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ABSTRACT. The molecular characterization of a-Bndependent glycerol dehydratase fr@tostridium
butyricumhas recently been reported [Raynaud, C., et al. (2P083. Natl. Acad. Sci. U.S.A. 108010~

5015]. In this work, we have further characterized this system by biochemical and crystallographic methods.
Both the glycerol dehydratase (GD) and the GD-activating enzyme (GD-AE) could be purified to
homogeneity under aerobic conditions. In this form, both the GD and GD-AE were inactive. A reconstitution
procedure, similar to what has been reported for pyruvate formate lyase activating enzyme (PFL-AE),
was employed to reconstitute the activity of the GD-AE. Subsequently, the reconstituted GD-AE could
be used to reactivate the GD under strictly anaerobic conditions. We also report here the crystal structure
of the inactive GD in the native (2.5 A resolutioReyst = 17%, Rree = 20%), glycerol-bound (1.8 A
resolution,Reryst = 21%, Rree = 24%), and 1,2-propanediol-bound (2.4 A resolutiBeyst = 20%, Riee

= 24%) forms. The overall fold of the GD monomer was similar to what has been observed for pyruvate
formate lyase (PFL) and anaerobic ribonucleotide reductase (ARNR), consisting of a 10-sif&nded
barrel motif. Clear density was observed for both substrates, and a mechanism for the dehydration reaction
is presented. This mechanism clearly supports a concerted pathway for migration of the OH group through
a cyclic transition state that is stabilized by partial protonation of the migrating OH group. Finally, despite
poor alignment (rmsd- 6.8 A) of the 10 core strands that comprise the barrel structure of the GD and
PFL, the C-terminal domains of both proteins align well (rmsd.7 A) and have structural properties
consistent with this being the docking site for the activating enzyme. A single point mutation within this
domain, at a strictly conserved arginine residue (R782K) in the GD, resulted in formation of a tight
protein—protein complex between the GD and the GD-&Evivo, thereby supporting this hypothesis.

Radical-catalyzed reactions in biological systems are of and proteomic era, coupled with advances in scientific
great significance. In particular, the arrival of the genomic methods and technology, has had a dramatic impact on our
understanding of protein radicals in catalysis. Among one

*AtOfT:ji_C I%OOFd(ijné}tes for ftflﬁ na}ive, ﬂlzly(jcerqozbfiund, ha”d 1b,2- of the most recent developments is the recognition of a new
propaneadiol-ooun orms o e glycero enydratase have been . ™ . .
deposited in the Protein Data Bank as entries 1R8W, 1R9D, and 1RoE, Superfamily of enzymes that utilizésadenosylmethionine

respectively. (SAM) in place of adenosylcobalamin {B to catalyze
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in this new superfamily, termed the “radical SAM” super- properties 10, 11). However, chemical processes for produc-
family (5), remain unclear. Like the B-dependent reactions, ing 1,3-PD involve toxic intermediates and chemical conver-
this new superfamily of enzymes has been identified in all sion under dangerous and expensive conditions. Not too
kingdoms of life and has been shown to catalyze a diversesurprisingly, several patents have recently been filed that
array of chemical reactions of significant medical and describe environmentally friendly approaches for conversion
biotechnological importancé&); It has been further suggested of renewable resources such as glucose to 1,312D1Q).

that the diversity of chemical reactions catalyzed by this new All of these approaches utilize recombinant microorganisms
superfamily exceeds those catalyzed by @&). Although expressing the appropriate genes to convert a renewable
different enzymes in the radical SAM superfamily appear resource, such as glucose, to 1,3-PD. The penultimate step
to require different cofactors specific to their “primary” of this pathway is the dehydration of glycerol to 3-HPA.
metabolic substrate, it appears that a common mechanisnirhe mechanism of both the;Bdependent glycerol and diol

is at work in the generation of the initial radical species. dehydratases has been extensively studied and is fairly well
The cofactors required for this common activation mecha- understood 14). A severe limitation of the B-dependent
nism are a [4Fe-4S]cluster (formally three e ions and glycerol and diol dehydratases is their rapid inactivation
one Fé&' ion) and Sadenosylmethionine (SAM). This  during enzyme turnover with glyceral%—18). This limita-
catalytic cluster is similar to the cluster found in aconitase tion is overcome in the native organism by the presence of
in that one iron is uncoordinated. The role of this open a reactivase enzyme that couples the energy of MgATP
coordination site has been demonstrated by both spectro-hydrolysis to the exchange of inactivated cofactor with new
scopic and crystallographic methods and is to coordinate thecoenzyme B, (19). At present, engineered strains carrying
SAM prior to reductive cleavagé(7). Reductive cleavage the Bj,-dependent system do not contain the reactivase; the
of SAM results in the transient formation of &d&eoxyad- inactivation problem is therefore overcome by the addition
enosyl radical 8, 9). While this is reminiscent of the B of excessive amounts of vitamin Bo the culture medium.
reaction mechanism, the exact chemical details are not wellAn exciting alternative has been presented by Raynaud et
understood as this radical is highly reactive and rapidly al. through their identification and molecular characterization
transferred to the active site where conversion of the primary of a B,,-independent glycerol dehydratase system from the
metabolic substrate can proceed. strict anaerob€lostridium butyricumLike the B,-depend-

