g for 15 min, and then
ultrafiltered to remove denatured protein. Alternatively, the

FIGURE 1: Stereoviews of the active site in the closed (top) and open (bottom) forms (PDB entries 2H2V and 2H2L, respectively). Atoms
are colored as follows: C, gold (closed form) or green (open form); O, red; N, blue; S, yellow. For clarity, only selected hydrogen bonds
are shown.
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protein was denatured by addition of acetonitrile (66%, v/v)
at 22°C. Denatured protein was removed by centrifugation
after a 10 min incubation on ice. Prior to analysis, heat or
acetonitrile extracts were concentrated under vacuum.

Chromatography and Spectroscopy.Unless otherwise
indicated, HPLC analyses of nikD extracts were conducted
at room temperature using a Rainin HPLC system equipped
with a Hamilton PRP-X100 anion exchange column (10µm
particle, 4.6 mm× 250 mm) or a Varian Microsorb 100-5
C18 column (5µm particle, 4.6 mm× 250 mm). The column
eluate was monitored by its absorbance at 264 nm. Anion
exchange HPLC analyses were conducted by using isocratic
elution at a flow rate of 1.4 mL/min (method 1) or 1.2 mL/
min (method 2). Method 1 corresponds to the previously
described high-resolution protocol for separation of positional
isomers of picolinate (6). The elution solvent for method 2
was prepared by mixing 1 part of 25 mM ammonium
carbonate (pH 10.3) with 1 part of 50% methanol in water
(v/v). Reversed phase HPLC analyses using method 3 were
conducted at a flow rate of 1 mL/min using a previously
described elution protocol (8). Reversed phase HPLC
analyses with method 4 were conducted using the following
elution protocol (flow rate of 1 mL/min): a 5 min isocratic
elution with solvent A [100 mM ammonium acetate (pH
5.4)], a 25 min linear gradient to 50% solvent B (90%
methanol and 10% water), a 5 min linear gradient to 70%
solvent B, a 5 min linear gradient to 0% solvent B, and a 5
min isocratic elution with solvent A. Methods 1 and 3 were
used for routine HPLC separations. Separations conducted
in conjunction with mass spectral analyses employed methods
2 and 4 but different HPLC hardware, as indicated below.

As will be described, nikD extracts contain two ADP
derivatives (compounds I and IV). Compound I is labile and
decomposes to yield AMP under alkaline conditions. The
amount of compounds I and IV in nikD extracts was
determined by quantitative HPLC analysis using an AMP
standard curve. Analyses were performed by using a reversed
phase (compounds I and IV) and/or an anion exchange
(compound I) column. The amount of compound I in
untreated ligand extracts was estimated on the basis of the
combined area under peaks due to the intact compound and
its AMP decomposition product. In studies with extracts that
had been incubated at alkaline pH, the amount of compound
I was estimated on the basis of the area under the AMP peak.

Absorption spectra were recorded using an Agilent Tech-
nologies 8453 diode array or a Perkin-Elmer lambda 25
spectrophotometer. To determine the stoichiometry of in-
corporation of FAD into nikD, the enzyme was denatured
with 3.0 M guanidine hydrochloride. The concentration of
FAD was estimated using an extinction coefficient previously
determined for free FAD in 3.0 M guanidine hydrochloride
(ε450 ) 11 900 M-1 cm-1) (9). Protein concentrations were
determined on the basis of the absorbance at 280 nm after
enzyme denaturation using an extinction coefficient (ε280 )
66 810 M-1 cm-1) calculated using the ProParam tool
(www.expasy.ch/tools/). The absorbance at 280 nm was
corrected for the contribution due to free FAD in guanidine
hydrochloride (ε280 ) 22 900 M-1 cm-1) (9).

