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ABSTRACT: Stearoyl-acyl carrier protein desaturad®D) catalyzes the £and 2e dependent desaturation

of stearoyl-acyl carrier protein (18:0-ACP) to yield oleoyl-ACP (18:1-ACP). The && provided by
essential interactions with reduced plant-type [2Fe-2S] ferredoxin (Fd). We have investigated the-protein
protein interface involved in the FEA9D complex by the use of chemical cross-linking, site-directed
mutagenesis, steady-state kinetic approaches, and molecular docking studies. The treatment of the different
proteins with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide awdhydroxysuccinimide revealed that
carboxylate residues from Fd and lysine residues frh@D contribute to cross-linking. The single
substitutions of K60A, K56A, and K230A on9D decreased thk../Ky for Fd by 4-, 22-, and 2400-

fold, respectively, as compared to V9D and a K41A substitution. The double substitution K56A/
K60A decreased thiea/Ky for Fd by 250-fold, whereas the triple mutation K56 A/K60A/K230A decreased

the keafKy for Fd by at least 700 000-fold. These results strongly implicate the triad of K56, K60, and
K230 of A9D in the formation of a catalytic complex with Fd. Molecular docking studies indicate that
electrostatic interactions between K56 and K60 and the carboxylate groups on Fd may situate the [2Fe-
2S] cluster of Fd closer to W62, a surface residue that is structurally conserved in both ribonucleotide
reductase and mycobacterial putative acyl-ACP desaturase DesA2. Owing to the considerably larger effects
on catalysis, K230 appears to have other contributions to catalysis arising from its positioning in helix 7
and its close spatial location to the diiron center ligands E229 and H232. These results are considered in
the light of the presently available models for Fd-mediated electron transfeg@nand other protein

protein complexes.

Stearoyl-acyl carrier proteiA® desaturaseA9D)! cata- (2), the R2 component of ribonucleotide diphosphate reduc-
lyzes the G- and NAD(P)H-dependent insertions of a cis tase 8), and the bacterial hydrocarbon hydroxylas®sThe
double bond between carbons 9 and 10 of 18:0-ACP to yield catalytic cycle for these enzymes consists of substrate
18:1-ACP. This soluble, homodimeric enzyme, (84 000) binding, electron transfer to form a diferrous center, and O
contains a catalytically essential diiron cofactor in each activation as essential prerequisites to substrate oxid&tion (
subunit. The diiron center is maintained in the active site by 7). In addition, ferritin 8) and rubrerythrin g) have related
endogenous ligands derived from two copies of the sequencediiron centers but differ in their catalytic cycles.
motif (D/E)-X-.4EXzH separated by-100 amino acids). An acyl-ACP and a reduced plant-type [2Fe-2S] ferredoxin
Related diiron binding motifs are found in other desaturases gre poth required for efficienrA9D catalysis {0). ACP, a
small, negatively charged protein, enhances Khevalue
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L Abbreviations: ACP, acyl carrier protein; 18:0-ACP, ACP with indeed, the addition of £xo the complex of 18:0-ACP and
stearic acid covalently attached to ACP through a phosphopantetheinede” A9D yielded a quasi-stable-1,2 peroxo speciesl4,
thioester bond; 18:1-ACP, ACP with oleic acid covalently attached to 15) However, th|s peroxo Species ultn‘nately decayed W|th0ut

ACP through a phosphopantetheine thioester baxD, 18:0-ACP . . .
A° desaturase; resting9D, an isolated form oA9D containing all the formation of 18:1-ACP and without the release oObi

ferric sites; 4e A9D, chemically reduced form 9D containing all (14), suggesting that key elements contributing to catalysis

ferrous sites; FdAnabaenar120 vegetative [2Fe-2S] ferredoxin; GC,  were missing from the simplified reaction system.
gas chromatography; MS, mass spectrometry; EDC, 1-ethyl-3-(3- . . .
dimethylaminopropyl)carbodiimide; NHS-hydroxysuccinimide; BME, In contrast to the results described above with chemically

B-mercaptoethanol. reducedA9D, Fd is a catalytically competent electron donor
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for A9D during the conversion of 18:0-ACP to 18:1-ACP K41
(16). For example, a rapid mix of the Fd-reduced enzyme
substrate complex with an aerobic buffer resulted in a burst

phase Koust= 95 s1) of product formation accounting for
~90% of the turnover expected from one subunit in the
dimeric protein. This rapid phase was followed by a slower

phase Kinear = 4.0 s%) of product formation corresponding Wi132
to the turnover expected from the second subunit. The

reaction of the oxidized enzymesubstrate complex with

excess reduced Fd resulted in a slower, linear fajg €
3.4 s of product formation over1.5 turnoversh9D active

site, implicating the FtASD complex formation as a distinct v23 w
/ “‘ w139

F189
W135

step in the single turnover reaction. However, because the
steady-state catalysis hak.gvalue~0.5 s, product release
appears to be the rate-limiting step in catalysis.

The significant role for Fd in catalytic desaturation was
unexpected because dithionite-reduced preparations of meth K230
ane monooxygenasé&{—20) and ribonucleotide reductase
(21) were competent for methane oxidation and tyrosyl
radical formation, respectively. Thus, unlike other enzymes
in the diiron-enzyme superfamilA9D apparently requires
an electron transfer from the biological electron donor, and
this requirement may be further mediated by interactions with B
acyl-ACP.

