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Abstract
In an effort to overcome previous problems with the preparation of Co(II)-substituted metallo-β-
lactamase L1, two strategies were undertaken. Attempts to prepare Co(II)-substituted L1 using
biological incorporation resulted in an enzyme that contained only one equivalent of cobalt and
exhibited no catalytic activity. Co(II)-substituted L1 could be prepared by refolding metal-free L1
in the presence of Co(II), and the resulting enzyme contained 1.8 equivalents of cobalt, yielded a
UV-Vis spectrum consistent with five-coordinate Co(II), and exhibited a kcat of 63 s−1 and Km of 20
µM when using nitrocefin as the substrate. Pre-steady state fluorescence and UV-Vis studies
demonstrated that refolded, Co(II)-substituted L1 utilizes the same kinetic mechanism as Zn(II)-
containing L1 in which a reaction intermediate is formed when using nitrocefin as substrate. The
described refolding strategy can be used to prepare other Co(II)-substituted, Zn(II)-metalloenzymes,
particularly those that contain a solvent-exposable disulfide, which often causes oxidation of Co(II)
to Co(III).
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Introductory Statement
Bacterial resistance to β-lactam-containing antibiotics is most often accomplished by the
production of β-lactamases, which cleave the C-N bond of the β-lactam ring and render these
antibiotics ineffective as antimicrobial agents [1–4]. There are nearly 500 β-lactamases that
have been identified, and these enzymes have been categorized into 4 distinct groups [5,6].
Group A, C, and D β-lactamases utilize an active site serine for nucleophilic attack on the β-
lactam carbonyl [7,8]. The group B enzymes require the presence of Zn(II) and are called
metallo-β-lactamases (mbl’s). There are currently over 30 mbl’s, and these enzymes have been
categorized into 3 distinct subgroups based on sequence homology and metal content of the
fully-active enzyme [1,5,6]. Subgroup B1 enzymes require 2 Zn(II) ions for full catalytic
activity and share two conserved Zn(II) sites: Zn1 is coordinated by 3 His and a bridging solvent
molecule and Zn2 is coordinated by one histidine, one aspartate, one cysteine, the bridging
solvent molecule, and a terminally-bound solvent molecule. The B1 enzymes are represented
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by β-lactamase II from B. cereus [9], IMP-1 from Pseudomonas aeruginosa [10], Bla2 from
B. anthracis [11], and CcrA from Bacteroides fragilis [12]. Subgroup B2 enzymes require 1
Zn(II), coordinated by one aspartate, one histidine, one cysteine, and one solvent molecule, for
full activity, prefer carbapenems as substrates, share 11% amino acid sequence identity with
the subgroup B1 enzymes, and are represented by CphA from A. hydrophila and ImiS from
A. sobria [13,14]. Subgroup B3 enzymes require 2 Zn(II) ions for full activity, contain a Zn1
site similar to that observed in the B1 enzymes, contain a Zn2 site with 2 histidines, 1 aspartate,
the bridging solvent molecule, and a terminally-bound solvent molecule, prefer penicillins as
substrates, share only 9 conserved residues with the B1 enzymes, and are represented by L1
and FEZ (Figure 1) [15,16]. The first metallo-β-lactamase was discovered in 1966 [17], and
this enzyme was considered to be an oddity. However as the use of β-lactam-containing
antibiotics increased, more strains of emerging pathogens that harbor a mbl appeared in the
clinic. For example, mbl’s have been found in strains such as B. anthracis, P. aeruginosa, and
Acinetobacter spp. [4,11]. Importantly, there are no known clinical inhibitors of any mbl.

