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The microbial degradation of polychlorinated biphenyls
(PCBs) provides the potential to destroy these widespread,
toxic and persistent environmental pollutants. For example,
the four-step upper bph pathway transforms some of the more
than 100 different PCBs found in commercial mixtures and is
being engineered for more effective PCB degradation. In the
critical third step of this pathway, 2,3-dihydroxybiphenyl
(DHB) 1,2-dioxygenase (DHBD; EC 1.13.11.39) catalyzes
aromatic ring cleavage. Here we demonstrate that ortho-
chlorinated PCB metabolites strongly inhibit DHBD, promote
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its suicide inactivation and interfere with the degradation of
other compounds. For example, k5 for 2’,6'-diCl DHB was
reduced by a factor of [7,000 relative to DHB, and it bound
with sufficient affinity to competitively inhibit DHB cleavage
at nanomolar concentrations. Crystal structures of two com-
plexes of DHBD with ortho-chlorinated metabolites at 1.7 A
resolution reveal an explanation for these phenomena, which
have important implications for bioremediation strategies.

The potential benefits of improved biodegradation of poly-
chlorinated biphenyls (PCBs) motivate studies of the structure
and function of the four enzymes of the bacterial bph pathway,
which transforms biphenyl to benzoate and 2-hydroxypenta-
2,4-dienoate'. PCB degradation is complicated because PCBs are
produced and distributed as complex mixtures?. The range of
PCBs transformed by the pathway is highly dependent upon the
bacterial strain. Some strains do not transform PCBs that con-
tain more than three chlorines, whereas other strains, such as
Burkholderia sp. LB400, transform up to hexachlorinated
biphenyls®. This variation has been studied extensively in terms
of biphenyl dioxygenase, the first bph pathway enzyme, with the
ultimate goal of improving the biodegradation of PCBs. For
biphenyl dioxygenase, directed mutagenesis and directed evolu-
tion have helped identify determinants of substrate selectivity
and increase substrate range*°. Although the capabilities of the
remaining bph pathway enzymes are less thoroughly character-
ized, it is clear that other steps in the pathway can limit the
degradation of particular PCBs®-.

DHBD (2,3-dihydroxybiphenyl 1,2-dioxygenase), the third
enzyme of the bph pathway, is of particular significance in the
degradation of PCBs because it is incapable of transforming cer-
tain chlorinated DHBs (2,3-dihydroxybiphenyl)®” and is subject
to various types of inhibition, as well as suicide inactivation®'°.
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Fig. 1 DHBD-catalyzed ring-cleavage reaction and its inhibition a, The
reaction catalyzed by DHBD. b, The steady-state cleavage of 2'-Cl DHB.
The reaction was performed in air-saturated 20 mM HEPPS and 80 mM
NacCl, pH 8.0, at 25 °C. The line represents a best fit of the substrate inhi-
bition equation to the data. The fitted parameters are Kif = 2.3 =
0.2 uM, KPP =2.7 £ 0.6 mM and V = 46.5 = 1.3 uM min-". Inset, the first
portion of the graph (0-50 uM 2'-Cl DHB) in more detail. ¢, The DHBD-
catalyzed cleavage of DHB in the presence of 2',6'-diCl DHB. The rate of
DHB cleavage was determined using 4.8 UM (open square), 8.3 uM (full
square), 15.2 pM (open triangle), 48.5 uM (open circle) and 82.9 pM
(closed circle) DHB in potassium phosphate buffer, pH 7.0, | = 0.1, at
25 °C. The lines represent a best fit of an equation similar in form to that
describing competitive inhibition in which K} replaces the competitive
inhibition constant, K. The fitted parameters are Ki? = 7.0 = 1.0 nM,
K BPe=5.6 £ 0.6 pM and V =61.3 £ 1.3 pM min-".
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Table 1 Steady-state kinetic and inactivation parameters of DHBD for chlorinated DHBs'