Two areas of intense research have been initiated toent glycerol dehydratases, this system was also capable of
investigate (1) the mechanism of radical generation by the dehydrating 1,2-propanediol to propionaldehyde in addition
Fe—S cluster and SAM as well as (2) the general mechanismto glycerol dehydration20). Further sequence analysis of
of radical transfer and catalysis during the conversion of the this operon suggested that this system was also a member
primary substrate to product. For some radical SAM systems, of the radical SAM superfamily. Specifically, this system
all the components necessary for activation and conversionwas similar to PFL in that it contained genes for the glycerol
of the primary metabolic substrate are found within a single dehydratase (GD) as well as a glycerol dehydratase activating
polypeptide. In contrast, some systems require an additionalenzyme (GD-AE).
enzyme for the initial radical generation. Of particular interest ~ To further advance our understanding of the radical SAM
to this work are anaerobic ribonucleotide reductase (ARNR) superfamily as well as to accurately describe a mechanism
and pyruvate formate lyase (PFL). In these radical SAM for the Birindependent dehydration of glycerol, we have
systems, the activating enzyme contains the catalytic [4Fe-further isolated the B-independent GD and GD-AE. We
43] cluster and the SAM binding site, while the enzyme report here the preliminary biochemical properties of this
proper contains the active site for the primary metabolic System as well as the crystallographic models for the radical-
substrate. Details regarding the complex formed betweenfree form of the GD in the absence of substrate and with the
these two enzymes are essential to the completion of ansubstrates glycerol and 1,2-propanediol bound. A detailed
accurate description of the activation mechanism and themechanism for the B-independent dehydration of glycerol
mechanism of radical transfer. is presented. In addition, the ability to follow the activity of

One reaction that has, until most recently, been shown to the systemn vivo and rapidly isolate either component has
be exclusively catalyzed by:Bis the dehydration of glycerol ~ €d to the identification of a single point mutation in the GD
to 3-hydroxylpropionaldehyde (3-HPA). In most systems, the that forms a tight complex with the GD-AE. Taken together,
subsequent reduction of 3-HPA to 1,3-propanediol (1,3-PD) the work presented here provides the first direct evidence
is catalyzed by a NADH-dependent reductase. The bacterialfor the site of complex formation in the two-component
conversion of glycerol to 1,3-PD has attracted significant fadical SAM systems and the first look at the atomic factors
interest because of the recent development of a new polyestefhat catalyze B-independent glycerol dehydration in biol-
called poly(propylene terephthalate). The polymer is es- ©9Y-
sentiall_y made by substituting 1,_3-PD for e_thylene glycol _in EXPERIMENTAL PROCEDURES
producing polyester and results in a new fiber with superior

Plasmid Preparation and Enzyme Expressithe poly-

R o . . . cistronic plasmids used for coexpression of the glycerol
mSé_ﬁgﬁ‘gi;'g&%gﬂfm}{fé?ﬂfggﬁ?ﬁgg}?_,nggg&ezt_hh%%lﬁ EP, dehydratase (GD) and the glycgrol dehydratase activating
ethyl)piperazineN'-2-ethanesulfonic acid; GD, glycerol dehydratase; €nzyme (GD-AE) fromC. butyricum were prepared as
GD-AE, glycerol dehydratase activating enzyme; PFL, pyruvate formate previously described?Q), except that 11 additional residues

lyase; PFL-AE, pyruvate formate lyase activating enzyme; LAM, lysine -\ SHPQFEKRS) were added to the N-terminus of either
amino mutase; LAM-AE, lysine amino mutase activating enzyme;