This work examines potential sites of interaction between
Fd andA9D by using chemical cross-linking and steady-
state kinetic analysis. Figure 1 shows the spatial relationship
of the lysine residues investigated in this work in the 3D
structure ofA9D. The results implicate the participation of
carboxylate residues from Fd and a triad of lysine residues
on the surface ofA9D in the formation of the catalytic
complex. Two of these lysine residues, K56 and K60, cluster
close to W62, a surface tryptophan residue that has structur-
ally conserved homologues in ribonucleotide reductagg (
and putative acyl-ACP desaturase DesA2 friglycobacte-
rium tuberculosig23). The third, K230, is hydrogen bonded
to E233 along a conserved helix opposite to the diiron ligands
E229 and H232. Mutagenesis of these three lysine residues
to alanine essentially eliminates the ability &9D to
recognize Fd as an electron donor. In the discussion section
we consider how proteinprotein interactions involving these
residues might contribute ta9D catalysis. K60 W62 K56

K60

K230

MATERIALS AND METHODS Ficure 1: (A) Amino acids involved in putative electron-transfer
pathways to the diiron center (gray spheresh®D. One proposed
EnzymesFd was expressed, purified, and characterized pathway, consisting of W62, D228, and H146 (yellow), extends

as previously described2q). The concentration oA9D from the surface oA9D and is close to K56, K60, and K230. The

. . S o 1 o1 other proposed electron-transfer pathway consists of W132, F189,
aCt'V? sites was determined usiego = 4200 M Cm, . Y236, W135, and W139 (blue) and is closest to K41. (B) Surface
per diiron center, and cross-correlated by the determinationyepresentation of tha9D dimer showing the relative location of

of protein concentration and total iron concentratibp For the targeted surface lysines (red) in relation to W62 (yellow). The
the preparations oA9D and each of the mutated isoforms two subunits ofA9D are shown in different shades of blue.
of A9D studied in this work, these quantifications indicate
greater than 95% occupation of the diiron active sites in the succinimide and buffers were from Sigma (Saint Louis, MO).
dimeric protein. Furthermore, the specific activity of the wt HPLC-grade acetic acid was from Fisher Scientific (Pitts-
A9D preparations used in this work matched the range burgh, PA). Methanol and acetonitrile (HPLC-grade) were
observed in other preparations of the enzyt®.(Recom- ~ from Aldrich.
binant Escherichia coliand spinach ACP were expressed,  Cross-Linking ReactionsA9D and Fd were cross-linked
purified, phosphopantetheinylated, and acylated as previouslyin 25 mM HEPES at pH 7.4, containing 17 mM NacCl using
described 10, 14). The acyl chains were reductively cleaved, a procedure based upon that of Sehgal et2&). A9D was
extracted, derivatized, and analyzed by GC-MS as previouslyadded to a final concentration of 1248, Fd was added to
described 10). a final concentration of 5aM, and 18:0-ACP was added to
Chemicals. 1-Ethyl-3-(3-dimethylaminopropyl)carbodi-  a final concentration of 2xM. The final reaction volume
imide (EDC) was from Pierce (Rockford, ILN-Hydroxy- was 50uL. A stock solution of EDC (50 mM in 25 mM
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HEPES at pH 7.4) was prepareeb min prior to use and
was added to a final concentration of 5 mM to a buffer
solution containing either Fd ok9D. A stock solution of
NHS (50 mM in 25 mM HEPES at pH 7.4) was then added
to the EDC-treated protein to a final concentration of 10 mM.

This reaction was incubated at room temperature for 5 min,

and BME (1.4 M in HO) was added to a final concentration
of 20 mM and the protein solution incubated again at room
temperature. After 5 min, Fd\9D, or premixedA9D—18:

Sobrado et al.

induced by the addition of isopropytp-thiogalactopyra-
noside to a final concentration of 1 mM. At induction, each
500-mL culture was supplemented with 1 mL of 40 mM
FeSQ and 1 g ofCasamino acids. After12 h, the cells
were harvested by centrifugation for 15 min at 4¢00he
cell pellets were washed with 50 mM phosphate at pH 7.0,
pelleted by centrifugation for 15 min at 39 Gf)@&nd stored

at —80 °C. The growth procedure yielded1.0 g L™* of
wet cell paste.

0-ACP was added to the reaction, and the reaction mixture Protein Purification. The A9D variants bearing the dif-

was incubated o2 h at 25°C with shaking. After this
incubation period, hydroxylamine (100 or 300 mM in®)

was added to the cross-linking reaction to a final concentra-

tion of 10 mM. Approximately 1520 uL of the cross-
linking reaction was diluted into a 2X SDS sample buffer
and analyzed by SDSPAGE using BioRAD Tris-HCI
Ready-Gels, Criterion gels (BioRad, Hercules, CA), or 10%
Tris-tricine gels. The SDSPAGE gels were stained with

ferent Lys mutations were purified from&. coli using a
procedure similar to that previously describezb)( Ap-
proximatey 3 g of frozen cell paste was thawed in a small
steel beaker~10 mL) and resuspended in 25 mM HEPES
at pH 8.0. The cells were incubated on ice for 10 min after
the addition of 25 mg each of lysozyme, RNase, and DNase
to the cell suspension. The cell mixture was sonicated for a
total of 1 min using 10-s pulses (Fisher Model 550 Sonic

Coomassie Brilliant Blue and destained in 10% acetic acid/ Dismembrator, 1/8-in horn, and 45% maximum output).

30% methanol.
Site-Directed MutagenesisAll of the A9D variants
carrying the different lysine to alanine single or multiple

During sonication, the temperature of the cell suspension was
maintained below 10C by placing the beaker in an ice-
water bath containing NaCl. The suspension was diluted to

substitutions were prepared according to the QuikChange50 mL in 25 mM HEPES at pH 8.0 and centrifuged for 1 h

protocol (Stratagene, La Jolla, CA). The K41A mutation was
generated with the primer'¥&6cccaaaagattgagatctttGCAtc-
cctagacaattggge-3' and its reverse complement. (The
mutated codon is indicated in capital letters.) The K56A
mutation was generated with the primerdaacattctggt-
tcatctGGCgccagttgagaaatgttggcaaccg@Bd its reverse
complement. The K60A mutation was generated with the
primer 8- ctgaagccagttgagGCAtgttggcaaccdcend its
reverse complement, and the double mutation, K56 A/KG60A,
was prepared from the K60A background with the primer
5'-ctggttcatctGGCgccagttgagGCA-@nd its reverse comple-
ment. The K230A mutation was constructed with the primer
5'-gtacaattgctgcagatgagAAGcgcecatgagacagcctaand its
reverse complement. The triple mutation, K56A/K60A/

at 39 00@ to remove cell debris. The supernatant was loaded
onto a 30 mL Q-Sepharose column equilibrated in 25 mM
HEPES at pH 8.0. The column was washed with 50 mL of
25 mM HEPES at pH 8.0, and the protein was eluted in a
0.2-L linear gradient from 0 to 0.23 M NaCl in 25 mM
HEPES at pH 8.0, at a linear flow rate of 7.6 cmth
Fractions were analyzed by SBBAGE, and fractions
containingA9D were pooled and concentrated by ultrafil-
tration (YM30 membrane, Amicon Inc., Beverly, MA). The
concentrated sample was loaded onto a HiPrep 26/60
Sepharacyl S-100 column (Pharmacia LKB Biotechnology
Inc., Piscataway, NJ) equilibrated with 25 mM HEPES at
pH 7.8, containing 50 mM NaCl, and eluted at 6.8 cm.h
Fractions containind\9D were identified by SDSPAGE,