Compound DHB2 2'-CI DHB 3'-CI DHB 4'-C| DHB 4-C| DHB 5-CI DHB 6-Cl DHB 2',6'-diCl DHB3
Kga (LM) 8(1) 0.8 (0.6) 8.4 (4.6) 52.7 (6.3) 9.0(2.2) 9.4(3.2) 9.2 (0.8) -
Kina (HM) 22 (2) 8.9 (1.8) 126 (16) 47 (6) 41 (14) 45 (4) 6.1(0.6) 0.007 (0.001)
Kia (MM) 3.0 (0.5) 2.75 (0.64) 0.270 (0.005)  0.224 (0.002) - 1.5(0.2) 0.29 (0.03) -
Kmg (LM) 1,280 (70) 1,550 (160) 513 (78) 329 (55) 1,190 (320) 468 (34) 104 (13) -
Keat (57) 1,350 (110) 33 (5) 790 (120) 850 (120) 278 (59) 164 (11) 53 (2) 0.036 (0.001)
Ka 62 (8) 3.7 (0.8) 6.3 (0.5) 17.9(2.7) 6.8(1.2) 3.7 (0.4) 8.8 (1.0) 5.1(0.9)
(x 108 M-1s-1)
kg 1.0 (0.1) 0.0212 (0.0012) 1.5(0.2) 2.6 (0.6) 0.24 (0.02)  0.35(0.03) 0.52(0.07) -
(x 108 M-'s™1)
Partition ratio 84,900 1,390 42,000 40,600 10,850 12,000 5,500 49.5
(1,400) (150) (14,000) (5,500) (400) (1,500) (470) (1.6)
kaee, 3.0(0.1) 3.6 (0.9) 7.3(2.9) 10.6 (2.7) 6.6 (0.3) 5.2 (0.9) 7.0(0.8) 0.69 (0.01)
(x 1073 s-1)4
k§Pr. [ KEER 0.25(0.10) 1.6 (0.5) 0.13 (0.06) 0.16 (0.07) 0.29 (0.06) 0.20(0.06) 1.1(0.2) 99 (16)
(x 103 M-1s71)

Kyar Kmar Kiar ka and kP2, represent the dissociation constant, K, inhibition constant, specificity constant and the apparent rate constant of inacti-
vation during catalytic turnover in air-saturated buffer, respectively, for DHB or CI-DHBs. K,z and kg represent the K, and specificity constant for O,.
The partition ratio, ki, and k%, / K3P were determined in air-saturated buffer. Values in parentheses are standard errors.

2Part of the data was taken from ref. 9.

3The parameters for 2',6'-diCl DHB are all apparent parameters obtained in air-saturated buffer.
4kiPR. was calculated by dividing k2P, the apparent k.,; obtained in air-saturated buffer, by the partition ratio (equation 2 in ref. 10), except for 2',6'-

a

diCl DHB where k{?; was determined spectrophotometrically (equations 3 and 4 in ref. 10).

DHBD is an extradiol dioxygenase and uses mononuclear non-
heme iron(II) to cleave DHB (Fig. 1a). Extradiol dioxygenases
use an ordered, ternary complex mechanism in which the cate-
cholic substrate binds first to the active site Fe(II) in a bidentate
manner, activating the ferrous center for binding of O,
(reviewed in ref. 11). Suicide inhibition of DHBD in the pres-
ence of DHB or 3-chlorocatechol involves release of superoxide
from the DHBD-DHB-O, ternary complex and oxidation of the
active site Fe(II)!°. To gain insight into the PCB-transforming
capabilities of DHBD, we investigated the specificity of the
enzyme for a series of chlorinated DHBs, as well as the involve-
ment of inhibition and inactivation as limiting factors in vitro
and in vivo. The results of these studies revealed that ortho-
chlorinated DHBs are potent and physiologically significant
inhibitors of DHBD and motivated crystallographic studies of
the structural basis for the observed patterns of reactivity.

The DHBD-catalyzed cleavage of chlorinated DHBs

The specificity of DHBD for chlorinated DHBs and the suscepti-
bility of the enzyme to inactivation during cleavage of these
compounds were investigated. Kinetic experiments performed
by varying the concentration of monochlorinated DHBs and O,
(Table 1) showed that DHBD cleaved the chlorinated DHBs with
specificities 0.06x-0.3x those of unchlorinated DHB in the fol-
lowing order: DHB > 4'-Cl > 6-Cl > 4-Cl > 3'-Cl > 5-Cl = 2'-Cl
DHB. Interestingly, the K,, of DHBD for O, was lower in the
presence of 5-Cl, 6-Cl, 3'-Cl and 4'-Cl DHB than unchlorinated
DHB. In addition, the specificity constant for O,, kg, varied in
the presence of the DHBs by >100-fold in the following order:
4'-Cl> 3'-Cl > DHB > 6-Cl > 5-Cl > 4-Cl > 2'-Cl DHB.