ARNR, anaerobic ribonucleotide reductase; ARNR-AE, anaerobic the GD (plasmid pST11) or the GD-AE (plasmid pST12).
ribonucleotide reductase. This epitope is more commonly known as the Strep-Tag
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(IBA, Géttingen, Germany) and is used for affinity purifica- of buffer B, and the bound GD-AE was eluted with buffer
tion. Like their parent plasmids (pSPD5 and pIMP1), the B containing 150 mM imidazole. The isolated enzyme was
expression plasmids also carry tteaT gene that encodes immediately degassed on an argon manifold and concentrated
the 1,3-propanediol dehydrogenase. Consistent with what hago 1—2 mL. In this form, the GD-AE was unable to activate
also been previously reportedé(], conversion of glycerol  the GD.
to 1,3-propanediol was observed during the anaerobic growth To reconstitute the GD-AE activity, we employed the same
of Escherichia colicells harboring either of these plasmids. procedure used for PFL-AR{) except that the Mops buffer
While the pST11 plasmid was sufficient for the isolation was replaced with HEPES and the reconstitution buffer also
of the GD 10 mg of pure enzyme from 20 g of wet cell contained 20% 1,2-propanediol. An incubation time of 12 h
paste), relatively small amounts of the GD-AE were obtained was used for reconstitution, and the reconstituted GD-AE
using the pST12 plasmid<(l mg of pure enzyme from 50  was separated from excess iron and sulfide by being passed
g of wet cell paste). To obtain better expression of the GD- through a Sephadex G25 column equilibrated with 2700 mM
AE, thedhaB2gene was amplified using PCR methods, and HEPES (pH 7.5), 100 mM KCI, 2 mM mercaptoethanol, and
the primers were designed to incorporatied and Hindlll 2 mM sodium dithionite. The reconstituted GD-AE was
restriction sites at the' and 3 ends of the gene, respectively. concentrated to 1 mL. Typical yields for the entire isolation
The PCR product was then subcloned into the commercially and reconstitution procedure were 20 mg of GD-AE from
available expression vector pTRCHisA (Invitrogen Corp., 50 g of wet cell paste. All enzymes used in this study were
Carlsbad, CA). Instead of the Strep-Tag, this vector incor- homogeneous as judged by SBBAGE, and their concen-
porates a six-poly-His tail at the N-terminal end of the GD- trations were determined by a modified biuret meth2g).(
AE. Activation of the GD by the GD-AHt has been previously
Purification of the GD.The following procedures could  reported 20) that this system, like the B-dependent glycerol
be performed under either aerobic or anaerobic conditions.dehydratases, can also catalyze the dehydration of 1,2-
When the procedure was performed under anaerobic condipropanediol to propionaldehyde. To test the ability of the
tions,E. colicells harboring the pST11 plasmid were grown GD-AE to reactivate the GD, we modified a procedure that
on LB medium supplemented with nitrilotriacetic acid (200 had been previously reporte@Qj. The assay was performed
mg/L), FeSQ (50 mg/L), KHPO, (0.5 g/L), sodium selenate  under strictly anaerobic conditions in sealed quartz cuvettes
(30ug/L), and glycerol (40 g/L). A 50 mL overnight culture at 25°C, and the final assay volume was 0.5 mL. The assay
was used to inoculate a 2000 mL culture that was containedsolution contained 5% 1,2-propanediol, 100 mM HEPES (pH
in a 4000 mL glass carboy. Following inoculation, the carboy 7.5), 1.13uM GD, 1 mg/mL yeast alcohol dehydrogenase
was sealed with a screw cap and the culture was incubated YADH) (Sigma Chemical Co., lot 070K7432), 226M
at 34°C and 110 rpm for 18 h. The cells were harvested NADH, and 2 mM sodium dithionite. This solution was
anaerobically by centrifugation and stored-a80 °C. In prepared with and without 5 mM SAM. Before the assay
addition, for anaerobic purifications, all buffers were made was initiated, the spectrophotometer was blanked against
anaerobic by several rounds of degassing and flushing with buffer containing 100 mM KCI, 100 mM HEPES (pH 7.5),
oxygen-scrubbed argon and contained 1 mM Ti(lll) citrate. and 2 mM sodium dithionite. The assay was initiated by
All subsequent purification procedures were then performed addition of varying amounts of purified GD-AE, and the
in a glovebox under an atmosphere of 95% nitrogen and 5% absorbance at 340 nm was monitored. The GD-AE used in
hydrogen. this study was purified as described above and concentrated
Approximately 50 g of wet cells was resuspended in 350 to a final concentration of 18 mg/mL prior to being used in
mL of buffer A [150 mM NaCl, 2 mM TCEP, and 50 mM the assay.
TRIS (pH 8.0)]. Cells were then broken at 16 000 psi using  Crystallization of the GDThe best diffracting crystals of
a French press. The pellet was then discarded, and 5 mg othe GD were obtained using aerobically prepared protein and
avidin (Sigma, St. Louis, MO) was added to the supernatant. a precipitating solution containing 200 mM triammonium
The supernatant was then gently stirred for an additional 30citrate (pH 7.0) and 10% PEG 3350. Diffraction quality
min at 4°C before being centrifuged at 10 060g for 10 crystals could be obtained under anaerobic or aerobic
min. This supernatant was passed through a Strep-Tactinconditions using either the capillary batch or hanging drop
Sepharose (IBA) column that had been equilibrated with method. Crystals of the GD belonged to space gro2g2
buffer A. Once the supernatant was loaded onto the column,and had the following unit cell dimensionst = 104 A, b
the column was then washed with 20 volumes of buffer A. =212 A, andc = 199 A (see Table 1). These crystals were
Buffer A containing 2.5 mMd-desthiobiotin (Sigma) was taken to be the substrate free GD crystals. These crystals
then used to elute the bound protein. The purified protein could be soaked with up to 20% glycerol (glycerol-bound
was then exchanged into fresh buffer A and concentrated tocrystals) or 20% 1,2-propanediol (1,2-propanediol-bound
10 mg/mL. crystals) without any significant changes in the diffraction
Isolation and Reconstitution of the GD-AlBactive GD- quality. For data collection on the native or substrate-free
AE was isolated using the Talon metal affinity resin form of the enzyme, crystals were mounted in quartz
(Clonetech, Palo Alto, CA). Fifty grams of wet cells was capillaries and data were collected at room temperature.
resuspended in buffer containing 20% 1,2-propanediol, 100 Data Collection, Phasing, Model Building, and Refine-
mM HEPES (pH 7.5), and 100 mM KCI (buffer B). The ment.Data for the substrate-free GD and the 1,2-propanediol-
resuspended cells were broken using a French press at 16 00bound form of the GD were collected at the University of
psi and centrifuged at 50 000 g for 1 h. The supernatant Georgia on a Rigaku RU-200 rotating anode equipped with
was then applied to affinity resin equilibrated with buffer Osmic focusing mirrors and an R-axisllc image plate
B. The column was then washed with 20 column volumes detector. Data for the glycerol-bound form of the GD were
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Table 1: Data Collection, Phasing Statistics, and Refinement Statistics for the Native Glycerol Dehydratase and Its Substrate-Bound Forms