In an effort to discover novel inhibitors of the mbl’s, we have been characterizing an enzyme
from each of the distinct mbl subgroups in hopes of uncovering a common structural or
mechanistic aspect towards which an inhibitor can be designed. Unfortunately due its electron
configuration of [Ar]3d10, Zn(II) is silent to all common spectroscopic techniques except
EXAFS spectroscopy. However in most Zn(II)-metalloenzymes, the Zn(II) can be replaced by
high-spin Co(II) (electron configuration of [Ar]3d7 and a S = 3/2) to yield a structurally-similar
and catalytically-active analog [18–23]. The two most common ways to prepare Co(II)-
substituted enzymes is (1) direct addition of Co(II) to metal-free, Zn(II)-metalloenzyme, which
was prepared by the use of chelators and exhaustive dialysis steps, and (2) biological
incorporation of Co(II) into a recombinant enzyme during over-expression [18].

Our previous studies on mbl L1 demonstrated that a solvent-exposable disulfide can complicate
the preparation of active, Co(II)-substituted enzyme [24]. Nonetheless, we were able to prepare
L1 containing Co(II) if the disulfide was reduced with TCEP (tris(2-carboxyethyl)phosphine)
before addition of Co(II). The resulting enzyme was active and exhibited UV-Vis, 1H NMR,
and EPR spectra consistent with the presence of Co(II). However, the protein bound 2.5
equivalents cobalt even after extensive dialyses. The 0.5 equivalents of excess Co(II) was
predicted to bind the reduced cysteines, and although the cysteine-containing site is remote
from the active site, the presence of extra Co(II) complicated the interpretation of subsequent
spectroscopic studies.

In an effort to overcome the problem with preparing Co(II)-substituted L1 using the direct
addition method, we sought to test other methods. First, we attempted to prepare Co(II)-
containing L1 using a biological incorporation strategy. Unfortunately, the resulting enzyme
was isolated containing only 1 equivalent of cobalt and was not catalytically-active. Therefore,
we attempted to prepare Co(II)-substituted L1 by unfolding apo-L1 and then refolding the
enzyme in the presence of Co(II). By using this technique, we were able to prepare catalytically-
active, Co(II)-substituted L1.

Material and Methods
Over-expression and purification of L1

A 50 mL overnight preculture of BL21(DE3)pLysS E. coli cells containing the pET26b-based
plasmid that encodes for L1 was used to innoculate 4 × 1L flasks of Luria-Bertani (LB) medium,
and L1 was over-expressed and purified as described previously [25]. In an effort to prepare
Co(II)-substituted L1 using a biological incorporation method, the innoculum was grown in
minimal medium at 37 °C with shaking until the culture reached an optical density at 600 nm
of 0.6–0.8. The culture was then cooled to 15 °C for 30 minutes, was made 0.5 mM in IPTG
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and 100 µM in CoCl2, and shaken overnight at 15 °C for roughly 16 hours. The culture was
centrifuged for 15 minutes (8200 × g), and the resulting cell pellet was resuspended in 30–40
mL of 30 mM Tris, pH 8.5 (buffer A). The cells were lysed by passing the resuspended cells
through a French Press three times at a pressure of 1000–1500 psi. After removal of insoluble
components by centrifugation (25 minutes at 23,400 × g), the supernatant was dialyzed versus
2L buffer A overnight. The dialyzed protein solution was centrifuged (25 min at 23,400 × g)
to remove any precipitated proteins and subjected to FPLC as previously reported [25]. The
FPLC fractions were analyzed by SDS-PAGE gels, and the fractions containing > 90% pure
protein were pooled and concentrated by using an Amicon equipped with a YM-10 membrane.

Preparation of metal-free (apo) L1
A concentrated solution (< 10 mL) of L1 (~ 0.3 mM) was dialyzed against 4 × 1 L of 50 mM
Hepes, pH 7.0, containing 10 mM 1,10-phenanthroline and then dialyzed against 6 × 1 L of
50 mM Hepes, pH 7.0. The metal content of the resulting sample was ascertained by ICP-AES,
as previously reported [25]. The sample was stored at −80 °C.

Preparation of Co(II)-substituted L1 with TCEP
Apo-L1 was incubated with 1 mM tris-(carboxyethyl)phosphine (TCEP) on ice for 30 min.
This enzyme was titrated with Co(II), and the UV-Vis spectrum of each sample was obtained
using an Agilent 8453 UV-Vis spectrophotometer.