The most significant findings pertain to the most slowly cleaved
monochlorinated DHB, 2'-Cl DHB, for which DHBD had a high
affinity (low K;) and a 50-fold decrease in specificity for O,, rela-
tive to DHB. These results led to the synthesis of 2',6'-diCl DHB
and the study of its cleavage. Steady-state cleavage of 2',6'-diCl
DHB was too slow for the standard dioxygen consumption assay.
However, by using DHB as a reporter substrate, DHBD was shown
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to have a K2¥ = 7+ 1 nM for 2',6'-diCl DHB in air-saturated
buffer, which is significantly lower than for 2'-Cl DHB (Fig. 1b,c;
Table 1).

The susceptibility of DHBD to inactivation during cleavage of
chlorinated DHBs was evaluated by determining k;3kf , the
apparent rate constant for inactivation during catalytic turnover.
Based on kif?,/ K¥P, DHBD was inactivated in the following
order of efficiency: 2',6'-diCl > 2'-Cl > 6-Cl > 4-Cl > DHB >
5-Cl>4'-Cl > 3'-CI DHB. 2',6'-diCl DHB and 2'-Cl DHB inacti-
vated DHBD [400x and 6x more efficiently than DHB, respec-
tively, (Table 1) primarily because of their low KR However, in
the presence of saturating concentrations of individual sub-
strates, DHBD was inactivated in the following order: 4'-Cl >
3'-Cl > 6-Cl > 4-Cl > 5-Cl > 2'-Cl > DHB > 2',6'-diCl DHB.

Consequences of in vitro inactivation of DHBD
Inactivation of DHBD during cleavage of 3-chlorocatechol and
nonchlorinated catechols involves oxidation and loss of the
active site iron, probably via dissociation of superoxide from the
enzyme—substrate—O, ternary complex'?. To investigate whether
chlorinated DHBs inactivate DHBD in a similar fashion, the
enzyme was inactivated using 4-Cl, 2'-Cl and 2',6'-diCl DHB.
DHBD could be partially reactivated to 10 + 1 and 12 + 1% of its
initial activity for 4-Cl and 2'-Cl DHB, respectively, through
anaerobic incubation with the reducing agent dithiothreitol
(DTT). Incubation with Fe(II) and DTT was necessary to restore
84 + 6 and 71 + 7% of the initial activity for 4-Cl and 2'-Cl DHB,
respectively. As determined by mass spectrometry, preparations
of inactivated DHBD had molecular masses identical to active
DHBD, indicating that DHBD was not covalently modified dur-
ing mechanism-based inactivation. Investigation of a sample of
2',6'-diCl DHB-inactivated enzyme by EPR spectroscopy
revealed the presence of ferric iron (g = 4.3) in an amount corre-
sponding to the quantity of DHBD in the sample. Thus, the
0,-dependent inactivation of DHBD in presence of chlorinated
DHBs is similar to that described for other catecholic sub-
strates!C.
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Table 2 Distances from active site Fe to nearest atoms

nated!416, Both complexes reported here are consistent with

Substrate Distance (A) to atom’

H146 Ne2 H210 Ne2 E260 Os1 DHB O2 DHB O3 Water

DHB 2.2 2.3 2.0 2.0 2.4 2.4
2'-CI DHB 2.3 2.3 2.0 2.1 2.3 2.4
2',6'-diCI DHB 2.2 2.3 2.2 2.2 2.4 2.6

this model (Table 2). As in the DHB complex, a water mole-
cule binds near the Fe and occupies the probable O,-bind-
ing site trans to Glu 260. The isotropic B-values of this water
molecule in the three complexes are 21-26 A2, suggesting
approximately equivalent occupancy.

