5. PAPER 1V: BCHJ FUNCTIONS LIKE A MAGNESIUM-
PROTOPORPHYRIN IX CARRIER BETWEEN MAGNESIUM
CHELATASE AND S-ADENOSYL-L-METHIONINE:
MAGNESIUM-PROTOPORPHYRIN IX O-
METHYLTRANSFERASE IN RHODOBACTER CAPSULATUS

5.1 Synopsis

o Determined the interaction between magnesium chelatase and O-methyltransferase or BchJ

from Rba. capsulatus using magnesium chelatase assays
o BchJ was heterologously expressed and purified
o Spectroscopically established that both Bchd and BchM bind proto and Mg-proto

o Upon Mg-proto binding, BchJ had a flexible secondary structure, while BchM was

comparatively rigid

o BchM and BchJ shifted the reaction equilibrium of magnesium chelatase by removing Mg-

proto from BchH
o A 1:1 molar ratio of BchH-Mg-proto:BchM/BchJ was found

o Interaction of BchH with BchM prevailed over BchH-BchJd suggesting Bchd is a porphyrin

carrier
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Summary

Substrate channelling between the enzymatic steps in the (bacterio)chlorophyll biosynthetic pathway
catalyzed by magnesium chelatase (Bchl/Chll, BchD/ChID, and BchH/ChIH subunits) and S-adenosyl-L-
methionine:magnesium-protoporphyrin IX O-methyltransferase (BchM/ChIM) has been suggested. This
involves delivery of magnesium protoporphyrin IX from the BchH/ChIH subunit of magnesium chelatase
to BchM/ChIM. Stimulation of BchM/ChIM activity by BchH/ChIH was previously shown, and physical
interaction of the two proteins has been demonstrated. In plants and cyanobacteria there is an added layer
of complexity as Gun4 serves as a porphyrin (protoporphyrin IX and magnesium-protoporphyrin IX)
carrier but this protein does not exist in anoxygenic photosynthetic bacteria. Recently it was proposed that
another protein, Bch] may fulfill a similar role since it has no currently assigned function in the well

established pathway.

In this study we further characterized the magnesium chelatase-BchM interaction by focussing upon
magnesium chelatase assays. We purified Bch] from Rhodobacter capsulatus and conducted experiments
with this protein in parallel with BchM. Our results suggested that both BchM and Bchl interacted with
the BchH-Mg-protoporphyrin IX subunit of magnesium chelatase in a 1:1 molar ratio. Despite this
similarity, BchM and Bch] were differentiated in this interaction by their release or retention of
magnesium-protoporphyrin IX respectively. BchM exhibited the dominant interaction with BchH-Mg-
protoporphyrin IX over Bchl in a coupled magnesium chelatase assay. We propose that Bchl could play a

role as a magnesium-protoporphyrin IX transporter between BchH and BchM.
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Introduction
Magnesium chelatase (E.C. 6.6.1.1) and S-adenosyl-L-methionine:magnesium-protoporphyrin IX
O-methyltransferase (BchM) (E.C. 2.1.1.11) catalyze sequential steps of the (bacterio)chlorophyll

biosynthetic pathway [1-4]. Magnesium chelatase requires free magnesium and ATP hydrolysis to
convert protoporphyrin IX (proto) to magnesium-protoporphyrin IX (Mg-proto) [5-12]. This is followed
by O-methyltransferase using the ubiquitous methylating molecule S-adenosyl-L-methionine (SAM) to
convert Mg-proto to Mg-proto monomethyl ester [13-16]. Magnesium chelatase is the more complex of
the two enzymes, composed of at least three subunits. It consists of Bchl, BchD, and BchH subunits from
bacteriochlorophyll biosynthetic bacteria or Chll, ChlD, and ChIH subunits from chlorophyll biosynthetic
organisms including bacteria, algae and plants. There are differences in complexity of magnesium
chelatase depending on the organism. For example Arabidopsis thaliana (A. thaliana) has two Chll
isoforms [17] with each protein contributing to magnesium chelatase activity and complex formation [18-
20]. The green sulphur bacterium Chlorobaculum tepidum (C. tepidum) has the unique property of having
three isoforms of BchH [21, 22], with suggestions of regulatory properties of at least one subunit [23].
Bcehl and BchD hexamers [24-26] form a symmetrically stacked BchID complex, with each subunit
composed of a trimer of dimers or dimer of trimers [27], and BchD providing a stable platform for Behl
[24]. The largest subunit of magnesium chelatase, BchH, contains proto bound [8, 28, 29] and transiently
interacts with the BchID complex [30, 31]. This interplay initiates a burst of ATPase activity supplied by
Bchl which drives magnesium chelation to form Mg-proto [32, 33]. It has been shown in plants (A.
thaliana) and cyanobacteria (Synechocystis) that a subsidiary porphyrin binding protein, Gun4 associates
with ChlH and increases magnesium chelatase activity [34-37]. This interaction was recently localized at
the chloroplast membranes [38] which is consistent with single protein studies of both Gun4 and ChlH
existing in the stroma and membrane [35, 39, 40]. Currently there is no identified homolog of Gun4 in
anoxygenic photosynthetic bacteria and it was suggested that Bchl, a protein absent in plants, algae, and

most bacteria could play a similar role to Gun4 in purple (sulphur and non-sulphur) bacteria and green
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sulphur bacteria [1, 41]. This was postulated since Bch] lacks 8-vinyl reductase activity [41], which
contradicted the conclusions drawn from previous mutational studies of bchJ [42]. However the role of

Bchl] has not been studied so it has no classified role in bacteriochlorophyll biosynthesis.