In vitro unfolding and refolding of L1
Apo-L1 (2 ml, 100 µM) was diluted with 18 ml of 6 M guanidinium chloride (Gdn-HCl). The
sample was incubated on ice for 1 hour and then dialyzed versus 1 L of 50 mM Hepes, pH 7.0,
containing no added metal or 50 µM Zn(II) or Co(II). Refolded L1 was further dialyzed versus
5 × 1L of Chelex-treated, 50 mM HEPES, pH 7.0, to remove any unbound metals. The resulting
solution was centrifuged (25 min at 23,400 × g) to remove any precipitated protein.

Metal analyses
The metal content of protein samples was determined by using a Perkin-Elmer Inductively
Coupled Plasma Spectrometer with Atomic Emission detection (ICP-AES), as previously
described [25].

Steady-st1ate kinetics
Steady-state kinetic studies were performed on an Agilent 8453A UV-Vis diode array
spectrophotometer at 25 °C using nitrocefin as the substrate and 50 mM cacodylate, pH 7.0,
as the buffer.

Stopped-flow kinetic studies
Stopped-flow kinetic experiments were performed on an Applied Photophysics SX18MV
apparatus equipped with a constant temperature circulating water bath. The pathlength of the
observation cell was 0.2 cm for the fluorescence measurements, and both excitation and
emission slits were maintained at 4 mm. Fluorescence data were collected using an excitation
wavelength of 295 nm and a WG320 nm cut-on filter on the emission photomultiplier. The
photomultiplier input was adjusted for each protein concentration to maintain a total signal
change of 1V between protein in the absence of substrate and dark current readings. Data were
recorded as photomultiplier output in volts. For absorbance experiments, data were recorded
as absorbance units, with photomultiplier input first adjusted to give a reading of 0 for buffer
only at each wavelength used. All experiments were performed in Chelexed-treated, 50 mM
cacodylate, pH 7.0, at 10 °C using nitrocefin as substrate.
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Fluorescence spectra
A Perkin-Elmer LS55 Luminescence spectrometer, tuned to an excitation wavelength of 295
nm and emission wavelength of 340 nm with a slit width of 5 nm, was used to monitor
fluorescence emission intensities of the proteins. A 4 mm quartz cuvette was used, and the
protein concentrations were 1 µM. Chelex-treated 50 mM HEPES, pH 7.0, was used as a buffer
blank.

Results
Adding Co(II) to TCEP-treated apo-L1

We previously reported that adding Co(II) to apo-L1 resulted in a rapid oxidation of Co(II) to
Co(III) [24]. We reasoned that oxidation was due to the presence of a solvent-accessible
disulfide in L1. The addition of TCEP (tris(2-carboxyethyl)phosphine) before adding Co(II)
resulted in a pink colored protein that was stable for several weeks. In an effort to further probe
Co(II) binding, the UV-Vis difference (spectrum of Co-L1 minus spectrum of apo-L1) spectra
of TCEP-treated, apo-L1 upon titration with CoCl2 were obtained [24] (Figure 2 top). Two
distinct sets of absorption peaks were observed: (1) a broad band that is positioned at 325 nm
when 1 equivalent of Co(II) is present but shifts to 360 nm when higher concentrations of Co
(II) are present and (2) a broad peak between 450 and 700 nm comprised of at least 4 distinct
features. The former peak that shifts from 325 to 360 nm exhibits an extinction coefficient of
ε340 = 86 M−1cm−1 (per Co(II)), and the position of this peak is consistent with it being due to
a cysteine S → Co(II) ligand to metal charge transfer (LMCT) transition, which has been
observed in electronic spectra of other Co(II)-substituted metallo-β-lactamases [26–29].
However, the peak at 340 nm in the spectrum of Co(II)-substituted L1 is much broader than
those in other metallo-β-lactamases [26–29]. It is possible that there may be additional peaks
(for example at 400 nm) under the putative LMCT. The intensities of S → Co(II) LMCT’s in
the other metallo-β-lactamases are typically equal to ε320nm = 1,000 M−1 cm−1, suggesting that
cysteine-containing Co(II) binding site in L1 is minimally-occupied. The only two cysteines
in L1 are Cys218 and Cys246 that form a disulfide bond [16]. The addition of TCEP presumably
reduces this disulfide bond and allows for Co(II) binding at substoichiometric levels. As a
control, the UV-Vis spectra of 1 mM TCEP and 1 mM TCEP + 1 mM Co(II) were obtained,
and TCEP exhibits an absorbance at 310 nm (ε = 430 M−1cm−1). There are no additional peaks
in the spectrum of TCEP + Co(II) (data not shown). The absorbance due to TCEP was
subtracted in the difference spectra shown in Figure 2 (top). As another control, a sample of 1
mM 2Zn-L1 (sample of L1 containing 2 equivalents of Zn(II)) was made 1 mM in TCEP, and
1 equivalent of Co(II) was added to this sample. A peak at 320 nm appeared that had an ε =
460 M−1cm−1, which we have assigned to a cysteinyl S to Co(II) LMCT (data not shown).