K230A, was generated using the same primer as that usedpooled, and concentrated by ultrafiltration. Small aliquots

for K230A with the gene containing the K56A/K60A

of purified protein were frozen in liquid nitrogen and stored

mutations as the template. The transformed clones wereat —80 °C.
selected and sequenced by Big Dye DNA sequencing at the Steady-State #aluation of 18:1-ACP FormatiorEnzyme

University of Wisconsin Biotechnology Center to identify
individual clones containing the correct gene sequence.
Protein Expression.For protein expression, kL of
plasmid DNA (0.2ug) was transformed int&. coliBL21-
(DES3) cells by electroporation and plated onto Lutizertani
plates containing 5ug mL™! kanamycin. Kanamycin-
resistant transformants-@ colonies) were used to inoculate
5 mL of the Luria-Bertani medium containing 50g mL™*
of kanamycin and 1% (w/v) glucose. This culture was grown
at 37 °C with shaking (250 rpm). After the 5-mL culture
reached an OFy, value of~0.2, 1 mL of the culture was
used to inoculate 50 mL of LuriaBertani medium contain-
ing 50 ug mL™* of kanamycin and 1% (w/v) glucose, and
the culture was incubated at 3C. After ~4 h, this culture
reached an Oy value of~0.5, and 1 mL of that was used
to inoculate each of six 2-L flasks containing 500 mL of
Luria—Bertani medium supplemented with 5@ mL™* of

kanamyacin and 1% (w/v) glucose. These cultures were

incubated at 37C, with shaking at 250 rpm for4 h or
until they reached an Qjay value of~0.5. The incubation
temperature was reduced to 26, and the cultures were

reactions were performed in 25 mM HEPES buffer at pH
7.4, containing 17 mM NaCl. Assays contained varying
concentrations of Fd, 40M E. coli or spinach 18:0-ACP,
1.5uM ferredoxin reductase, and 0.02 or 0.04 nmoA&D

in a total volume of 50Q:L. The reaction was initiated by
the addition of NADPH to a final concentration of 40M.
Aliquots were removed at timed intervals and quenched by
rapid mixing with 200uL of THF. The initial reaction
velocities were determined using linear least-squares fitting
from the time-dependence for appearance of the 18:1
products in reactions as determined by GC/EI-MS. The
steady-state parametetss and Ky, were determined by
nonlinear least-squares fitting of the initial desaturation
velocity and substrate concentration data to the Michaelis
Menten equation

v = keaf SV(Ky + [S]) (1)

using Kaleidagraph (Abelbeck Software, Reading, PA).
Mass Spectrometrross-linking reactions were dialyzed
in 1 L of 10 mM ammonium acetate at pH 5.0 forl6 h.
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T £DC. NHS ﬁ " zu-é-m ﬁ lane 1 2 3 4 5 6 7 8 9
p1_g_lc_o_ BME L g Spe Fd 890 - 890 09D Fd - Fd |P1
- - 4+ + + + + + |NHS
Ficure 2: Summary of the sequence of reactions used for EDC- = - Fd - Fd - ASDA9D gzME
catalyzed cross-linking. The carboxylate groups from one protein
(P1) are activated with EDC and then reacted with NHS to yield a 250
relatively stable succinimide-ester. The NHS-activated carboxylate 150 .
group on P1 then reacts with an amine group from protein P2 to 100} — -t =
generate a new peptide bond between proteins P1 and P2 upon 75 -
displacement of the succinimide group. so| = .
—-—— —
The MALDI-MS analyses were obtained from either an e ! —— ——
o-Ccyano or a sinapinic acid matrix using a Bruker BIFLEX
Il spectrometer equipped with a 337 nm nitrogen laser. 25| =
A9D-Fd Docking Model.The protein-protein docking — — -

web server ClusPro (http://nrc.bu.edu/cluster/) was used to
obtain 3D models of the Fd- and ACP- complexes wASD

(27, 28). This server provides algorithms that filter docked
conformations on the basis of shape complementarity,
desalvaton,and eletrosatc energles. The PDB fle 1AFR Houtt 3 0o e Stone,
containing the coordinates fng was used as the. static The ige%tities of P1 and P2, as defined in Figure 2, ar% indicated.
receptor molecule, and the files, 1FXA, containing the | gne 1 contains molecular mass standards.

coordinates for [2Fe-2S] ferredoxi@9) and the coordinates

for ACP?> were separately used as the moving ligand | L
molecules. The top 60 docked conformations of Fd binding !N 'anes 7 and 9 may be due to the modifications of the
and the top 20 docked conformations of ACP from ZDOCK Carboxylic groups by EDC and NHS during the P1 reaction.