native glycerol-free glycerol-bound 1,2-propanediol-bound Hg derivative

no. of crystals used 5 1 1 5
wavelength (A) 1.54 0.98 1.54 1.54
resolution range (A) 50:62.5 50.6-1.8 50.6-2.4 50.6-2.5
no. of unique observations 74994 199038 83330 73024
total no. of observations 427249 1002737 491798 422078
completeness (%) 98.6 (93%5) 99.5 (96.5) 98.0 (90.8) 96.9 (90.3)
Rsym (%0)2 9.9 (38.5) 8.3 (28.2) 9.6 (31.2) 12.7 (44.7Y
llo 29.7 (2.2) 26.7 (3.3) 20.0 (3.2) 27.8 (1.7Y
Reuis (cen/acen/anom) 0.84/0.80/0.81
phasing power (cen/acen/anom) 1.24/1.47/1.45
isomorphous difference (%) 27.8
no. of sites 8
substrate-free glycerol-bound 1,2-propanediol-bound
unit cell dimensions (4) a=103.4, a=103.0, a=102.6,
b=212.9, b=213.4, b=2123,
c=1994 c=1995 c=198.7
no. of protein atoms 12370 12390 12392
no. of solvent atoms 511 969 696
resolution limits (A) 50.6-2.5 50.6-1.8 50.6-2.4
Reryst (%) 17.1 21.7 19.8
Riree (%) 20.3 23.8 235
rmsd for bonds (A) 0.005 0.005 0.005
rmsd for main chain angles (deg) 1.21 1.21 1.19
averageB factor (A?) 28.4 31.1 27.0

aRsym = Ynkl X 1(|1hr — DhaD]/ > niai D) wherel g is the intensity of an individual measurement of the reflection with indidésnd O Cis
the mean intensity of that reflectiohThe numbers in parentheses refer to the outer resolution bin used in data proceSpace groufC222
so all angles are 90

collected at the Advanced Light Source (Berkeley, CA) on under strictly anaerobic conditions using a modified medium
beamline 8.2.2. All data were processed using HKL2@3B) ( containing glycerol Z0). Using the Strep-tactin Sepharose
and the CCP4 suite of program24j. While both glycerol affinity resin, the GD could be isolated from aerobically
and 1,2-propanediol are excellent cryoprotective agents, wegrown cells under aerobic conditions or anaerobically grown
were interested in comparing the data between the substrateeells under anaerobic conditions. However, if an aliquot of
free enzyme and the glycerol- or 1,2-propanediol-bound the elution fraction from the anaerobically prepared enzyme
enzyme. Therefore, to collect data for both the substrate-was removed from the glovebox and immediately exposed
free and a mercury derivative, data were collected at roomto air, then a cleavage product was observed. This is shown
temperature on crystals mounted in quartz capillaries. Underin Figure 1 and is reminiscent of the oxygenolytic cleavage
these conditions, approximately 30 frames worth of data of activated PFL 0). Therefore, to ensure that we had a
could be collected before the diffraction deteriorated. Five homogeneous population of enzyme for crystallization trials,
different crystals were used to complete the data sets forall of the GD used in the biochemical and crystallographic
both the native (substrate-free) and Hg derivative data sets.work was expressed and purified by aerobic methods. In this
A heavy atom derivative was used for phasing because,state, the enzyme is inactive, presumably because it does
despite the conserved sequences shared between PFL angbt contain the active site radical. The aerobic isolation of
the GD ¢-23.0% identical), attempts to obtain phases by the GD-AE is also shown in Figure 1.
molecular_replacement were unsuccess_ful. Because of the T4 tast whether the GD used in this investigation could
high cysteine content of the GD (14 cysteines per MONOmer), o activated by the GD-AE, we developed a simple assay
a single Hg derivative was sufficient for obtaining phase p,qeq on the observation of Raynaud et al. that the system
mformauon good to 2.5 A r(_esolutlon, and ther_efore, no phase was also capable of dehydrating 1,2-propanediol to propi-
extension was required prior to model building and refine- 5 4enhyde. This is a coupled assay that utilizes a 10-fold
ment (Table 1). Subsequent rounds of model building and g, a5 of yeast alcohol dehydrogenase (YADH) to catalyze
refinement were performed using @5 and CNS £6). Al the NADH-dependent conversion of propionaldehyde to

graphical representations of structural elements were madel N :
. : ) -propanol. The coupled reaction is monitored at 340 nm,
using Molscript @7), Bobscript 8), and Raster3d2Q). and the results from these preliminary studies are shown in