The other features from 450 and 700 nm are ligand field transitions of high-spin Co(II) [22,
30]. The absorbance of these transitions increased until 3 equivalents of Co(II) were added to
the enzyme, suggesting that the metal binding sites in TCEP-treated L1 are saturated only after
3 equivalents of Co(II) are added. Since the extinction coefficient of Co(II) ligand field
transitions is dependent on the coordination number of Co(II) [22,30], we determined the
extinction coefficients of these transitions during the Co(II) titration. The extinction coefficient
of the peak at 545 nm increased from 26, 75, 120 M−1cm−1 as the Co(II)/protein stoichiometry
increased from 1.0, 2.0, to 3.0 equivalents. Since our previous EXAFS studies demonstrate
sequential binding of Zn(II) [31], this result suggests that the first equivalent of Co(II) is 6-
coordinate and the second and third equivalents are 5-coordinate [22,30]. However, we cannot
rule out the possibility that Co(II) binds differently than Zn(II) to L1, and recent work on BcII
suggests a very complicated pathway for Co(II) binding to this enzyme [32]. If Co(II) does not
bind sequentially to L1, the coordination numbers of the first and second equivalents of Co(II)
cannot be determined.
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The catalytic properties of TCEP-reduced L1 containing 1, 2, and 3 equivalents of Co(II) were
ascertained (Table 1) in assays using nitrocefin as the substrate. TCEP-reduced L1 containing
1 equivalent of Co(II) (1 CoL1) exhibited a kcat of 14 s−1 and a Km of 10 ± 3 µM. A second
Co(II) resulted in an enzyme (2 CoL1) with a similar Km value (8 ± 1µM) but a kcat that is
roughly twice that of enzyme containing 1 equivalent of Co(II) (kcat = 27 ± 1 s−1). The third
equivalent of Co(II) resulted in an enzyme (3 CoL1) that exhibits a Km of 71 ± 9 s−1; however,
this enzyme also had a larger Km value of 30 ± 7µM.

Preparation of Co(II)-substituted L1 by biological incorporation
Metallo-β-lactamase L1 was over-expressed in minimal medium (pH 6.8) containing 100 µM
CoCl2 according to previously published procedures [25]. After FPLC, the Q-Sepharose
fractions containing L1, as identified by SDS-PAGE gels, were not pink in color, as expected
for Co(II)-substituted L1 [24,33]. Metal analyses revealed that the purified enzyme bound only
1.0 ± 0.1 equivalent of cobalt (Table 1) and showed that the sample contained less than 0.1
equivalents of Zn(II), Fe, or Mn. Steady-state kinetics revealed that the enzyme exhibited a
kcat of 2.8 ± 0.1 s−1 and a Km of 13 ± 2 µM (Table 1) when using nitrocefin as the substrate.
Steady-state kinetics were repeated using buffers containing 100 µM CoCl2 in an attempt to
further load the enzyme with its full complement of metal. However, steady-state kinetic
constants were not greatly changed. The UV-Vis difference (spectrum of Co-L1 minus the
spectrum of apo-L1) spectrum of the isolated enzyme showed a broad, small feature at 340 nm
and no resolved peaks between 500 – 600 nm, which are due to Co(II) ligand field transitions.
These characteristics suggest that most of the cobalt in the sample is Co(III) [24]. In an effort
to increase the cobalt content in L1 via biological incorporation, L1 was over-expressed in
minimal medium containing 500 µM or 1 mM CoCl2. However, L1 over-expressed in the
presence of 500 µM CoCl2 contained only 1 equivalent of cobalt, and E. coli cells cultured in
medium containing 1 mM CoCl2 lysed.