15
10| —

evaluations were examined in detail. Lanes 3 and 8 in Figure 3 show that the reactions containing
untreated\9D (lane 3) and\9D treated with BME-quenched
RESULTS EDC (lane 8) were also indistinguishable on the basis of the

SDS-PAGE analysis. The single band with an apparent mass

Covalent Cross-Linking of Fd and9D. The combination of 37 kDa apparently corresponded to th&D subunit (M
of the zero-length cross-linker EDC and NHS can be used 42 000) obtained from denaturation of the dime&i@D by
to define the source of the carboxyl and amine groups SpS. In contrast, the SBSPAGE analysis of EDC-activated
contributing to the cross-link2g). Figure 2 shows the  A9D (lane 5) revealed two bands with apparent masses of
reaction mechanism and the sequence of additions used to.37 and~75 kDa. The~37 kDa product corresponded to
perform the cross-linking of Fd and9D. In the first step a single A9D subunit (M 42 000), whereas the-75 kDa
of this sequence, the carboxylate groups on protein P1 werepand corresponded to a covalent cross-linking of @D
reacted with EDC to form a reactiv@-acylurea intermediate.  subunits (M 84 000). Two possible intersubunit salt bridges
By the immediate reaction of the unstab@acylurea  in A9D that might be activated for amide-bond formation
intermediate with NHS, a more staliehydroxysuccinimido by the EDC and NHS treatment are K152 with E166 and
ester derivative was formed from the activated carboxyl K167 with E59 (i.e., less the5 A separation between Lys-
groups. After the quenching of excess EDC by the addition Nz and Glu-CD). In addition, there are five possible
of BME, the cross-linking reaction was initiated by the intrasubunit salt bridges between the lysine and glutamate
addition of protein P2. The amide linkages were formed by residues (E38 and K41; E85 and K88; E182 and K261; E233
the displacement of NHS from P1 by an amine group from and K230; and E245 and K242) and three possible intra-
P2. subunit salt bridges between lysine and aspartate residues

Figure 3 shows the results from several control reactions (i.e., less tha 5 A separation between Lys-NZ and Asp-
that were performed to establish the behavior of the CG; D247 and K36; D257 and K261; and D311 and K312).
individual proteins in the presence of the cross-linking  Two reaction sequences were used to study the formation
reagents. Lanes 2, 4, and 7 show the products of reactionsf a cross-linked F¢A9D complex. In one reaction se-
containing untreated Fd (lane 2), Fd treated with BME- quence, the carboxylate groups fra&@D were first activated
qguenched EDC (lane 4), and EDC-activated Fd (lane 7). Theby treatment with EDC and NHS, the excess EDC was
products of these reactions were comparable on the basis ofjuenched by the addition of BME, and then Fd was added.
the SDS-PAGE analysis. Specifically, Fd appeared as an An SDS-PAGE analysis of this reaction sequence (lane 6
approximately equal distribution of two bands with apparent in Figure 3) revealed two bands with apparent masses of
masses of-10 and~22 kDa after treatment with BME at  ~37 and~75 kDa, which is the same result obtained from
25 °C for 5 min. Further studies (not shown) revealed that the reaction ofA9D alone (lane 5 in Figure 3). In the other
the larger band was the exclusive product obtained from thereaction sequence, the carboxylate groups from Fd were first
more vigorous treatment of Fd with BME at 90. The small activated by treatment with EDC and NHS, the excess EDC
change in the electrophoretic mobility of the 10-kDa Fd band was quenched, and thexfD was added. An SDSPAGE
analysis of this reaction sequence (lane 9 in Figure 3)

2 Zornetzer, G. A., Fox, B. G., and Markley, J. Biochemistry in revealed two prominent bands with apparent masses3af
press and pdb file 2AVA. and ~45 kDa and a mixture of other minor, higher-mass
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Table 1: MALDI-MS Analysis of Cross-Linked Products Obtained
from the Interactions of Fd and9D

estimated observed peak charge calculated

species  mass (kDd) nmvzratios statd m/z ratios
Fd 10 10875 [MH H]+* 10699
A9D 37 41369 [M+ H]+ 41646
A9D 20877 [M+2H]>" 20823
A9D—Fd 45 52219 [MH H]H 52345
A9D—Fd 26062 [M+2H]?" 26173
A9D—Fd—Fd 58 62325 [MH H]H 63044
A9D—A9D 75 83338 [M+ H]*¥ 83292

aFd, [2Fe-2S ferredoxinJA9D, refers to a single subunit of tAD
dimer.® As determined from SDSPAGE analysis¢ Observed mass
peak from MALDI-MS analysis performed as described in Materials
and Methods? Assigned charge statéCalculated m/z from the
observed mass peak and assigned charge state.

products. Although the~37 kDa band represents the
unreactedA9D subunit, the~45 kDa product was not
observed from any of the other control reactions (lanes 2, 3,
5, 6, and 8 in Figure 3) and roughly corresponded to the
combined mass of on&9D subunit ¢-42 kDa) and one Fd
(~11 kDa). Thus only the activation of the carboxylate
residues on Fd led to cross-linking witk®D. It is also noted
that the activation of Fd bypassed the formation of 5
kDa product assigned to a covalent linkage of the EDC-
activated subunits of dimeria9D.

MALDI-MS analyses were performed to more precisely

determine the molecular masses of the polypeptides observed

by SDS-PAGE. Table 1 shows the assignments made for
the three prominent peaks of 10875, 41369, and 528/¥9
observed in the MALDI-MS spectrum. These masses closely
corresponded to those expected for the singly protonated [M
+ H]™ Fd (m/z 10699), theA9D subunit (Wz 41646), and
the cross-linking of Fd with thé\9D subunit (n/z 52345).
Several minor peaks were also observed, which likely
represented the [M- 2H]?" ions of theA9D subunit Wz
20823), the cross-linked complex &9D and Fd (z
26173), and the [M+ H]*" ion from a singleA9D subunit
cross-linked to 2 Fdnyz 63044).

Mutagenesis 0A9D and Kinetic AnalysisThe results of

Sobrado et al.
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Ficure 4: Dependence of, for 18:1-ACP formation on the
concentration of Fd. (A) wA9D, (O); K41A A9D, (O); K60A
A9D, (x); and K56A A9D, (). (B) K56A/K60A A9D, (#);

Figure 3 and Table 1 demonstrated that amide linkages couldk230A A9D, (®); and K56A/K60A/K230AA9D (). The lines

be formed between Fd ax®BD but only in reactions where
EDC was used to activate the carboxylate groups from Fd.
Thus,A9D must provide lysine residues to the amide bond-
(s) formed in the cross-linking reactions. Figure 1B shows
that K41, K56, K60, and K230 are positioned in close
proximity to the aromatic amino acids previously identified
as possible electron-transfer pathwaysA0D (30) and other
members of the diiron superfamilZ, 23).