Mass Spectral Analysis.NikD ligands were released by
acetonitrile denaturation of enzyme expressed using TB as
the growth medium. LC-MS/MS analyses were conducted
using a Waters Q-Tof micro quadrupole time-of-flight mass

spectrometer with a MassLynx workstation. Ligand extracts
or standards were subjected to electrospray ionization (ES)
and positive-negative switching. Except as noted below, all
HPLC separations were carried out on an Alliance HPLC
system using a Waters Atlantis dC18 column (3µm particle,
2.1 mm× 150 mm) and method 4 (flow rate of 250µL/
min) at 20 °C. Typical settings were as follows: cone
voltage, 20 eV; collision energy, 1 eV (ESI-MS) or 10, 15,
or 20 eV (ESI-MS/MS); argon, 13 psi; source, 125°C;
desolvation, 290°C. For studies on compound IIITB in ligand
extracts, HPLC separations were conducted using an AC-
QUITY UPLC system operated in HPLC mode using a
Hamilton PRP-X100 anion exchange column (5µm particle,
4.6 mm× 250 mm) and method 2 (flow rate of 1.2 mL/
min). Typical settings were as follows: cone voltage, 20 or
50 V; argon, 13 psi; source, 130°C; desolvation, 300°C.
The following tolerance limits were imposed in conducting
single-mass analyses to identify possible molecular species
corresponding to a specifiedm/zvalue: tolerance, 11.0 ppm;
double bond equivalents (DBE), minimum of 0.0 and
maximum of 25.0; isotope cluster parameters, separation of
1.0 and abundance of 1.0%.

Preparation of Ligand-Depleted NikD. All steps were
conducted at 0-4 °C. A solution containing 37 mg of nikD
in 10 mL of 50 mM potassium phosphate buffer (pH 8.0)
(buffer A) was mixed at approximately 30 s intervals with
0.5 mL aliquots of buffer A containing 2 mM EDTA and 4
M guanidine hydrochloride until a final guanidine hydro-
chloride concentration of 2 M was reached. The sample was
centrifuged after a 30 min incubation on ice and then dialyzed
overnight against buffer A containing 1 mM EDTA and 2
M guanidine hydrochloride. The guanidine hydrochloride
concentration was then gradually decreased by dialysis for
2 h against buffer A containing 1 mM EDTA and 2.0, 1.5,
1.0, 0.75, 0.50, or 0.25 M guanidine hydrochloride. The
sample was then dialyzed overnight against buffer A,
followed by a 2 h dialysis against buffer A. Spectral and
activity measurements were performed after concentrating
the solution to 1.5 mL using a Centriprep 30 device. A heat
extract of the refolded protein was prepared and subjected
to HPLC analysis, as described above.

Mutation of Trp355 to Phe. All PCR experiments were
conducted using a Hybaid Touchdown Thermocycler. Unless
otherwise noted, PCR products were purified by agarose gel
(1.5%) electrophoresis and recovered using a QIAQuick gel
extraction kit (Qiagen). Sequencing was conducted by MWG
Biotech. Mutations were generated by using the pDV101
plasmid (5) as a template and the overlap extension PCR
method described by Ho et al. (10). PCR experiments were
performed by usingPfu DNA polymerase (Stratagene) and
the following settings: one cycle of 94°C for 2 min; 30
cycles of 94°C for 40 s, 52°C for 40 s, and 72°C for 2
min; one cycle of 72°C for 30 min; and one cycle of 30°C
for 5 min. The left-hand fragment was generated using 5′-
GACTCACTATAGGGAGACCACAAC-3′ (START) as the
forward primer and 5′-GAACTTGAACGCatAGCCCGC-
CCC-3′ as the backward primer. The right-hand fragment
was generated using 5′-GGGGCGGGCTatGCGTTCAAGT-
TC-3′ as the forward primer and 5′-CCGGATATAGTTC-
CTCCTTTCAGC-3′ (END) as the backward primer. The
purified left- and right-hand fragments were combined using
START and END as forward and backward primers,
respectively. (Mutagenic sites
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in the primers are shown in lowercase; codon 355 is
underlined.) The final PCR product was purified by using a
QIAquick PCR purification kit (Qiagen), digested withNdeI
and XhoI, purified again, and then subcloned between the
NdeI and XhoI sites of plasmid pET23a. The resulting
construct was used to transformE. coli BL21(DE3) cells to
ampicillin resistance. For screening, plasmid DNA was
isolated from randomly selected clones using the QiaPrep
spin miniprep kit (Qiagen) and digested withNdeI andXhoI.
A plasmid that exhibited the expected insert size (pGZ42)
was isolated using the Qiagen plasmid midi kit (Qiagen) and
sequenced across the entire insert.