The CI-DHBs occupy essentially the same space in the

'DHB 02 and DHB O3 refer to the 2- and 3-oxo/hydroxo substituents of D
and CI-DHBs.

HB active site and their equivalent atoms interact similarly with
the protein. All atoms in the hydroxylated rings of the

In vivo inhibition
To determine whether inhibition of DHBD by 2',6'-diCl DHB is
physiologically relevant, the in vivo inhibition of the enzyme was
studied using the native strain of the enzyme, Burkholderia sp.
LB400, and a heterologous expression host, Escherichia coli
DH50. The activity of DHBD in biphenyl-grown Burkholderia
sp. LB400 and LB-grown E. coli DH50 was 0.3 and 0.2 U ODgy, ",
respectively. Addition of 80 uM 2',6'-diCl DHB to the assay com-
pletely inhibited DHBD activity in both strains. Upon removal of
2',6'-diCl DHB from the cells, the activity of DHBD in
Burkholderia sp. LB400 and in E. coli DH50 was 123 + 1 and
87.5 + 0.5%, respectively, when compared with the activity of
controls in which the cells were incubated with DHB but not with
2',6'-diCl DHB. This recovery of activity occurred in the presence
of chloramphenicol, indicating protein synthesis is not required.
The in vivo inhibition of DHBD by 2',6'-diCl DHB is consis-
tent with the failure to observe a ring-cleavage product when
Burkholderia sp. LB400 was incubated in the presence of 2,6-diCl
biphenyl”. Moreover, although Burkholderia sp. LB400 trans-
forms ortho-chlorinated congeners relatively well, it transformed
<5% of 2,6-diCl biphenyl to the corresponding benzoate, com-
pared with >70% for other congeners'2. To test whether catabo-
lism of 2,6-diCl biphenyl inhibits the bph pathway, we evaluated
the effect of this congener on growth rates of Burkholderia sp.
LB400 at different stages during growth on biphenyl. Growth
was monitored as the change in optical density at 600 nm.
During early log phase, cells grew on biphenyl at a rate of 0.061 +
0.005 h-'. At the corresponding culture time, cells growing on a
mixture of biphenyl and 2,6-diCl biphenyl did so at a rate of
0.010 £ 0.001 h-'. At mid log phase, cells grew on biphenyl at a
rate of 0.205 + 0.004 h'. At the corresponding culture time, cells
on the mixture grew at a rate of 0.041 + 0.004 h~'. Thus, 2,6-diCl
biphenyl inhibited growth of Burkholderia sp. LB400 on
biphenyl 5-6 fold.

Structures of DHBD in complex with ortho-Cl DHBs
Crystal structures of anaerobic, binary complexes of DHBD with
2'-CI DHB and 2',6'-diCl DHB were analyzed at 1.7 A resolution.
As expected, the structures of both complexes are approximately
isomorphous with structures of the substrate-free enzyme (PDB
entry 1HAN)® and the enzyme-DHB complex (PDB entry
1KMY)>:14,

For both CI-DHB complexes initial electron density maps
showed readily interpretable density for the active site Fe atoms,
one water ligand and the Cl-DHBs. Modeling and refinement of
both structures was straightforward. The Fe is bound by three
protein ligands, His 146, His 210 and Glu 260, as observed for
the substrate-free enzyme'? and various enzyme—substrate com-
plexes*>!>16, 2'-Cl DHB and 2',6'-diCl DHB each bind to the Fe
through both hydroxyl substituents, as observed in enzyme-—
substrate complexes®!>'¢, Several lines of evidence, including the
distances between Fe and the oxo/hydroxo substituents, indicate
that DHB binds as a monoanion, with the 2-OH group deproto-
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CIl-DHBs superimpose to within 0.15 A, whereas positional
differences between atoms in the chlorinated rings reach
0.3-0.4 A for atoms C3', C4' and C5'. These variations do not
arise from a significant difference in conformation but from a
small difference in overall orientation associated with contacts
between the 6'-Cl substituent of the dichlorinated compound
and side chain atoms of His 241, Tyr 250 and Pro 280. Only a few
protein atoms in two side chains in contact with C3’, C4' and C5'
move by >0.3 A and none move by >0.5 A. In summary, the
Cl-DHBs bind in the same manner without requiring significant
changes in protein structure.