Figure 2. Following the addition of the GD-AE, a delay was
observed prior to a decrease in the absorbance at 340 nm.
Isolation of the Glycerol Dehydratase (GD) from C. No decrease was observed if either SAM or the GD-AE was
butyricum and Actiation of the GD by the GD-AHEExpres- excluded from the assay. Interestingly, the maximum activity
sion and isolation of the GD could be performed under both was achieved once the GD-AE:GD ratio exceeded 10. Two
aerobic and anaerobic conditions. However, as was previousimportant pieces of information must be considered in
ly reported by Raynaud et al., to observe any activityivo interpreting our data. First, our assay does not utilize the

or in crude extractsk. coli cells expressing both the GD light-activated reductant '&leazariboflavin, as has been
gene (lhaB) and the GD-AE genadhaB2 had to be grown routinely used for PFL-AEZ1). Second, it has been shown

RESULTS AND DISCUSSION
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b 1 2 3 4 5 FIGURE 2: S-Adenosylmethionine (SAM)-dependent activation of
the GD by the GD-AE. The coupled assay was performed as
described in Experimental Procedures. The absorbance at 340 nm
was monitored to follow the NADH-dependent reduction of

66 kDa propionaldehyde formed by GD-catalyzed dehydration of 1,2-

propanediol - SAM). No change in the absorbance was observed
if SAM was left out of the assay solutior-GAM). The inset shows
35 kDa : the effect of the GD-AE concentration on the activation of the GD.
The specific activity was calculated from the maximum slope of
the coupled assay using 6.2 mMcm™! as the molar extinction
24 kDa coefficient for NADH.

dependent glycerol dehydratas®l), a comparison of the
1,2-propanediol dehydratase activity in the two systems is

FiGure 1: Isolation of the GD and the GD-AE. (A) Isolation of :‘/a“?I‘.] Intergsélngly,(jthetSpe?flc QCtIVIty we ha£V(|a 01b3s?rved
recombinant GD under aerobic conditions and effect of oxygen 'OF th€ Bizindependent system is approximately Imes

exposure on the activated enzyme: lane 1, molecular mass markersthat of the B-dependent glycerol dehydratastby. More-

lane 2, crude extract from aerobic preparation; lane 3, flow-through over, this specific activity also exceeds that typically reported
from the Strep-Tactin Sepharose column (aerobic preparation); lanefor the B;,-dependent diol dehydratasek5( 16, 36). The

4, wash fraction after 10 column volumes of buffer A (aerobic o hemical parameters for glycerol dehydration are currently
preparation); lanes 5 and 6, first and second elution fractions, being pursued by this laboratory using purified DhaT in place
respectively, using buffer A containing 2.5 mt#desthiobiotin g purs Yy ry using p p
(aerobic preparation); and lane 7, GD isolated under stricty Of YADH in the coupled assay.

anaerobic conditions from anaerobically gro&ncoli expressing Overall Structure of the Glycerol Dehydratase Monomer.
both the GD and the GD-AE aftea 5 min exposure to air. ()  To provide a solid foundation for future biochemical and

Isolation of recombinant GD-AE under aerobic conditions: lane ,.: . . _— .
1, molecular mass markers: lane 2, crude extract: lane 3, flow- biophysical investigations, we have determined the crystal

through from Talon metal affinity resin during the load; lane 4, Structure of the B-independent GD in the native, glycerol-
wash fraction after 10 column volumes of buffer B; and lane 5, bound, and 1,2-propanediol-bound forms. In all of the
elution fraction using buffer B containing 150 mM imidazole. structures reported here, the complete translated peptide
(residues 2-787) is clearly visible in the electron density.
that activation of PFL by the PFL-AE requires an intact [4Fe- The overall structure of the GD is shown in Figure 3. Like
4S]* cluster to catalyze the reductive cleavage of SAM and PFL and ARNR, the GD monomer forms a core 10-stranded
generate the catalytic radical on PR1). At this time, we p-barrel motif that is assembled in an antiparallel manner
do not know if sodium dithionite is sufficient for reduction from two parallel five-strandef-sheets. Thig-barrel core
of the catalytic Fe-S cluster in the GD-AE. Moreover, at is entirely surrounded by-helices as was also reported for
present, we do not know if the reconstitution procedure has PFL and ARNR and has been termef/a-barrel structure.
restored the catalytic FeS cluster in 100% of the apo-GD- Despite the observation of a highly conserved core, if the
AE. In addition, the sequence of the GD-AE suggests that a 10 strands that compose this motif are aligned between PFL
second cluster is also present in the enzy&®. (The exact (PDB entry 1H16) and the GD, then a root-mean-square
role of this second cluster has not been characterized in anydeviation (rmsd) of 6.8 A is obtained for the backbone
radical SAM system. However, it should be noted that a a-carbon atoms. In addition to the significant variation in
second cluster binding site has also been identified in thethe core motif, there are also dramatic differences in the
sequences of TutE and BssD; these are also radical SAMnumber and position of the surrounding helices. If the
enzymes involved in the benzyl succinate synthase systemconserved helical regions are also included in this alignment,
from two Thauera species 32, 33). We are currently  the rmsd for backbone-carbon atoms is substantially worse
investigating the properties of the activated GD-AE to (>8.0 A). A substantial finding of this work is the observa-
address these issues. What can be said is that the reconstitutdtbn that the only region of the GD that aligns well with
GD-AE can catalytically reactivate the GD in a SAM- PFL is the C-terminal domain (exploded view, Figure 3A).
dependent manner. A maximum specific activity for the GD For PFL and the GD, this includes residues #382 (GD)
of 1.564 0.09 mmol min' mgtis obtained when the ratio  and residues 702754 (PFL), respectively. Alignment of this
of GD-AE to GD exceeds 10 in our assay. Because glycerol domain results in an rmsd of 0.7 A for the backbonearbon
is both a good substrate and a potent inhibitor of the B atoms. This domain is highlighted in yellow in Figure 3 and