To examine the potential role of these residues in the
formation of an Fe-rA9D complex, they were mutated to
alanine. The mutated9D variants (along with wiA9D)

are the results of nonlinear least-squares fitting of the experimental
data using eq 1.

The steady-state kinetic analysis revealed that the K56A
and K60A variants hakk.,; values equivalent to wh9D and
K41A A9D; however, theKy values determined for these
two variants were altered slightly to values30-fold and
~6-fold greater, respectively, than tKg-value determined
for wt A9D. On the basis of these relatively modest changes
in Ky values, the doubly mutated K56A/K60A9D was
also generated, and it yieldedg, value of~30 min! (again

were then characterized using steady-state kinetics by varyingsimilar to that for wtA9D) along with aKy value of~140
the concentration of Fd at fixed, saturating concentrations uM (an ~250-fold increase Ky as compared to that for

of 18:0-ACP. Figure 4 shows representativeersus [S] plots

wt A9D). Surprisingly, when K230A9D was examined, a

obtained from these characterizations, whereas Table 2 show&y value of ~1200 uM was obtained, representing an

the kinetic parameters obtained from the nonlinear least-
squares fitting of the experimental results using eq 1. For
wt A9D and the K41A mutation, both the, value for the
formation of 18:1-ACP and thé&y value for Fd were

~2200-fold decrease in the apparent affinity for Fd. How-
ever, the K230AA9D also had &, value of ~25 mim?,
which was only slightly diminished relative to that for wt
A9D.

comparable to the kinetic parameters previously determined To further probe the role of these lysines in Fd binding to

for wt A9D (10).

A9D, the triply mutated K56A/K60A/K230AA9D was
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Table 2: Kinetic Parameters for t€9D-Catalyzed Conversion of o 11| F2 R 22 . 7

18:0-ACP to 18:1-ACP Measured at Varying Concentrations of Fd S S LA ::JC
Keat Km KealKm = 1110 S 1 e 20 St s + |NHS,
A9D isoform (min~1)2 (mM) (MM~tmin7!) R° BME
wild-type 28(1.8) 0.56(0.11) 50 (7.6) 0.981 480 i%% i%‘;; ACP asD® fg; P2
K41A 30(1.4) 0.54(0.082) 55 (6.5) 0.986
K56A 42 (1.6) 18 (L.7) 2.4(0.15)  0.992
K60A 40(0.95) 3.2(0.27) 12(0.84)  0.997
K56A/KE0A 30(4) 140 (30) 0.2(0.02)  0.979
K230A 24(3.8) 1,194 (327) 0.02(0.006) 0.988
K56A/K60A/K230Ac NDd ND 0.00007 0.957
(0.00008)

@ Thekea:andKy values were obtained from nonlinear least-squares
fitting to eq 1. Thek.y values are reported per diiron centerAfD.
b Correlation coefficient of the nonlinear least-squares fittfithe
product formation data were analyzed by linear least-squares fitting as
described in Materials and Methods using the first-order assumption
d[18:1-ACP]/dt= v, [Fd]. ¢ Not determined.

constructed. This isoform retained the catalytic diiron centers
as judged by iron analysis and optical spectroscopy, yet
catalytic activity was nearly eliminated, even at Fd concen-
trations up to 2 mM (solid squares in Figure 4B). Under the
assumption of low affinity for Fd, the detected rate of product
forma“?” Correspondgd to the first-order rigg/Ky in the Ficure 5: Coomassie-stained denaturing electrophoresis gel show-
accessible concentration range for Fd. Table 2 shows thating the influence of 18:0-ACP (abbreviated as ACP to fit the figure)
K56A/K60A/K230A A9D has a catalytic efficiency de- on the cross-linking of Fd to either wt9D (P2= A9D) or K56A/
creased by at least 700 000-fold relative to thaneD. KB0A A9D (P2= K56A/K60A A9D, abbreviated aa9D* to fit

Cross-Linking Reactions of Mutated9D. The large :_n the figure). Lane 1 contains molecular mass standards. The cross-
. . inking of wt A9D in the absence (lane 2) or the presence (lane 3)
increases in the appareKiy values observed for K230A  4f 1g:0.ACP appears to be similar. Lane 4 sha¥&D and 18:0-
A9D and the doubly and triply mutated variants suggested ACP in the presence of EDC, NHS, and BME. The cross-linking
that weaker binding affinities might also correspond to the of K56A/K60A A9D is affected by the presence of 18:0-ACP
decreased efficiency of the EDC and NHS reactions. Surpris-(compare lanes 6 and 7). Activated Fd does not react with 18:0-
ingly, however, similar yields of thev45 kDa product ﬁgg (lane 5). 18:0-ACP~16 kDa) is partially converted to holo-

’ .7 (~20 kDa) during electrophoresis.

assigned to the cross-linking of Fd an®@D were observed
in all reactions including complexes _Of_ Fd and KS6A/KE0A/ Table 3: Results of Cross-Linking EDC-Activated Fd to Complexes
K230A A9D, where the apparent affinity for Fd should have of A9D Isoforms with 18:0-ACP
decreased by greater than*l@ccording to steady-state

. . cross-linking
kinetic analysis. with EDC-Fd
Figure 5 and Table 3 summarize the results of the cross- A9D isofornt 18:0-ACP* observell
linking of Fd andA9D in the presence of 18:0-ACP and wt _ +
resolve this apparent inconsistency. Figure 5 shows an-SDS K56A - +
PAGE analysis of cross-linking reactions between EDC-  K60A - +
activated Fd and the preformed complexes of eitheD ﬁgg%\mo A 5 I
(Figure 5, P2= A9D) or K56A/K60A A9D (Figure 5, P2 K56A/K60A/K230A _ +
= K56A/K60A A9D, abbreviated aa9D* in the Figure) wt + +
with 18:0-ACP (Figure 5, S) and other control reactions. K56A + +
Table 3 summarizes the results from comparable cross- EggéA i I
linking reactions performed with the various mutated forms 56 /k60A + -
of A9D. Under the conditions used in these experiments,  K56A/K60A/K230A ¥ _