Thus, the most compelling result is the consistent placement
of the 2'-Cl substituent near the O,-binding site in both com-
plexes (Fig. 2). In both complexes, the 2'-Cl atom makes non-
bonded contacts at distances of 3.5-3.9 A with side chain atoms
of conserved residues Val 148 and Phe 187, which are presumed
to contribute to the O,-binding pocket. The Cl is also near the
water that occupies the proposed O,-binding site; the distance to
the water oxygen is 3.6 A in the 2'-Cl DHB complex and 3.3 A in
the 2',6'-diCl DHB complex. Slight variations in the positions of
the Cl atoms (0.15 A) and the water molecules (0.19 A) between
the two complexes seem to contribute equivalently to the net dif-
ference.

It is reasonable to expect that the site occupied by the 6'-Cl
substituent of 2',6'-diCl DHB would be partially occupied by the
Cl substituent of 2'-Cl DHB. However, throughout the refine-
ment, difference density maps provided no compelling evidence
of this second binding mode. In the final (F, - F.) map, positive
density of significant volume is not observed until the contour
level is lowered to 1.5 0, where O is the standard deviation from a
mean of zero. In comparison, density of comparable volume is
observed at 30 for unmodeled alternative locations of Oy of
Ser 236, Oy of Ser 279 and Cg of Met 212.

Comparisons between the ClI-DHB complexes and the DHB
complex (Fig. 2b) demonstrate differences in the overall orienta-
tion of the substrates and a difference in conformation, which
seems to arise from the presence or absence of a 2'-Cl sub-
stituent. The net result is differences of up to 1.1 A in the posi-
tions of equivalent atoms in the nonhydroxylated rings. Typical
positional differences for protein atoms are smaller, such that
only a few side chain atoms of residues in contact with the non-
hydroxylated ring differ in position by >0.3 A. Only one atom,
Ce of Met 175, which is in contact with the distal ring, moves by
>0.5 A in association with a change in x3.

The crystal structures of the DHBD-2'-Cl DHB and
DHBD-2',6'-diCl DHB complexes rationalize the distinguishing
reactivities of these substrates. In both cases, the 2'-Cl sub-
stituent binds in contact with conserved side chains that are
believed to define the O,-binding site and with a water molecule
that occupies that site in the absence of O,. These interactions
likely contribute to the factor of 10 reduction in K, observed for
2'-Cl DHB in comparison to DHB. In addition, for both com-
pounds, the 2'-Cl substituent has the potential to partially inhib-
it binding of O, to the binary complex and/or affect the

nature structural biology ¢ volume 9 number 12 « december 2002
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Fig. 2 lllustrations of ortho-chlorinated DHBs