In vitro refolding of L1 in the absence of metal and in the presence of Zn(II) or Co(II)
Since the methods of biological incorporation and direct addition of Co(II) did not result in the
preparation of Co(II)-substituted L1 that could be used for future spectroscopic/mechanistic
studies, we attempted to prepare Co(II)-substituted L1 by refolding L1 in the presence of Co
(II). Our initial efforts to unfold and refold L1 involved using L1 that contained 2 equivalents
of Zn(II) (2Zn-L1); however, our data suggested that 2Zn-L1 did not unfold completely even
in the presence of 6 M guanidinum hydrochloride (data not shown), and the resulting refolded
enzyme contained significant amounts of Zn(II). Therefore, we utilized metal-free (apo) L1 in
the unfolding/refolding experiments. As previously reported [34], the fluorescence emission
spectrum of apo-L1 is less intense than that of wild-type L1 (Figure 3). The addition of 6 M
guandinium hydrochloride resulted in a red shift of the fluorescence emission spectrum from
335 nm to 345 nm, suggesting that apo-L1 is unfolded [35]. A similar shift occurred when
RNase T1 was denatured in guanidinium hydrochloride, and the shift was attributed to a buried
trytophan residue that was fully exposed to water upon unfolding [35,36].

The resulting unfolded L1 was refolded by dialyzing the denaturant out of the sample in the
(a) absence of metal ions, (b) in the presence of 100 µM Zn(II), or (c) in the presence of 100
µM Co(II). The fluorescence emission spectrum of L1 refolded in all conditions returned back
to the position of apo- or wild-type L1 before Gdn-HCl was added; however, the intensities of
L1 refolded in the absence of metal or in the presence of Co(II) were lower than that of L1
refolded in the presence of Zn(II) (data not shown). L1 refolded in the absence of metal was
shown to bind < 0.03 equivalents of Zn(II) and exhibit a kcat of < 0.1 s−1. This protein did
apparently fold correctly since the addition of 2 equivalents of Zn(II) to L1 refolded in the
absence of metal resulted in a protein that exhibited a kcat of 31 ± 1 s−1 and a Km of 3.6 ± 0.5
µM, when using nitrocefin as the substrate (Table 2).

Hu et al. Page 5

Anal Biochem. Author manuscript; available in PMC 2009 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



On the other hand, L1 refolded in the presence of 100 µM Zn(II) (and after extensive dialysis
versus Chelex-treated buffer) was found to bind 2.0 ± 0.1 equivalents of Zn(II) and exhibit
steady-state kinetic constants of kcat = 41 ± 1 s−1 and Km of 4.8 ± 1.0 μM. This kcat value is
almost 50% larger than that of wild-type (as-isolated) L1 and similar to that of wild-type L1
that is assayed in the presence of 100 µM Zn(II) ([25] and Table 2). This protein exhibited a
fluorescence emission spectrum similar to that of as-isolated L1 (Figure 3). Unfolded L1 was
also refolded in the presence of 100 µM Co(II). After dialysis to remove Gdn-HCl and excess
Co(II), the resulting refolded protein was purple and bound 1.8 ± 0.1 equivalents of cobalt and
<0.1 equivalent of Zn(II). The refolded, Co(II)-substituted L1 exhibited a kcat of 63 ± 3 s−1 and
a Km of 20 ± 1 µM when using nitrocefin as the substrate. These steady-state kinetic constants
are similar to those of TCEP-reduced L1 containing 3 equivalents of Co(II) (Table 1 and Table
2). The UV-Vis spectrum of refolded, Co(II)-substituted L1 showed several peaks, and there
is a small, relatively sharp shoulder at 310 nm (Figure 2 (bottom)). The small peak at 400 nm
(ε < 40 M−1cm−1) is attributed to small amounts of Co(III) in the sample. The remaining peaks
are attributed to d-d bands of high-spin Co(II), and the extinction coefficient for the peak at
550 nm is 180 M−1cm−1, which is consistent with 5-coordinate Co(II) [22,30].