A9D was fully saturated \_N'th 18:0-ACKpy = 13 nM, Kp; alsoforms complexed with 18:0-ACP as indicated and then mixed

= 170 nM @1)). Lane 4 is a control that shows9D and with EDC-activated Fd as described in Materials and Methb@soss-

18:0-ACP are separated by denaturing electrophoresis. Thidinking products detected using SB®AGE as shown in Figure 5,

lane also shows that 18:0-ACP (an apparent massi# lanes 6 and 7 for reactions containing K56A/K6Q¥9D with and

kDa) is partially converted into the holo-ACP dimer (an Without 18:0-ACP.

apparent mass o020 kDa) during electrophoresis. More-

over, lane 5 is a control that shows that EDC-activated Fd Lane 6 of Figure 5 shows that EDC-activated Fd can also

does not cross-link with 18:0-ACP. be efficiently cross-linked to K56A/K60AA9D in the
Lanes 2 and 3 in Figure 5 show that EDC-activated Fd absence of 18:0-ACP, even as tkg value of thisA9D

can be cross-linked ta9D to give the~45 kDa complex isoform was increased by250-fold (Table 2). Moreover,

in both the absence (lane 2) and presence of 18:0-ACP (laneTable 3 indicates that EDC-activated Fd was also efficiently

3). This result confirms that the binding of 18:0-ACP and cross-linked to the triply mutatef9D. These results reveal

Fd are not mutually exclusive. Thus, a ternary complex is a the presence of an alternative Fd binding siteA®@D after

feasible intermediate iA9D catalysis. the proposed Fd binding site was eliminated by mutagenesis.
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Ficure 6: Predicted sites for proteirprotein complex formation betweeXBD and Fd. This orientation allows a view of only one subunit

of the A9D dimer. (A) Surface representation 49D showing the lysine residues important in Fd binding (red), W62 (yellow), and lysine
residues in the ACP binding site (violet). The Fd molecules docked at the proposed electron-transfer site are shown in green backbone
trace, and the Fd molecules docked in the ACP binding site are shown in red backbone trace. (B) Close-up view of a representative
A9D—Fd conformation with the coloring of the residues the same as that in A. In this conformation, the [2Fe-2S] cluster ofLEdAis

away from W62.

Indeed, Table 3 shows that cross-linking was obtained amongapparently overlapping with the high-affinity binding site for
all combinations of the mutateN9D and Fd in the absence  18:0-ACP.

of 18:0-ACP. The set of 17 conformations at the proposed Fd binding
Lane 7 of Figure 5 along with Table 3 shows that the cross- site had individual conformations that placed the [2Fe-2S]
linking of Fd to either KE6A/K60AAID or K56A/K60A/ cluster either close to or far from the surfaceAiD. For
K230A A9D was eliminated in the presence of 18:0-ACP. the entire set of 17, the average distance from C41-SG (ligand
Because mutations of both K56 and K60 were required to of the [2Fe-2S] cluster of Fd) to W62-N &9D was~20
prevent the cross-linking in the presence of 18:0-ACP, these+ 10 A. However, by selecting the seven binding conforma-
two residues may have a distinct role in complex formation tions that had the [2Fe-2S] cluster oriented towardAB®
relative to the contributions of K230. The elimination of the surface, the average distance shortened tec 4t A. This
cross-linking between Fd and the doubly and triply mutated distance compares favorably with the proposed optimal
A9D in the presence of 18:0-ACP is also notable in that it electron tunneling distance between two redox cofactors of
defines an overall specificity for proteirprotein interactions  ~14 A (32). Figure 6B shows one representative conforma-
because no alternative lysine residues on the surfat®bf tion from this subset of FHA9D conformations.
were capable of yielding cross-linking with Fd. Thergfore, A ClusPro docking of 18:0-ACP toA9D was also
we conclude that Fd has one functionally relevant binding yngertaken. From a total of 20 configurations examined, 18
site on theA9D surface close to K56 and K60 and that Fd  ¢jystered at the 18:0-ACP binding site defined here by the
can adventitiously cross-link to the 18:0-ACP binding site possiple electrostatic contributions of K262, K262, and K322.
in the mutatedA9D or in the absence of 18:0-ACP. Surprisingly, the 18:0-ACP configurations did not cluster at
Docking ResultsClusPro 27, 28) was used to investigate  the proposed Fd binding site, which again may be due to
complexes of Fd (pdb file 1FXA) as the moving molecule  steric considerations. Figure 7A shows one of the representa-
and withA9D (pdb file 1AFR) as the static molecule. Figure tive conformations for 18:0-ACP binding along with Fd
6A shows the locations of two favored regions for Fd binding bound at its proposed functional site to make a ternary
on theA9D surface. From a total of 60 different conforma- complex withA9D. The ACP binding conformation places
tions examined in detail, 17 were located close to our Ser36 (the position of covalent attachment of phosphopan-
proposed Fd binding site, including K56, K60, K230 (red tetheine and acyl chain) close to the entry to the substrate
surface), and W62 (yellow surface). The green backbone channel leading to the diiron active site.
traces represent an ensemble of six of these conformations
at the Fd binding site of one subunit @&f9D. Multiple DISCUSSION
conformations of Fd were also located close to the opening
of the proposed 18:0-ACP binding channel, including the  Electron-Transfer Pathways in9D and Related Enzymes.
three closely spaced lysine residues K261, K262, and K322An examination of the 3D structure showed that Fd has 21
(violet surface). The red backbone traces represent ancarboxylate groups, including many on the surface close to
ensemble of six Fds adventitiously bound at the 18:0-ACP the [2Fe-2S] cluster. Likewise, each subunit®D has 24
binding site. The other Fd conformations examined were lysine residues. In combination, this number of functional
singletons, whose positions were distributed nearly all over 9roups suggests that many interactions might be potentially
the surface ofA9D. It is notable, however, that none of these Subjected to chemical cross-linking and belies the utility of
latter conformations contained Fds interacting with the cross-linking alone to reveal the molecular details of pretein
surface ofA9D closest to K41, which is likely due to steric ~ Protein interactions.
factors. Thus, the docking experiments also support the The crystal structure oA9D (30) revealed two possible
conclusion that two different binding sites for Fd exist on pathways for electron transfer extending from the surface
the surface oA9D, with one binding site directed toward a of the protein to the diiron center (Figure 1). One pathway
catalytically relevant electron-transfer site and the other includes amino acids W62, D228, and H146 and extends
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hydrogen-bonded to D237, which is hydrogen-bonded to
diiron ligand H118. W48 forms a cation radical during
tyrosyl radical formation, and the mutagenesis of W48
profoundly changes the outcome of single-turnover catalysis
(34—36). A9D also has K230 in close proximity to K56 and
K60. These three lysine residues are located 7.5, 14, and
7.3 A, respectively, from W62. The combination of results
presented here strongly implicates a role for these surface
residues inA9D catalysis.