Phe 187 < Phe 187 pound to the active site of DHBD. a, Stereo view of
= \\ o (2F, - F) exp(lac) electron density (1.7 A resolution
&« S and 1.5 o) in the vicinity of 2'-Cl DHB and some
¢ > nearby side chains of DHBD. For 2'-Cl DHB, C, Cl and
. Tyr 250 o P O atoms are blue, green and red, respectively. For
0" %4 WK e o DHBD, C, N and O atoms are yellow, cyan and red.
S, IS ‘ s Side chains with orange carbon atoms are ligands of
His 195 0 5 His 195 the Fe atom, which is the larger magenta sphere.
1S = Vs 1S b, Stereo view of DHB superimposed on the struc-
y N ) \\y ture of the 2'-Cl DHBD-DHB complex. The coordi-
His 209 | \ His 146 | His 209 \‘ His 146 | nates for DHB were obtained by least squares
S © > © superposition of the Ca atoms for residues 140-280
from the two complexes using the structure of 2'-Cl
DHB as the reference. The color scheme is the same
\ as in panel (a). For 2'-Cl DHB and DHB, the carbon
Asn 243 Asn 243 atoms are blue and gray, respectively. Two side
Pro 280 Pro 280
° e 17/3 ° " N ”? 17:,5, § chains that contact the chlorinated ring in the fore-
“\ﬂ Asp 244 T . ‘/\L Asp 244 ground are not shown. Met 175 sits above the ring
< o Phe 187 — o Phe 187 adjacent to Pro 280, and the outer edge of Phe 202
His 241 || l/ His 241 | ) approaches atom C3' from above and between
v | 7 ¢ >< ~N v | 7 < } N His 209 and Val 148. ¢, 2',6'-diCl DHB bound to the
/ \ ) —-0 / N )| \\,&,,\ active site of DHBD. The view and color scheme are
,ﬁ\ 2 “ His 195 4 “<“ His195 the same as in panel (b).
A, i \w 4
s — at 1 s \ Wal
¢ VY90 ¢ ¢ Y
X \t\ T Aates | T \t\ Ala 198
S
& Gl 260/ 7 \7 4 Histae ¢ Gl ?60;/ 7 \\‘\ ¢ His 146 Conclusions
Tyr 250 Tyr 250 . . ..
yr \ 3 \: His 210 Val 148 yr p S/ His210 vy 148 Ortho-chlorinated PCB congeners elicit a
His 209\ His 209 \\\\ wide range of toxic responses and are among
the most recalcitrant to chemical and biologi-
c cal remediation. Although health concerns
\\ _ .
Pro 280 e 178 Asn 243 Pro 280 le 173 Asn 243 ?gve 'focgse’d on the non-ortho substituted, or
\ \f\ a" \\ny\\ dioxin-like’, congeners, more recent studies
- Asp 244 I, 4 L Asp 244 have demonstrated that the ortho-substituted
Phe 187 Phe 187 . 17 )
His 241 1 1 } His241 § ) congeners are nel}rf)toxlc .and tumor
Y 7’ \ 7' S \ promoting'$, and e11c1t' endocrine changes'.
‘\ } - \ ¢ Moreover, ortho-substituted congeners are
. ~¢ HIS 195 ~< His 195 v d db . hemical?®2! and
\\\ o Wat 1 \\ Wat poorly destroyed by various chemica an
¢ (7 Q % a1 “)*;t ¢ payog  Diological treatments’. One of the most
e ) g : 7 promising biological treatments consists of
« auzso/” g I & Hstas ¢ o 260 7 \J & His146  sequential anaerobic-aerobic  treatment?.
Tyr2s0  “L« e Tyr2s0 €0 e . .
\X/: His210 v 148 His210 o 148 Unfortunately, most consortia of anaerobic
His 209\ His 209} bacteria preferentially catalyze the meta- and

orientation of the bound O, relative to the Fe and the point of
attack on the hydroxylated ring of the substrate. One likely con-
sequence is inefficient catalysis, as reflected in the appreciably
reduced values of k.. Moreover, contact between O, and the Cl
substituent could bias the orientations available to O, away from
those competent for the cleavage reaction without prohibiting
reduction of O, or dissociation of superoxide. This scenario
would explain why the Cl substituent does not reduce the rate of
inactivation within the ternary complex to the same extent that
it reduces k,,.

For 2',6'-diCl DHB, kP and K are reduced by factors of
7,000 and 1,700 relative to DHB, such that k&P / Ki¥P is only
4-fold lower. These almost parallel effects on k%P and K} sug-
gest nonproductive binding of 2',6'-diCl DHB. In the case of
2'-diCl DHB, k¥P and K3 are reduced relative to DHB by
smaller factors of 50 and 5.2, respectively, such that k&P / K3 is
10-fold lower. The differences between K2, K& and k%P / K3 for
the two CI-DHBs suggest that 2'-Cl DHB can more readily
assume the productive binding mode. This is consistent with the
crystal structures inasmuch as the orientation and conformation
of 2',6'-diCl DHB are more restricted because of contacts
between the 6'-Cl substituent and the enzyme.
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para-dehalogenation of PCBs, yielding mix-

tures of predominantly ortho-chlorinated

congeners??. Moreover, such congeners are
poorly transformed by aerobic PCB-degrading bacteria®!22324,
Strains that aerobically degrade ortho-chlorinated congeners
would be useful whether used alone to remediate environments
contaminated with lightly chlorinated congeners or in conjunc-
tion with other treatments to remediate environments contami-
nated with highly chlorinated congeners. Identification of
2',6'-diCl DHB as a metabolite with a high affinity for DHBD
that inactivates the enzyme not only identifies a metabolic block
but also suggests strategies to overcome it. In particular, directed
evolution of DHBD to either improve its ability to cleave 2',6'-
diCl DHB or to decrease its affinity for this compound should
enhance the utility of bacterial strains for aerobic biodegrada-
tion of PCBs.