RESULTS

Endogenous Ligands in NikD Extracts.We expected that
nikD extracts would contain a single compound correspond-
ing to the endogenous ligand observed at the active site in
the crystal structures. Instead, extracts prepared by denatur-
ation with heat or acetonitrile were found to contain at least
four different compounds, as judged by HLPC analysis using
an anion exchange or reversed phase column (Figures 2 and
3). As described below, compounds I and IV are structurally
related and share a common binding site whereas compound
III binds at a different site. Compound II is a decomposition
product of compound I.

Identification of Compound II.The following observations
indicate that compound II is AMP. Compound II and AMP
exhibit identical HPLC elution profiles (Figures 2 and 3)
and absorption spectra (λmax ) 259 nm; data not shown).
Both compounds are converted to adenosine upon treatment
with alkaline phosphatase (data not shown) and exhibit the
same molecular mass (347 Da), as judged by mass spectral
analysis in positive or negative mode (Table 1).

Properties and Identification of Compounds I and IV as
DeriVatiVes of ADP.Compound I is labile. Quantitative

hydrolysis to AMP is observed after a 1 hincubation in 100
mM KOH at room temperature (data not shown; see Figure
S1 of the Supporting Information). Compound I elutes as a
single broad peak from an anion exchange HPLC column
(Figure 2), whereas a pair of closely eluting peaks (Ia and
Ib) are observed in the reversed phase elution profile (Figure
3). Mass spectral analysis in combination with reversed phase
HPLC shows that compounds Ia and 1b exhibit the same
molecular mass (619 Da, Table 1) and thus appear to be
isomers.

Unlike compound I, compound IV is stable under basic
conditions and not easily recovered from an anion exchange
column. However, compound IV is readily isolated by
reversed phase HPLC (Figure 3). The purified compound
exhibits an absorption spectrum (λmax ) 259 nm) that is
virtually identical to that of AMP (data not shown).
Compound IV is more than twice the size of compound I,
as judged by the molecular mass determined by mass spectral
analysis (1372 Da, Table 1).

MS/MS analyses in positive ion mode were conducted to
characterize fragments derived from compounds I and IV.
Signals attributable to AMP, the adenine moiety of AMP
(Ade), and a phosphorylated derivative of AMP were
observed in MS/MS ES+ spectra obtained with both com-
pounds I and IV (data not shown; see Figures S2 and S3 of
the Supporting Information, respectively). Phosphorylation
of the 5′-phosphate in AMP would produce an ADP
derivative that should be susceptible to hydrolysis by
phosphodiesterase I, unlike compounds generated by phos-
phorylation at other possible sites (e.g., 2′-OH or 3′-OH in

FIGURE 2: Anion exchange HPLC analysis of nikD ligands. Extracts
were prepared from nikD isolated from cells grown in TB (panel
A) or LB (panel B) medium. Panels C and D are elution profiles
obtained with picolinate and AMP, respectively. The chromato-
grams were developed using method 1. (Compound IV binds tightly
to the anion exchange column and is not eluted under these
conditions.)

FIGURE 3: Reversed phase HPLC analysis of nikD ligands. Panel
A is the elution profile obtained with an extract prepared from nikD
isolated from cells grown in TB medium. Panel B is the elution
profile obtained with AMP. The chromatograms were developed
using method 3. (Compound III is not eluted under these condi-
tions.)