To ascertain whether the refolded, Co(II)-substituted L1 exhibits similar kinetic properties as
2Zn-L1, we conducted stopped-flow fluorescence and UV-Vis studies using nitrocefin as the
substrate. The stopped-flow fluorescence time course of 50 µM refolded 2Co-L1 with 50 µM
nitrocefin showed a rapid decrease in fluorescence over the first 20 milliseconds of the reaction
followed by a rapid return of fluorescence over the subsequent 100–150 milliseconds. The
shape of the stopped-flow fluorescence trace and rates of fluorescence change are very similar
to those previously reported for 2Zn-L1 (data not shown) [37]. The reaction of 50 µM refolded
2Co-L1 with 50 µM nitrocefin was also monitored with stopped-flow UV-Vis studies. The
absorbance at 390 nm, which corresponds to substrate [38,39], decreased over the first 40
milliseconds (Figure 4B). The increase in absorbance at 50 ms has been observed previously
by Spencer et al. and was attributed to the greater overlap of the absorbance of substrate with
product as compared to that with intermediate [37]. The relatively larger dip in the absorbance
of the 390 nm peak in the stopped-flow data of 2Co-L1 (Figure 4B), as compared to that of
2Zn-L1 (Figure 4C), suggests that the overlap in absorbance of substrate and intermediate is
greater in the case of 2Co-L1, and previous stopped-flow studies on Co-L1 demonstrated this
scenario [33]. The absorbance at 485 nm, which corresponds to the concentration of product
[38,39], rapidly increased over 100 milliseconds for both 2Co-L1 and 2Zn-L1 (Figure 4B and
4C). The absorbance at 665 nm, which is attributable to reaction intermediate [38,39], rapidly
increased during the first 20 milliseconds of the reaction and decreased over the next 100
milliseconds for both enzymes. It appears that the decay of the intermediate in the reaction
with 2Co-L1 (Figure 4B) is slightly slower than that in the reaction with 2Zn-L1 (Figure 4C).
In addition, more intermediate (1.6-fold) is observed in the traces with 2Zn-L1 (absorbance of
1.8) as compared to 2Co-L1 (absorbance of 1.1). Nonetheless, the 2Co-L1 analog exhibits very
similar kinetic properties as 2Zn-L1.

Discussion
Zn(II) has been predicted to be a required cofactor in one third of all proteins, and Zn(II) is a
cofactor in enzymes from all six major classes of enzymes [40,41]. Zn(II) metalloproteins play
vital biological roles in all organisms and are targets for a number of drugs and drug candidates
[42]. However, the physicochemical properties (diamagnetism, color) of Zn(II) limit the
number of physical techniques that can be used to structurally characterize the metal binding
sites in Zn(II) metalloproteins, and only EXAFS spectroscopy and X-ray crystallography are
commonly used to directly probe these metal binding sites. Therefore, Zn(II) is often replaced
with other metal ions to afford spectroscopically-active analogs, and Co(II) is the most
commonly used metal ion for this purpose. Co(II) has a similar ionic radius to Zn(II) and can
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accommodate the binding geometry and ligation of Zn(II) in biological molecules [18,43].
Moreover, almost all Co(II)-substituted enzymes are catalytically-active and allow for the use
of UV-Vis, EPR, and paramagnetic 1H NMR spectroscopies to be used to characterize the
metal binding sites. The coupling of rapid-freeze quench techniques with EPR spectroscopy
allows for detailed structural characterization of reaction intermediates [33,44,45].