Methods

Chemicals, strains and growth. DHB, 4-C|, 5-Cl, 6-Cl, 2'-Cl, 3'-Cl,
4'-Cl and 2',6'-diCl DHB, as well as 2,6-diCl biphenyl (S. Nerdinger,
C. Kendall, R. Marchart, P. Riebel, M.R. Johnson, C.-F. Yin,
N. Haenaff, L.D.E. and V.S., in preparation), were synthesized
according to established procedures. DHBD was overexpressed in
Pseudomonas putida KT2442 as described?. Burkholderia sp. LB400
and E. coli DH5a that contained plasmid pLEBD4 were cultured as
described?°.
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Table 3 Crystallographic data and refinement statistics

DHBD complex 2'-CI DHB 2',6'-diCl DHB
Space group (2) 1422 (16) 1422 (16)
Unit cell dimensions (A)

a=b 122.337 122.640

C 106.947 107.232
Resolution range (A) 50.00-1.69 50.00-1.69
Reflections

Unique 44,042 46,029

Total 1,480,972 2,212,442
Completeness (%)’ 96.8 (94.8) 90.2 (73.7)
Rimerge™ 0.083 (0.340) 0.086 (0.409)
Refinement range (A) 25.0-1.7 25.0-1.7
R-factor, reflections? 0.212, 43,300 0.212, 40,299
Riree, reflections? 0.241, 2,170 0.231, 2,012
R.m.s. deviation from restraints

Bond lengths (A) 0.0063 0.0062

Bond angles (A) 1.27 1.27
Average atomic B-values (A2)

Protein

Main chain 20.7 18.9
Side chain 22.7 21.6

Fe 18.6 26.2

Cl-DHBs 22.6 23.0

Water 37.5 36.5

"Number in parentheses is for the last shell (1.75-1.69 A).

2Rmerge = ZnZi [li(h) — <I(h)>|/ 2% 1i(h), where Ii(h) is one measurement of
the intensity of reflection h, and <I(h)> is the mean of all such measure-
ments.

3R-factor = Z,, |F,(h) — F.(h)| / Z, Fo(h), where F,(h)and F.(h) are observed
and calculated structure factor amplitudes. The sums include all reflec-
tions against which the model was refined (working set). Ry is defined
by the same equation, but the sums include reflections omitted from the
refinement (test set).

Preparation of DHBD samples. DHBD samples were anaerobical-
ly purified and handled essentially as described®™. For crystallo-
graphic studies, DHBD was further purified using hydrophobic
interaction chromatography (M.l. Davis, E.C. Wasinger, A. Decker,
M.Y.M. Pau, FH.V,, J.T.B., L.D.E., B. Hedman, K.O. Hodgson and E.I.
Solomon, in preparation).

Kinetic and mechanism-based inactivation studies. Enzymatic
activity was routinely measured by following consumption of O,
using a Clark-type polarographic O, electrode (Yellow Springs
Instruments) and analyzed as described?. All experiments were per-
formed using 20 mM 4-(2-hydroxyethyl)-1-piperazinepropane-
sulfonic acid (HEPPS) and 80 mM NaCl, pH 8.0, at 25.0 + 0.1 °C
(290 uM dissolved O,) unless otherwise stated. The parameters of all
steady-state rate equations were analyzed using the least squares
and dynamic weighting options of Leonora?.

Specificity was investigated essentially as described®. Apparent
steady-state parameters for the cleavage of 2',6’-diCl DHB by DHBD
were determined using DHB as a reporter substrate in the O, con-
sumption assay (potassium phosphate buffer, pH 7.0 (I = 0.1)).
Concentrations of DHB and 2',6'-diCl DHB were varied from 5 to
85 UM (concentrations at which substrate inhibition was negligible)
and from 2.1 to 20.9 nM, respectively. An equation identical in form
to that for competitive inhibition was fit to the data?t. In this equa-
tion, Kape of 2',6'-diCl DHB replaces the competitive inhibition con-
stant, Ki.