Table 1: Mass Spectral Characterization of Compounds I, II, and
IV a

m/z

M + H M - H

compound II 348.0730 346.0570
AMP (calcd) 348.0709 346.0553
compound Ib 620.1053 618.0835
compound IV 1373.2843 1371.2270

a LC-MS analyses were conducted with a ligand extract prepared
by denaturation of nikD with acetonitrile. HPLC separations were
conducted using a reversed phase column (method 4) connected to a
quadrupole time-of-flight mass spectrometer, as detailed in Experimental
Procedures.b Identical results were obtained with compound Ia or Ib.
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AMP). Indeed, quantitative hydrolysis of compounds Ia, Ib,
and IV to AMP is observed upon treatment of a crude ligand
extract with purified phosphodiesterase I. No other UV-
absorbing products are detected (Figure 4). The results
indicate that compounds I and IV are ADP derivatives.

QuantitatiVe Analysis of Compounds I and IV in NikD
Preparations. Compounds I and IV are too big to fit into
the active site of nikD but might be expected to bind at the
dinucleotide binding motif in the flavin domain, in competi-
tion with each other and FAD. In this case, the sum of all
three compounds should not exceed 1 mol/mol of nikD. To
test this hypothesis, quantitative analyses were conducted
with extracts from three enzyme preparations that contained
between 0.54 and 0.82 mol of FAD. (The FAD content was
determined separately, as described in Experimental Proce-
dures, because the covalently bound flavin is not released
into the extract obtained upon enzyme denaturation.) The
amount of compound I varied between 0.02 and 0.14 mol/
mol of nikD and was not correlated with the FAD content.
In contrast, the amount of compound IV was inversely
proportional to the flavin content (r2 ) 0.9589) and varied
between 0.12 and 0.45 mol/mol of nikD. The molar sum of
FAD, compound I, and compound IV in the three prepara-
tions varied between 0.98 and 1.05 mol/mol of nikD (Table
2). The results support the proposal that all three compounds
compete for a common ADP-binding site in nikD.

Characterization of Compound III.Since the other ligands
could be ruled out, compound III emerged as a likely
candidate for the ligand found at the active site in nikD
crystals. Two different forms of compound III are found in
nikD extracts, depending on whether the enzyme is expressed
in cells grown in LB (compound IIILB) or Terrific Broth (TB)
(compound IIITB). Neither compound acts as a substrate for
phosphodiesterase I. Both compounds are difficult to elute
from a reversed phase column but exhibit well-defined
elution profiles from an anion exchange column (Figure 2).

The active site ligand in nikD crystals is modeled as an
aromatic carboxylate containing a six-membered ring. Com-

pounds that satisfy this criterion were subjected to HPLC
analysis using an anion exchange column. Identical elution
profiles are obtained with compound IIILB and picolinate in
analyses conducted by using a high-resolution solvent system
capable of separating picolinate from its positional isomers,
nicotinate and isonicotinate (6) (Figure 2). Significantly,
picolinate is the product of the reaction catalyzed by nikD
with its physiological substrate (Scheme 1). A substoichio-
metric amount of picolinate is found in nikD, as judged by
quantitative HPLC analyses with extracts from two different
preparations of enzyme that had been expressed in LB (0.069
( 0.005 mol of picolinate/mol of protein). The modest
amount of picolinate detected in the isolated enzyme is
consistent with the observed stability of the nikD‚picolinate
complex (Kd ) 300µM) (5). Although picolinate is largely
replaced by compound IIITB in extracts from enzyme
expressed in TB, these extracts do contain a small amount
of picolinate, as judged by results obtained in a preparative
scale isolation of compound IIITB (data not shown).