18 kDa
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A

Radical Loop

Glycerol

Ficure 3: Overall fold of the glycerol dehydratase (GD) monomer and the proposed biological dimer. Helices are shown as purple cylinders;
the sheet structure is represented with green strands, and random coil is represented with orange coils. The topology of the C-terminal
region (residues 731787) is represented similarly, but is colored yellow in the monomer and dimer representations. (A) Overall topology

of the monomer and exploded view of the C-terminal region of the enzyme. (B) Proposed biological dimer of the GD. For clarity, monomer

1 and monomer 2 are labeled.

contains the radical glycine loop, a small antiparallel sheet of PFL and the GD that aligns well is the C-terminal domain,
section, and four helices. Notably, two of the helices are on we propose that this is the site of formation of the complex
the surface of the enzyme. This domain can therefore bebetween the activating enzyme and the enzyme proper in
described as extending from the surface of the protein to both systems. To further examine this hypothesis, a sequence
the substrate binding site at one end of the 10-strandedand structural alignment of this domain between PFL and
[-barrel. the GD is shown in Figure 4. All of the side chains that are
Oligomeric Structure and a Potential Site for Binding of shown in Figure 4 are strictly conserved between PFL and
the Actvating EnzymeLike the most recent model of PFL  the GD and are further found in identical conformations in
(37), our GD crystals also belong to space gr@ig?2 and both crystallographic models. Of particular interest isdise
contain two monomers in the asymmetric unit. Like PFL, conformation of the strictly conserved glycine residue.
the two monomers are related by a nearly perfect 2-fold Another noteworthy residue that is strictly conserved in
rotation and represent the closest contact between any twesequence and structure is R782 in the GD (R753 in PFL).
monomers in the unit cell with a buried surface area that In the structure of the GD and PFL, this residue extends
exceeds 1000 Aper monomer. Consistent with what has inward from the C-terminal helix to form a hydrogen bond
been proposed for PFL, we propose that this arrangementwith the backbone carbonyl of a residue that is only two
also represents the biological dimer (monomers 1 and 2 inamino acids away from the active site glycine (dashed lines
Figure 3B). Further efforts to investigate whether the GD in Figure 4,~2.9 A). Again, in both crystallographic models,
exists as a dimer in solution and whether this oligomeric this interaction is further stabilized through a salt bridge to
arrangement has any impact on function are currently beingan acidic residue found within the same C-terminal helix.
pursued by this laboratory. However, if this is the correct The distance from the surface of the GD to the active site
biological dimer, then the C-terminal domain of each along this pathway is-17 A; however, in both the PFL and
monomer is found on the opposite side of the dimer interface. GD models, a substantial amount of water molecules are
One significant property that both the GD and PFL have in clearly seen on the interior side of this helix. This observation
common is that they must be activated by another enzyme.may suggest that this helix moves during activation. Further
This involves docking of the activating enzyme, and there- evidence for this hypothesis comes from the single-point
fore, a significant unanswered question is the site of complex mutation R782K in the GD.
formation. Given (i) the overall structural similarities of PFL During our initial attempts to construct the pST12 plasmid,
and the GD, (i) the observation that a similar reconstitution a single-point mutation was serendipitously introduced into
procedure can be used to reconstitute the PFL-AE as wellthe GD gene, and sequence analysis confirmed that AAG
as the GD-AE, and (iii) the observation that the only region was substituted for AGG in the codon for residue 782.
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GD 731-GFHVQFNVIDKKILLAAQKNPEKYQDLIVRVAGYSAQFISLDKSIQNDIIART-783
PFL 703-GQHLNVNVMNREMLLDAMENPEKYPQLTIRVSGYAVRFNSLTKEQQQDVITRT-754

Y764 Y764
Ficure 4: Sequence and structural comparison of the C-terminal domains of PFL and the GD. Identical residues are colored red and
similar residues blue in the sequence alignment. The structural topology of residues in the sequence alignment is shown in a stereoview
with PFL colored green and the GD colored yellow. The side chains of strictly conserved residues in the GD model are represented as balls
and sticks with the carbon atoms colored light brown, oxygen atoms colored red, and nitrogen atoms colored blue. The side chain of R782
comes within 3.0 A of the backbone carbonyl oxygen of residue 761 (dotted line).