Partition ratios expressing the number of substrate molecules con-
sumed per enzyme molecule inactivated were determined for most
substrates using a dioxygen consumption assay'°. For 2',6'-diCl DHB,
the partition ratio was determined spectrophotometrically by fol-
lowing the appearance of the ring-cleaved product (\.x = 391 nm,
potassium phosphate buffer, pH 7.0 (I = 0.1), € = 36.5 mM-'cm-").

For most substrates, the apparent rate constant of inactivation
during catalytic turnover in air-saturated buffer, k3gg, (parameter j3re
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of equations 3 and 4 in ref. 10), was calculated from partition ratios
determined under saturating substrate conditions ([S] >>K,) (equa-
tion 2 in ref. 10). For 2',6'-diCl DHB, ki, was assessed from progress
curves obtained from the spectrophotometric assay performed at
several concentrations of 2',6'-diCl DHB (100-200 uM) (equations 3
and 4 in ref. 10). The apparent catalytic constant for 2’,6'-diCl DHB,
k2P, was determined using the initial velocities of these same assays
as they were performed under saturating substrate concentrations.

In vitro inactivation and reactivation of DHBD. /n vitro inacti-
vation of DHBD with 4-Cl DHB and 2'-Cl DHB, enzyme reactivation,
ion-spray mass spectral analyses and EPR spectroscopy of DHBD
inactivated with 2',6'-diCl DHB were performed as described.

In vivo inhibition studies. Burkholderia sp. LB400 was grown on
2% (w/v) biphenyl, and on 2% biphenyl containing 50 pM 2,6-diCl
biphenyl. Growth was monitored at 600 nm. DHBD activity assays
were performed using biphenyl-grown Burkholderia sp. LB400 and
LB-grown E. coli DH5a containing the plasmid pLEBD4 as
described'0. DHBD activity was inhibited using 80 uM 2',6'-diCl DHB.
Cells were washed and re-assayed for DHBD as described.

Crystallization and preparation of complexes. Crystals of sub-
strate-free enzyme were grown anaerobically at 10 °C under condi-
tions similar to those reported?. Before exposure to CI-DHBs, the
apparatus was equilibrated for at least 4 h at 20 °C. Crystals were
then serially transferred through solutions containing 10% (v/v)
t-butanol, 100 mM HEPES buffer, pH 7.0, 10 mM ferrous ammonium
sulfate, and successively higher concentrations (for example, 25%,
27% and 30% (v/v)) of PEG 400. Complexes were prepared by incu-
bating crystals overnight at 20 °C in solutions (10 pl) containing
30% (v/v) PEG 400, 10% (v/v) t-butanol, 30 mM CI-DHBs, 100 mM
HEPES buffer, pH 7.0, and 10 mM ferrous ammonium sulfate. Crystals
were flash-frozen in liquid N, inside the glove box.

Diffraction experiments and structure analysis. Diffraction pat-
terns were acquired at beamline 19-ID of the Advanced Photon
Source. The X-ray wavelength was 0.97833 A, and crystals were
maintained at temperatures of 105-110 K. Diffractions patterns
were analyzed using HKL2000 (ref. 27). Rigid-body refinement using
REFMAC?8 from the CCP4 package® established an initial model con-
sisting of the substrate-free structure (PDB code 1HAN') with the
active site Fe atom and nearby water molecules deleted. Data collec-
tion and refinement statistics are summarized in Table 3. CNS* was
used for subsequent refinement and calculation of electron density
maps. 03" was used to evaluate the maps and build models. QUANTA
(Molecular Simulations, Inc.) was used to construct atomic structures
of CI-DHBs. MolScript32, BobScript32 and Raster3D3* were used to cre-
ate figures illustrating atomic models and electron density maps.

Coordinates. Coordinates and structure factors were deposited in
the Protein Data Bank (accession code 1LGT for the DHBD-2'Cl DHB
and 1LKD for the DHBD-2',6'-diCl DHB complexes).
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