Compound IIITB exhibits a broad, featureless absorption
band in the UV region with a maximum at 265 nm, unlike
the relatively narrow, resolved peak observed with picolinate
(λmax ) 264 nm) (data not shown; see Figure S4 of the
Supporting Information). HPLC analyses show that com-
pound IIITB is readily distinguishable from picolinate (Figure
2) and all of the other aromatic carboxylates that have been
surveyed, including nicotinate, isonicotinate, benzoate, 2-pyra-
zinecarboxylate, 2-pyrimidinecarboxylate, and 4-pyrimi-
dinecarboxylate (data not shown). A signal attributable to
compound IIITB was not detected upon mass spectral analysis

FIGURE 4: Effect of phosphodiesterase I treatment on compounds
I and IV. HPLC analyses were conducted using a reversed phase
column and method 3. Panel A was obtained with an untreated
ligand extract from enzyme that had been isolated from cells grown
in TB medium. Panel B was obtained after incubating the extract
with 0.0095 unit/mL purified phosphodiesterase I for 60 min in 50
mM potassium phosphate buffer at pH 8.8 and 37°C. Panel C was
obtained with AMP.

Table 2: ADP Derivatives in NikD Preparationsa

a Analyses were conducted as described in Experimental Procedures.
Preparation A was isolated from cells grown in LB broth. Preparations
B and C were isolated from cells grown in TB broth.b Average of
four separate determinations using an anion exchange or a reverse phase
column with or without prior alkaline hydrolysis (0.14( 0.02).
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in positive or negative mode. An appropriate signal was
obtained in control studies with picolinate.

Preparation and Characterization of Ligand-Depleted
NikD. Compounds I and IV do not bind at the active site
and therefore cannot act as the intrinsic charge transfer donor.
Compound IIILB (picolinate) does bind at the active site.
However, picolinate cannot be the intrinsic charge transfer
donor because binding of this competitive inhibitor is
accompanied by a loss of the enzyme’s charge transfer band
(5) (see the inset of Figure 5A). To determine whether
compound IIITB might act as the intrinsic charge transfer
donor, we developed a method for removing the endogenous
ligands from enzyme that had been expressed in TB.

A dilute solution of nikD was slowly unfolded at 0°C by
stepwise addition of guanidine hydrochloride to a final
concentration of 2 M. The sample was then dialyzed against
buffer containing 2 M guanidine hydrochloride to remove
any ligands that had been released from the protein. The
concentration of guanidine hydrochloride was then gradually
decreased in a series of 2 h dialyses against solutions
containing a progressively lower concentration of denaturant.
This approach resulted in 42% recovery of the starting
material as a soluble protein. The refolded preparation and
untreated nikD exhibit similar specific activity values (24.0
and 22.4 min-1, respectively). Importantly, the absorption
spectrum of the refolded enzyme displays a long wavelength
absorption band identical to that observed with the untreated
enzyme (Figure 5A). The ligand content of the refolded
enzyme is greatly reduced, as judged by the amount of UV-
absorbing material recovered upon heat denaturation (Figure
5B). A heat extract of the refolded enzyme was subjected to
HPLC analysis using anion exchange and reversed phase
columns. Compound IIITB was not detected. The extract did
contain a small residual amount of the ADP derivatives and
AMP (data not shown). The results show that compound IIITB

does not act as the intrinsic charge transfer donor.
Mutation of Trp355.Since all of the endogenous ligands

could be ruled out, the intrinsic charge transfer donor must
be an amino acid residue. Trp355 appeared to be the most
likely candidate as judged by the crystal structure of the open

form of nikD where the indole ring of Trp355 is stacked
(3.5 Å) above the flavin ring. Accordingly, a conservative
Phe mutation was introduced in place of Trp355. The
Trp355Phe mutant was expressed in LB medium at 22°C
and purified by using a Ni2+ affinity matrix to apparent
homogeneity, as judged by SDS-PAGE. We obtained 19
mg of protein from 5 L of cell culture, a yield that is∼50%
of that observed with wild-type nikD (5). The mutant protein
contained 0.42 mol of covalently bound FAD, a value
somewhat lower than those observed with various prepara-
tions of the wild-type enzyme (Table 3).