In an effort to probe the metal binding sites to offer information that could lead to inhibitors,
we and others have prepared Co(II)-substituted mbl’s and performed spectroscopic studies on
the resulting enzymes [26,29,33,44,45]. However, the preparation of Co(II)-substituted mbl
L1 from Stenotrophomonas maltophilia (subgroup 3C) has been hampered by the presence of
a solvent-accessible disulfide in the enzyme [24]. The direct addition of Co(II) to metal-free
L1 resulted in oxidation of Co(II) to Co(III) and an inactive L1 analog [24]. To circumvent
this problem, we reported a strategy in which the disulfide bond in metal-free L1 is reduced
with TCEP before addition of Co(II). A catalytically-active analog of L1 was obtained;
however, the resulting enzyme was shown to bind 2.5 equivalents of Co(II), which complicated
the interpretation of subsequent spectroscopic studies. In fact, this present study shows that it
takes 3 equivalents of Co(II) to saturate the metal binding sites in L1 (Figure 2). Two of the
Co(II) ions are probably bound to the active site. Based on the extinction coefficient of the S
to Co(II) LMCT at ~320 nm, the reduced Cys site is minimally occupied. We believe that there
is some Co(III) in the sample (peak at ~400 nm), and it is possible that Co(II) could also bind
to the site identified in the recent crystal structure of Cu(II)-L1 [46].

To prepare Co(II)-substituted L1, we attempted a biological incorporation strategy in which
we over-expressed L1 in minimal medium containing various concentrations of Co(II). We
reasoned that the disulfide bond would be reduced during folding and that the folding of L1 in
the presence of Co(II) would result in a Co(II)-substituted enzyme. We were careful to make
sure that the pH of the growth medium was under 7.0, since air oxidation of Co(II) is more
favored at basic pH values [43]. Unfortunately, the purified protein only bound 1 equivalent
of cobalt regardless of the concentration of Co(II) in the growth medium, and UV-Vis spectra
strongly suggest that the cobalt is Co(III).