The A9D structure also showed that K41, the other surface
lysine investigated in this work, is in close proximity to a
proposed electron-transfer pathwa30) including amino
acids W132, W135, W139, F189, and Y236 (Figure 1). These
residues are completely buried and extend along the interior
of the four-helix bundle toward diiron center ligand E143.
These residues are mostly conservedMn tuberculosis
DesA2 (where the closest structurally comparable residues
are W96, W99, W103, L152, and F196 respectively), less
so in ribonucleotide reductase (F18, W107, W111, L197,
and T245), and completely diverged in methane monooxy-
genase (M53 or Q133, Y137, Q140, T253 and Q205, and
G250). Furthermore, the lack of effects upon mutation of
K41 (Table 2) suggests that the proposed electron path
involving W132 is not used i\9D catalysis.

Cross-Linking Implicates Carboxylate Residues from Fd
and Lysine Residues frof®D. EDC-catalyzed cross-linking
with SDS analysis showed that a distinct product with an
apparent mass of45 kDa was formed only in reactions
containing EDC-activated Fd amtloD (Figure 3, lane 9).

An analysis by MALDI-MS confirmed that this cross-linked
product consisted of Fd and a single subunit of dimASD
(Table 1). The reaction conditions (Figure 2) established that
the covalent cross-link was generated between carboxylate
groups from Fd and lysine(s) from9D.

Catalytic Consequences of Lysine Mutatiohke K41A
mutation gave no change in eithleg; or keofKy values as
compared to those for wh9D. Therefore, no other lysine
residues were studied in this region&®D. In contrast, the

Ficure 7: Model for the tertiary complex ah9D. This orientation apparent K values .Of the K56A, K6.OA’ and K230A
allows a view of only one subunit of th&9D dimer. The Fd and  1Soforms for Fd binding were substantially altered (Table
ACP binding sites are separated %0 A across the subunits of ~ 2), even as thé& values were not significantly changed as
the A9D dimer. (A) Surface representationA8D with Fd (green) compared to those for w9D. Notably, the doubly mutated
and ACP (red) shown in ribbon representation. The lysine residueskgoa/K56A A9D had an ~250-fold reduction in the

involved in forming the Fd binding site are shown in red, W62, L .
D228, and H146 are shown in yellow, and the lysine residues in apparentky value but no significant reduction in thea

the ACP binding site are shown in pink. The S36 residue of ACP Value. Furthermore, the single mutation K230 caused an
(the site of phosphopantetheinylation and acylation) is represented~2200-fold reduction in théc./Kv value, which was also

by orange spheres. (B) Clipped-view representationA8D,  primarily associated with a decrease in the appatentalue
revealing the position of the channel leading to the active-site diiron {4 Fq. The substitution of all three lysine residues effectively

center (gray spheres). The Fd and ACP are in the same binding . - .
sites as those show in A. (C) Close-up view of the region®D abolished the ability of wiA9D to recognize Fd as an

near K230 in the model for the complex of Fd an@D. K230 electron partner (Table 2), although because of the sensitivity
and E233 are found on the solvent-exposed face of helix 7, which of the assay to 18:1 production, the triply mutated protein

also provides diiron ligands E229 and H232. E233 is hydrogen did indeed retain detectable ability to catalyze double-bond
bonded to both K230 and R197. Itis proposed that these interactions;,sartion. These results strongly implicate K56, K60, and
may be perturbed by Fd binding and thus alter the active site to - S !
facilitate catalysis. K230 in one or more aspects &f9D catalysis but also
suggest that these surface residues are not essential for the
from W62 at the surface loop region between helix-1 and chemical steps of catalysis.
helix-2 to internal diiron ligand H146 (Figure 1). Both Effect of 18:0-ACP on Fd Cross-Linkingross-linking
Escherichia coliribonucleotide reductas@?) and putative reactions undertaken using the catalytically relevant ternary
acyl-ACP desaturase DesA2 frastycobacterium tubercu-  complex of A9D, Fd, and 18:0-ACP1§) suggest that Fd
losis (23)have this triad of structurally homologous residues, can adventitiously cross-link to the 18:0-ACP binding site
but methane monooxygenase has R146 in this position as af the K56 A/K60A- and K56 A/K60A/K230A-mutated 9D
substitute for W62 33). In the E. coli enzyme, W48 is in the absence of 18:0-ACP. In contrast, the cross-linking
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of Fd to the doubly and triply mutatetoD was eliminated residue in electrostatic contributions to the orientation of Fd
in the presence of 18:0-ACP (which likely blocks access to binding.
K261, K262, and K322), showing that no other lysine groups  A9D Tertiary ComplexIt is reasonable to assume that a
from A9D are involved in complex formation. Because ACP functional Fd binding site orA9D will place the [2Fe-2S]
and Fd are small acidic proteins-@ kDa with pl 3.8 and cluster and diiron cofactor in close proximity to facilitate
~11 kDa with pl 3.9, respectively), it is reasonable that both electron transfer during multiple turnover catalysis. Whereas
may interact withA9D by carboxylate-lysine charge pairs.  two of the cysteine ligands to the [2Fe-2S] cluster in Fd are
The originally proposed ACP binding region consists of a solvent exposed?0), all of the ligands to the diiron center
depression close to the opening of an extended channelof A9D are buried within a four-helix bundle@). Thus,
leading to the diiron centeB(). This depression is on the electron transfer from Fd to the diiron center ABD is
opposite side of th\9D monomer from the proposed Fd presumably facilitated by the alignment of the two protein
binding site encompassing K56, K60, W62, and K230 surfaces through amino acid contacts. Our results also
(Figures 6A and 7A and B). Because 18:0-ACP exhibits indicate that 18:0-ACP binding precedes electron transfer
nanomolar binding affinities3®), its presence would likely  (16). Indeed, many of the models calculated for the docking
eliminate adventitious Fd binding, which is apparently several of 18:0-ACP withA9D predict the interactions of ACP with
orders of magnitude weaker (Table 3J. K261, K262, and K322. These lysine residues are on the
Further consideration of the results of Figure 5 and Table OPPOSsite face of thé9D subunit from the lysines proposed
3 reveals that K56 and K60 are essential for the formation € interact with Fd in the electron-transfer reactlo%BA _
of a cross-linked complex between Fd ak@D, supporting a'part). Furthermore, the proposed 18:O-A_CP and Fd binding
a role for these lysine residues in the formation of an Sites are separated b350 A between subunits and, therefore,