Importantly, the Trp355Phe mutant exhibits a typical flavin
absorption spectrum with no evidence of a long wavelength
charge transfer band (Figure 6). The results provide definitive
evidence of Trp355 being the intrinsic charge transfer donor
in wild-type nikD. The mutation also causes a bathochromic
shift of the unresolved absorption band that is observed with
the wild-type enzyme at 455 nm. In the mutant enzyme, this
band is shifted to 462 nm and is highly resolved with a
pronounced shoulder at 485 nm, suggesting a less polar flavin
environment than in wild-type nikD (11).

Catalytic Properties of the Trp355Phe Mutant.The
specific activity of the mutant is∼10% of that observed with
wild-type nikD, as judged by results obtained using a
standard assay that contains 50µM P2C (Table 3). Although
this substrate concentration is saturating for wild-type nikD,

FIGURE 5: Effect of unfolding and renaturation on the spectral
properties and the endogenous ligand content of nikD. Panel A
shows absorption spectra of native (solid black line) and refolded
(dashed red line) nikD in 100 mM potassium phosphate buffer at
pH 8.0 and 22°C. Absorption spectra for the corresponding heat
extracts are shown in panel B. Spectra are normalized to the same
enzyme concentration. The inset in panel A shows previously
reported (5) absorption spectra of free nikD (s) and the enzyme‚
picolinate complex (- - -) obtained at 25°C in 100 mM potasium
phosphate buffer (pH 8.0) containing 0 and 2.27 mM picolinate,
respectively.

Table 3: Comparison of the Spectral and Catalytic Properties of
Trp355Phe and Wild-Type NikD

Trp355Phe wild type

absorption maxima (nm) 382, 462 379, 455a

absorption whenλ > 550 nm no yes
ε4xy (M-1 cm-1)b 12700 11200a

A280/A4xy
b 13.6 8.77-13.0c

mol of FAD/mol of protein 0.42 0.54-0.90c

specific activity (min-1) 2.1 22.9( 1.0d

kcat(app)(min-1) 8.4( 0.1 28.2( 0.8 (37( 0.9)e

Km(app)(µM) 82 ( 3 2.6( 0.3 (7.2( 0.6)e

kcat(app)/Km(app)(min-1 µM-1) 0.10 11 (5.1)e

Ki(1-cyclohexenoate) (µM) 182 ( 6 5.2( 0.4 (16)f

a Data previously reported (5). b 4xy) 462 or 455 for the Trp355Phe
mutant or wild-type nikD, respectively.c Ranges for spectral properties
are based on data for various preparations, including those listed in
Table 2 and previously reported results (5). d Average of values obtained
for six preparations.e Previously reported values (6) are shown in
parentheses.f The value in parentheses is a dissociation constant for
1-cyclohexenoate, previously determined by spectral titration (5).

FIGURE 6: Comparison of the spectral properties of the Trp355Phe
mutant with wild-type nikD. Spectra for the mutant (s) and wild-
type (- - -) enzyme were recorded in 100 mM potassium
phosphate buffer at pH 8.0 and 22°C.
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steady state kinetic studies indicate that it is not saturating
for the mutant protein which exhibits an apparentKm that is
30-fold larger than that of wild-type nikD. In contrast, the
mutation causes an only 3-fold decrease in the apparentkcat

value (Table 3).
The results suggest that the Trp355Phe mutation primarily

affects substrate binding. Evidence for evaluating this
hypothesis was sought by measuring the binding affinity of
a substrate analogue for the mutant enzyme. Dissociation
constants for various inhibitor complexes are readily mea-
sured with wild-type nikD by monitoring the accompanying
perturbation of the visible absorption spectrum of the
enzyme. Various attempts to conduct similar studies with
the Trp355Phe mutant revealed that the mutation caused a
significant decrease in enzyme stability, as judged by the
observed aggregation under conditions (pH 8.0 and 25 or 5
°C) where the wild-type enzyme is stable for prolonged
periods. As an alternate approach, we compared the effect
of 1-cyclohexenoate, a 1-deaza analogue of P2C, on the
turnover of mutant and wild-type enzymes. In each case,
1-cyclohexenoate was found to act as a competitive inhibitor
with respect to P2C (data not shown; see Figure S5 of the
Supporting Information). The inhibition constant with the
mutant enzyme is 35-fold larger than with wild-type nikD
(Table 3), consistent with the postulated role of Trp355 in
substrate binding.