Since both traditional techniques to prepare Co(II)-substituted L1 were unsuccessful, we
developed a new strategy that involved in vitro folding of L1 in the presence of metal ions.
Our first test of this strategy involved the refolding of L1 in the absence of added metal ions.
Apo-L1 was unfolded in the presence of 6M Gdn-HCl, and fluorescence emission spectroscopy
was used to verify that the enzyme unfolded. The removal of Gdn-HCl by dialysis resulted in
an enzyme that contained 0.03 equivalents of Zn(II) and exhibited very little activity. However,
the addition of 2 equivalents of Zn(II) to this protein resulted in an enzyme that exhibited
steady-state kinetic constants and fluorescence emission spectra very similar to those of as-
isolated L1. This result was surprising since Periyannan et al. previously suggested that the
proper in vivo folding of L1 requires the presence of Zn(II) [34]. We also refolded apo-L1 in
the presence of 100 µM Zn(II), and the resulting enzyme was shown to bind 2 equivalents of
Zn(II) and exhibit a kcat value that was 30% higher than that exhibited by as-isolated L1 (Table
2). This result suggests that some of the as-isolated L1 may not be folded correctly and that
the in vitro folding procedure results in a higher percentage of correctly folded, catalytically-
active enzyme. The refolding of apo-L1 in the presence of 100 µM Co(II) resulted in a pink
protein that contained 1.8 equivalents of cobalt, and a UV-Vis spectrum is consistent with the
presence of Co(II). The extinction coefficient of the ligand field bands suggests that the Co(II)
ions are 5/6 coordinate. Interestingly, Co(II)- substituted L1 exhibits a larger kcat value, as
compared to that of 2Zn-L1, and this result is similar to the results on L1 containing 3
equivalents of cobalt.
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The results presented in this work demonstrate a new strategy for preparing Co(II)-substituted
analogs of the large number of Zn(II)-containing proteins that also have solvent-accessible
disulfide bonds. For example, mung bean nuclease [47], the anti-sigma factor RsrA from S.
coelicolor [48], the peroxide regulon repressor PerR [49], and E. coli primase [50] are Zn(II)-
binding proteins that also contain a disulfide bond. The resulting Co(II)-substituted proteins
could be structurally-characterized using UV-Vis, EPR, and 1H NMR spectroscopies and
mechanistically-characterized using rapid-freeze quench EPR/EXAFS spectroscopies or
stopped-flow UV-Vis studies. This technique may also be useful for generating Co(II)-
substituted, Zn(II)-proteins that have a Cys as a metal binding ligand. The successful
preparation of 2Co(II)-L1 now positions us to conduct rapid-freeze quench EPR and EXAFS
studies to probe for intermediates in the reaction of the enzyme. These studies are currently
underway.
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Figure 1.
Active site of L1. Zn1 site has His116, His118, His196, and a bridging hydroxide as ligands.
Zn2 site has Asp120, His121, His263, bridging hydroxide, and a terminally-bound water (not
shown) as ligands.
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Figure 2.
UV-Vis difference spectra (spectrum of Co-L1 minus spectrum of apo-L1) of cobalt-containing
analogs of L1: (top) cobalt-containing L1 prepared by biological incorporation and (bottom)
refolded, cobalt-containing L1. The enzyme concentration in all samples was 550 µM, and the
buffer was 50 mM cacocylate, pH 7.0.
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Figure 3.
Fluorescence emission spectra of L1 samples. The concentration of L1 in the samples was 1
µM, and the buffer was 50 mM Hepes, pH 7.0. An excitation wavelength of 295 nm was used.
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Figure 4.
Stopped-flow fluorescence (A) progress curve for reaction of refolded 2Co-L1 and nitrocefin.
UV-Vis stopped-flow progress curves on (B) refolded 2Co-L1 and (C) 2Zn-L1 reacted with
nitrocefin. The reactions were carried out in Chelex-treated, 50 mM cacodylate, pH 7.0, at 10
°C, and the enzyme and substrate concentrations were 50 µM.
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Table 1
Characterization of Co(II)-substituted L1 analogs.

Species Cobalt content (eq) kcat (s
−1) Km (µM)

Biologicallyincorporated L1 1.0 ± 0.1 2.8 ± 0.1 13 ± 2
1 CoL1 1 14 ± 1 10 ± 3
2 CoL1 2 27± 1 8 ± 1
3 CoL1 3 71± 9 30± 7

L1 refolded w Co(II) 1.8 ± 0.1 63 ± 3 20 ± 1
Steady state kinetic studies were conducted in Chelex-treated 50 mM cacodylate buffer, pH 7.0, using nitrocefin as the substrate.
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Table 2
Metal content and steady-state kinetic constants of Zn(II)-containing L1 analogs.

Species Zn(II) content (eq) kcat(s
−1) Km (µM)

Wild-type L1a 1.9 ± 0.1 27 ± 1 3.8 ± 0.5
Wild-type L1 1.9 ± 0.1 41 ± 1b 4 ± 1b

L1 refolded w/ Zn(II) 2.0 ± 0.1 41 ± 1 4.8 ± 0.3
L1 refolded w/o Zn(II) < 0.03 < 0.1 ND
L1 refolded w/o Zn(II)c 2 31±1 3.6 ± 0.5

Steady state kinetic studies were carried out in Chelex-treated 50 mM cacodylate, pH 7.0, using nitrocefin as the substrate.

a
L1 over-expressed in LB medium according to previously published protocol [25].

b
Kinetic reactions conducted in Chelex-treated 50 mM cacodylate, pH 7.0, containing 100 µM Zn(II).

c
Two equivalents of Zn(II) were added to this sample before the steady state kinetic studies were conducted.
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