1 2 3 4 5 been formedn vivo as a result of the R782K point mutation
on the GD. This observation further supports our hypothesis
- that this region is the site of formation of a complex between

the GD and the GD-AE. The factors that are required for
formation of the complex are currently being investigated
by isolating the R782K GD and wild-type GD-AE indepen-
dently and then initiating complex formatidn vitro. An
exciting possibility is that the complex forms after electron
transfer and radical generation and that this arginine residue
has a role in dissociation. Structural and spectroscopic
characterization of such a complex with the radical intact
would be extremely valuable.
FIGURE 5: Isolation of a tight proteirprotein complex between Substrate BindingBecause both glycerol and 1,2-pro-
the GD-AE and the R782K GIn vivo: lane 1, molecular mass  panediol have been shown to be good substrates for the GD
markers; lane 2, crude extract froR coli cells harboring the (90), the interaction of both of these substrates was inves-
&iﬁ%ﬁ%&fj&%ﬁ?ﬁ?ﬁ’ é?StieO:rg],fT’lar.itti\gr?:Sh fraction; lane 4, 1ast o104, The binding mode of glycerol is shown in Figure 6.
A number of hydrogen bonds position the glycerol molecule
Sequence analysis also confirmed that the sequence for theso that both of the terminal carbon atoms are each 3.7 A
affinity-tagged GD-AE was correct. Since the point mutation from the y-sulfur atom of the active site cysteine (C433).
was on the GD and the Strep-Tag was on the GD-AE, we This residue is strictly conserved in PFL and ARNR. For
thought that this plasmid (pR782KGD-ST12) might still be PFL, Kozarich and co-workers have shown that a thiyl radical
useful for production of wild-type GD-AE as well as in is generated at this site as a result of hydrogen atom

66 kDa
45 kDa

24 kDa

14 kDa

investigating the impact of this point mutation on thesivo abstraction by the active site glycyl radicaBj. Comparison
activity of the glycerol dehydratase system. Surprisingly, no of the substrate-free and substrate-bound form of the GD
activity could be detected in crude extractsiorvivo for suggests that there is some movement ofytfsailfur atom

this construct. As was observed for the parent plasn@fls (  of C433 toward thex-carbon atom of G763 as this distance
reconstruction of this plasmid (without the R782K point is 4.4 A in the substrate-free structure and 4.0 A in the
mutation) resulted in full activityn vivo. To further confirm glycerol-bound structure. A thiyl radical on thresulfur atom

that the loss of activity was due to the R782K point mutation of C433 would be perfectly positioned to abstract a hydrogen
in the GD and not the affinity tag on the N-terminus of the atom from either end of the glycerol. The question of which
GD-AE, we have shown in Figures 1 and 2 it is possible to end of the substrate is the site of hydrogen atom abstraction
isolate the affinity-tagged GD-AE and use it to activate the arises. This is easily answered by examining the binding
wild-type GD. We then took a step backward and attempted mode of the alternative substrate 1,2-propanediol. The
to isolate the GD-AE anaerobically from crude extracts of binding mode of 1,2-propanediol is shown in Figure 7. Of
E. coli cells harboring the pR782KGD-ST12 plasmid that particular interest is the purple density, which essentially
were grown under the conditions described previoua®).( represents the missing OH group when the 1,2-propanediol
The results of this purification are shown in Figure 5. Despite and glycerol data are compared. These data clearly place
the fact that the affinity tag is on the GD-AE, both the GD the 1-OH group of 1,2-propanediol in a hydrogen bond with
and the GD-AE eluted from the column after the column the carboxylic acid oxygen of E435 (2.6 A). At the opposite
had been washed with several column volumes of buffer. end of either substrate, a direct connection between the bulk
These data suggest that a tight protgimotein complex has  solvent and the active site is observed. This is accomplished
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Ficure 6: Stereoview of the active site with glycerol bound. All atoms are represented by ball-and-stick models with the carbon atoms
colored light brown, oxygen atoms colored red, nitrogen atoms colored blue, and sulfur atoms colored orange. The green cage represents
a Fourier differenceR, — F¢) map contoured atdtusing the observed glycerol-bound structure factors and the calculated phases from the
substrate-free model.

FiGure 7: Stereoview of the active site with 1,2-propanediol bound. All atoms are represented by ball-and-stick models with the carbon
atoms colored light brown, oxygen atoms colored red, nitrogen atoms colored blue, and sulfur atoms colored orange. The green cage
represents a Fourier differende,(— Fc) map contoured atgtusing the observed 1,2-propanediol-bound structure factors and the calculated
phases from the substrate-free model. The purple cage represents a Fourier diffesende,)(map contoured atgtusing the observed
glycerol-bound structure factors and the calculated phases from the 1,2-propanediol-bound model.