DISCUSSION

NikD crystals contain an endogenous active site ligand,
modeled as an aromatic carboxylate with a six-membered
ring (7). Unexpectedly, nikD extracts have been found to
contain multiple endogenous ligands (compounds I-IV).
Compound II (AMP) is a decomposition product of com-
pound I. Compounds I (619 Da) and IV (1372 Da) are ADP
derivatives that bind to the dinucleotide binding motif in the
enzyme’s flavin domain, in competition with each other and
the natural FAD prosthetic group. Consistent with this
proposal, the molar sum of all three ADP derivatives exhibits
a 1:1 stoichiometry with respect to nikD. Although nikD
preparations contain variable amounts of FAD, the ADP-
binding site in nikD crystals is fully occupied by FAD (7),
suggesting that substitution of FAD with compound I or IV
interferes with enzyme crystallization. Covalent attachment
of FAD is probably “catalyzed” by the nikD apoprotein, as
judged by results obtained with the homologous monomeric
sarcosine oxidase (12). Misfolding of the nikD apoprotein
might therefore promote adventitious binding of ADP
metabolites by blocking covalent flavin incorporation. Al-
ternatively, properly folded apoprotein might accumulate and
bind ADP derivatives because overexpression of the recom-
binant enzyme has outstripped the cellular capacity for flavin
biosynthesis.

Compound IIILB is found in extracts from enzyme ex-
pressed in LB. This compound has been identified as
picolinate, the product of the physiological catalytic reaction.
Picolinate can also be detected in extracts from enzyme
expressed in TB but is largely replaced by a picolinate-like
compound of currently unknown structure (compound IIITB).
Picolinate matches the properties deduced for the active site
ligand in crystals which have been obtained using enzyme
expressed in either LB or TB. Less than 0.1 mol of picolinate

is found in enzyme expressed in LB, whereas the corre-
sponding crystals show that the active site is fully occupied
by the endogenous ligand. We considered the possibility that
the active site ligand might be a contaminant in the
crystallization buffers, but HPLC analysis failed to detect
any UV-absorbing (aromatic) compounds in these reagents.
We tentatively conclude that the observed difference in ligand
content of the isolated enzyme as compared with crystalline
nikD is due to selective crystallization of the enzyme‚
picolinate complex.

NikD exhibits a long wavelength absorption band extend-
ing out to nearly 700 nm. This unusual feature has been
attributed to an intrinsic charge transfer complex containing
oxidized FAD as the charge transfer acceptor (5). Trp355
and the endogenous active site ligand emerged as likely
candidates for the intrinsic charge transfer donor, based on
crystal structures observed for open and closed forms of
nikD, respectively (see Figure 1). Conversion of the free
enzyme to a complex with picolinate is observed in the
presence of excess picolinate (Kd ) 300 µM) but results in
the loss of the long wavelength absorption band (5), a feature
that rules out compound IIILB as the intrinsic charge transfer
donor. Reversible unfolding of nikD in guanidine hydro-
chloride removes compound IIITB and most of the adenine-
containing endogenous ligands found in enzyme that has been
expressed in TB. The refolded enzyme is catalytically active
and retains the long wavelength absorption band, ruling out
compound IIITB as the intrinsic charge transfer donor.
Importantly, the charge transfer band is eliminated by
mutation of Trp355 to Phe. The results provide definitive
evidence of Trp355 being the intrinsic charge transfer donor.