electrostatic complex at the proposed electron-transfer site@'€ Unlikely to spatially overlap. Figure 7A provides a model
during catalysis. Because the presence of K230 in the doublyfor the ternary complex of Fd and 18:0-ACP with one subunit
mutatedA9D did not lead to the formation of the diagnostic ©f the A9D dimer. _ _
~45 kDa cross-linked adduct (Table 3), the strong contribu-  Figureé 7B shows a more detailed view of the docked
tion of this lysine residue to catalysis (Table 2) may arise POSition of ACP and the extent of the substrate-binding

from a different role than electrostatic complex formation. channel. This channel proceeds from the surface toward the
diiron center and the region of helix-7 containing K230 and

Othgr S.tudies of FeProtein Interaction'sEDC-cataIyzed E233. It has been previously demonstrated that 18:0-ACP
cross-linking of the [2Fe-2S] Fd domain of the reductase pqing causes structural changes in the active site of sodium
and hydroxylase components of methane monooxygenaseithionite-reducech9D. However, these changes were not
yielded a.cross-llnk between the acidic res_ldues from the g ficient to permit @-dependent desaturation but instead
Fd domain (E56 and E91) and thié-terminus of the o4 {5 the formation of a quasi-stable unreactive peroxo

hydroxylase §7). The Fd domain has 19 carboxylate ihiemediate14, 15). One possibility accounting for the lack
residues, whereas the hydroxylase has 122 lysine residuesy¢ reactivity of the sodium dithionite-reduce9D might

Whether the Fd domain has the same binding interactionspe hat Fd hinding is required to promote further reactivity.

as the intact reductase has not been determined. Howevery s the occupation of the substrate channel by an 18:0 acyl
n alSreIated studyd), no significant line broadening of the  cpain could lead to conformation changes that optimize the
H *N HSQC cross peaks assigned to Fd domain residuesgq pinding site for efficient electron transfer, promotion of
E56 and E91 occurred upon addition of the hydroxylase.  |igand rearrangements that lead tpa@tivation (.2), or other
Ferredoxins from several other enzyme complexes haveaspects. Alternatively, Fd binding may transmit information
been cross-linked to their physiological redox partners into the active site that optimally aligns the acyl chain to
through acidic residues39, 40). For example, an acidic  allow catalysis to proceed.
residue from Fd has been shown to cross-link to Fd:NADP Recent X-ray studies of methane monooxygenase revealed
reductase41) and to photosystem | in reactions containing conformational changes in helix E in the presence of a
EDC 39). The binding interactions and the electron-transfer relatively large alternative product, 6-bromohexan-14@) (
reaction between Fd and Fd:NADPeductase fromAna- Similar conformational changes may occur upon the forma-
baenahave been studied extensivel2(-45), and these  tion of the more extensive interactions predicted by the
results show that electrostatic interactions are largely medi- binding of 18:0-ACP withA9D (Figure 7B). Upon formation
ated by acidic residues from Fdg) and basic residues from  of the 18:0-ACP and\9D complex, it is also feasible that
Fd:NADP* reductase. These interactions are important for any rearrangements caused by binding could be transmitted
steering the two proteins into the correct orientation for to the region of helix 7 including K230. Figure 7C shows
electron transfer47). In the crystal structure of the Fd-Fd: that K230 is within hydrogen-bonding distance of E233, the
NADP* complex @5), a salt bridge between E94 from Fd latter of which also forms an ion pair with R197. R197 is
and K75 from Fd:NADP reductase was observed at the located in helix 6, which is structurally homologous to helix
protein—protein interface. Site-directed mutagenesis of K75 E of methane monooxygenase. K230 and E233 are adjacent
from Fd:NADP' reductase increased tliq, value for Fd to diiron ligands E229 and H232, whereas R197 is adjacent
binding by at least 50-fold, whereas no effect was observedto diiron ligand E196. By making contacts with K230, the
on thekg value @3), suggesting an electrostatic role for binding of Fd may alter this configuration of residues situated
K75 in the formation of the FedFd:NADP" complex. A close to or in the active site.
similar magnitude of increase in tl&, value for Fd binding Implications for theA9D MechanismThese studies have
and no change in thie,; value was observed with the K60A  provided new insight into the proteirprotein interactions
mutation of A9D, further supporting the role of this lysine required forA9D catalysis. Our proposed location of the Fd
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binding site has been supported by biochemical, catalytic,
and computational approaches. This preferred binding site
involves surface complementarity and electrostatic interac-
tions between Fd and\9D. The site also appears to
encompass a set of surface residues fiA®D that may lead

to conformational changes from the binding of either 18:0-
ACP or Fd. The presence of only one Fd binding site implies
that two molecules of Fd must successively bind at this
position to provide the 2erequired for catalysis. The exact

nature and timing of molecular events encompassed by the

reaction cycle are presently not known, but a number of

intriguing possibilities can be considered in light of this
model.
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