through a series of hydrogen-bonded water molecules thatwould be equivalent to C433 in the GD and would represent
extend from the side chain of D447 to the surface of the the site of the thiyl radical. Therefore, our proposed mech-
enzyme and into the bulk solvent. anism for B-independent glycerol dehydration is shown in
Mechanism of B-Independent Glycerol Dehydration. Figure 8, and begins at the point where, by analogy with
Given the structural details revealed here and the extensivePFL, the active site glycyl radical has already abstracted a
information available for the B-dependent glycerol and diol  hydrogen atom from the-sulfur atom of C433.
dehydratases, a reasonable hypothesis for theBependent The binding modes of the substrates examined here
mechanism of glycerol dehydration can be surmised. Given indicate that a thiyl radical at C433 would be perfectly
that the GD system is structurally similar to PFL and the positioned to abstract thgro-S hydrogen atom from C1 of
observation that the activation of the GD by the GD-AE is either substrate. A significant mechanism for lowering the
SAM-dependent, we propose that the activation mechanismactivation barrier for this event may come from the resonance
will be similar to that of PFL, specifically, that activation of of the peptide bond between residue 433 and residue 434.
the GD by the GD-AE will result in a stable glycyl radical Since the amide proton of this peptide is hydrogen bonded
at G763 and that this radical will be in equilibrium with a to the acidic side chain of E435, the strength of this hydrogen
thiyl radical at they-sulfur atom of C433. Whether this is  bond is associated with the overall resonance of the peptide
the case, and the mechanism of propagation of a radical frombond. This will further have a direct impact on the hydrogen
the GD-AE to the active site of the GD, are currently under bond between the hydroxyl group of the substrate and the
investigation. In particular, the observation that the key side chain of E435 (see Figure 8, steps A and B). At present,
glycine residue is structurally conserved in the models of it is not clear how this equilibrium might influence the initial
the GD, ARNR, and PFL would suggest that these enzymesabstraction of the hydrogen atom.
all share a common activation mechanism. While PFL  Although the B,-dependent reactions are quite diverse,
appears to require two cysteine residues (C418 and C419)all of them, except for the ribonucleotide reductase reaction,
for activity, only one of these residues (C419) is conserved involve an intramolecular group transfer reaction. In the case
in the sequence and structures of the GD and ARNR. This of the diol dehydratase reaction mechanism, this involves
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Ficure 8: Proposed mechanism of vitaminBndependent glycerol dehydration by tBe butyricumglycerol dehydratase.

the overall migration of a hydrogen atom in exchange for position of K" and 1,2-propanediol in the binding site of
the movement of the OH group in the opposite direction. the B-dependent glycerol dehydratase mod&)(In both
Because of the nature of these reactions, the mechanism othe glycerol- and 1,2-propanediol-bound forms of thg-B
group migrations is difficult to study and has been the subject independent GD presented here, we clearly see the interaction
of considerable debate (recently reviewed in ). In of two histidine residues with what would ultimately be the
particular, it is difficult to obtain direct evidence for a specific migrating OH group. Because H164 is involved in a
mechanism from biochemical studies. Therefore, model hydrogen bond with a backbone carbonyl, it would better
reactions, X-ray structures, and theoretical calculations haveserve as the hydrogen bond acceptor for the OH group at
provided significant insight. Of particular interest to this work C2 of the substrate. H281 is a hydrogen bond acceptor for
is the proposal by Golding and Rando89) that the barrier  the side chain amino group of K323 and therefore would be
in the intramolecular 1,2-shifts of an OH group, through a better suited to serve as a conjugate acid for the stabilization
cyclic transition state, is reduced by protonation of the of the transition state shown in Figure 8C. The nitrogen atom
migrating OH group. A significant problem is that the nature of H281 is also slightly closer to the migrating OH group in
of an acid required to protonate this species would be outsideboth the glycerol- and 1,2-propanediol-bound structures (2.8
the range of acidic groups found in proteins. Although the A compared with 3.0 A). This mechanism is further
active site of an enzyme can modulate,walues substan-  supported by computational results that indicate that the
tially, the pH at which the enzymes are functioning in general presence of imidazolium is effective for transition state
would indicate that the majority of the acidic groups would stabilization in the absence oftK40). For these histidine
exist as COO, and therefore, the conjugate acids of the residues to maintain their interaction with this OH group,
active site residues are more likely. A Lewis acid such as the product must reorient itself in the active site. This would
K* might also lower the energy of this transition state. The essentially amount to a 180otation that would place the
latter proposal is consistent with the requirement for potas- secondary carbon radical in the proximity of thesulfur
sium in the B,-dependent dehydration of glycerol and the atom of C433 (Figure 8D). In this sense, the migration of
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the OH group is essential for regeneration of the catalytic 11.Rudie, R. (2000) Cargill Dow sews seeds of future fibers; Will
radical at the active site. Whether the migration of this OH
group is stereospecific, as has been shown for the B

dependent glycerol and diol dehydratases, remains to be

addressed.

Summaryln this work, we present the first isolation and
preliminary biochemical characterization of a;#ndepen-

dent glycerol dehydratase. The 1,2-propanediol dehydratase 14-

activity is significantly greater than what has previously been
reported for the B-dependent glycerol and diol dehy-
dratases. We also report the crystal structure for the B
independent GD and show that it is similar to PFL in both

structure and the SAM-dependent activation mechanism. The ;¢

observation that only the C-terminal domains of PFL and
the GD crystal stuctures align, coupled with the observation
that a single-point mutation (R782K) in this domain results
in the formation of a tight complex vizo, provides support

for

our hypothesis that this is the binding site for the

activating enzyme. Further crystallographic analysis of the

binding modes of glycerol and 1,2-propanediol has provided ;g

critical insight into the mechanism of ;Bindependent

dehydration reactions. Taken together, the biochemical and
structural data presented here provide a solid foundation for

a further understanding the;Bindependent dehydration
reactions and the radical SAM activation mechanism in two-
component systems such as PFL.
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