To our knowledge, nikD is the first example in which a
wild-type flavoenzyme has been demonstrated to contain a
flavin-tryptophan charge transfer complex. In flavodoxins,
the outer and inner faces of the FMN ring are typically
flanked by tyrosine and tryptophan residues, respectively.
The tryptophan ring is inclined at an angle of approximately
20-45° with respect to the flavin ring, a geometry unfavor-
able for charge transfer interaction. The tyrosine residue is,
however, nearly coplanar with the flavin ring, and a charge
transfer complex is observed when this residue is mutated
to tryptophan (13, 14). Similarly, a C-terminal tyrosine in
ferredoxin-NADP+ reductase (FNR) lies parallel to the flavin
ring. Changing this tyrosine to tryptophan also yields a
mutant enzyme that exhibits a long wavelength charge
transfer band (15). Although not established experimentally,
a long wavelength absorption band exhibited by the FMN
domain of cytochrome P450 BM-3 may reflect charge
transfer interaction between the flavin ring and a nearby,
coplanar tryptophan residue (16, 17).

The identification of Trp355 as the charge transfer donor
in nikD permits correlation between solution and crystalline
forms. A diagnostic long wavelength absorption band is
formed upon partialπ-π charge transfer from Trp355 to
FAD in a process promoted by parallel stacking of the indole
and flavin rings, a feature observed only in the open crystal
form. Solutions of nikD exhibit a charge transfer band at
slightly alkaline pH (pKa ) 7.3) but not at slightly acidic
pH and/or in the presence of active site ligands. This suggests
that the equilibrium between the two conformations lies in
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favor of the open form in solution at slightly alkaline pH.
Conversely, the closed form predominates at slightly acidic
pH and/or in the presence of active site ligands.

Access of the substrate to the active site in nikD is possible
only in the open conformation, but substrate oxidation is
likely to require stacking of the substrate and flavin rings,
as observed only in the closed conformation. A possible
resolution of this paradox is provided by a two-step mech-
anism for substrate binding (Scheme 2). We postulate that
an initial redox-inactive ES complex is produced when
substrate binds to the open conformation. This solution
complex is metastable but otherwise resembles the open
crystal form of the nikD complex with picolinate. In solution,
the presence of bound ligand shifts the equilibrium in favor
of the closed conformation, producing a redox-active ES
complex. We suggest that the crystalline environment may
stabilize the crystal in an open, ligand-bound form.

Mutation of Trp355 in nikD to Phe results in a 30-fold
increase in the apparentKm for P2C and a 35-fold increase
in theKi for 1-cyclohexenoate, a 1-deaza analogue of P2C.
The results indicate that Trp355 exerts a net positive effect
on substrate binding even though formation of a redox-active
ES complex is likely to involve displacement of Trp355
(Scheme 2). The energetic cost of Trp355 displacement may
be compensated by favorable interactions in the closed form
where Trp355 constitutes part of an aromatic cage that
surrounds the ligand ring and also forms a hydrogen bond
with the side chain of Asn100 (Figure 1). The absorption
spectrum of the Trp355Phe mutant is strikingly similar to
that observed with the closed form of the wild-type enzyme.
This suggests that the mutation may shift the equilibrium
toward the closed form, a feature that could contribute to
the observed decrease in substrate binding affinity. Substrate-
induced displacement of an aromatic residue has been
observed with at least two other flavoenzymes, including
FNR and glutathione reductase. Unlike nikD, the aromatic
residue in FNR (Tyr308) interferes with substrate binding
but is, nevertheless, found to facilitate catalysis, probably
by accelerating product release (15, 18). The aromatic residue
in glutathione reductase (Tyr197) is thought to assist catalysis
by acting as a spring that presses the nicotinamide ring in
NADPH against the flavin ring (19).
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spectrum of compound IV (Figure S3), absorption spectrum
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and wild-type nikD with 1-cyclohexenoate (Figure S5). This
material is available free of charge via the Internet at http://
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