O-methyltransferase has been thoroughly characterized biochemically in the 1970’s-80’s [43-46]
with studies also conducted on highly purified his-tagged enzymes from Synechocystis [47, 48],
Rhodobacter capsulatus (Rba. capsulatus) [49], and C. tepidum [23]. The enzyme is membrane-
associated [14-16, 44, 50], and is a high-molecular weight polymer in anaerobic bacteria [23, 49],
whereas the cyanobacterial form is soluble as a monomer [48]. The recent report showing the potential of
a continuous coupled colorimetric assay for SAM-dependent methyltransferase enzymes [51] was
validated with ChIM of Synechocystis yielding kinetic constants comparable to previous uncoupled
HPLC-based stopped assays for O-methyltransferase [52]. Other work has found an inextricable link
between folate biosynthesis and O-methyltransferase activity, which was due to the C1 pathway [53] and

SAM/SAH metabolic levels [54].

The interaction between magnesium chelatase and O-methyltransferase has been known for over
35 years through initial experiments using whole cells of Rba. sphaeroides [55]. However the precise
nature of the interaction was not apparent until much later particularly due to the complexity of
magnesium chelatase. A breakthrough occurred with the discovery that BchH is the porphyrin binding
subunit with a ~1:1 molar ratio of protein:porphyrin [8]. Since this subunit shares the ability to bind Mg-
proto with O-methyltransferase, interactions between BchH/ChlIH of magnesium chelatase and O-
methyltransferase may be possible. Studies using Synechocystis showed a large stimulation of O-
methyltransferase activity with ChlH up to ~10-fold on a millisecond time-scale [56]. A 1.3-1.6-fold
increase in O-methyltransferase activity was also found with BchS and BchT isoforms of B¢chH from C.
tepidum [23]. BchH from this species actually reduced O-methyltransferase activity prompting the idea it
could be involved in regulation [23]. Some evidence also exists for BchH-BchM interactions in Rba.

capsulatus [57], however crude protein preparations were used in this study and the precise molecular
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interaction could not be deduced. Our previous findings showed no distinct impact of O-methyltransferase
activity upon addition of various magnesium chelatase subunits, including the fully functional BchIDH
complex [49]. Another study showed magnesium chelatase activity acted in parallel with O-
methyltransferase activity in transgenic sense and antisense ChIM Tobacco plants [58]. The RNA and
protein expression of ChlH and O-methyltransferase also acted in unison [58]. Another report showed the

physical interaction between ChlH and ChIM from Tobacco with a yeast 2-hybrid system [59].

In this study we wish to present further evidence highlighting the interaction between magnesium
chelatase, BchM, and Bch] from the purple non-sulphur bacterium Rba. capsulatus. Our results
predominantly focussed upon the shift in magnesium chelatase reaction equilibria of proto/Mg-proto upon
addition of BchM or Bchl. We provide kinetic evidence of a direct interaction between BchM or Bchl
with the BchH-Mg-proto subunit of magnesium chelatase, and show a concentration-dependent effect.
Our data also suggested there is an interaction between BchM and BchlJ. We propose that Bch] may serve

as an Mg-proto carrier between BchH-Mg-proto and BchM.

Results and Discussion

Physical and structural properties of Bch]

Bchl was readily purified to homogeneity in a single step using metal affinity chromatography (Fig. S1).
Bchl (22 kD) behaved as a high molecular weight complex by size-exclusion chromatography even in the
presence of detergent Triton X-100 (Fig. S2). It has already been shown that BchM exists as a large
molecular weight multimer in both purple non-sulfur and green sulphur bacteria by gel filtration [23, 49]

and this is different to ChIM from Synechocystis which exists as a monomer [48].

Our CD spectroscopy data showed BchM and Bch) have well-defined and similar secondary structure
compositions, with the majority of secondary structure being alpha-helical (52-53 %). There is a relatively
large proportion of unordered structure (19/25 %) for Bchl/BchM, and Bchl has a higher proportion of

beta strands over BchM alone (20.8/9.1 %) (Fig. 1 and Table S1).
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Effect of magnesium upon BchM or BchJ, and their interactions with magnesium chelatase

Since coupled magnesium chelatase assays with BchM or Bchl requires free magnesium, we first tested if
magnesium would be detrimental to BchM or Bchl individually in terms of solubility. Free magnesium
above ~2 mM caused substantial aggregation of BchM, whereas Bch] was mildy affected at ~8 mM (Fig.
2A). In terms of their effect on magnesium chelatase, BchM, Bchl, or detergent Tween 80 all increased
product formation of magnesium chelatase in a similar manner at concentrations above 2 mM free
magnesium. BchM also showed this effect at lower free magnesium concentrations tested (0.78 and 1.2
mM) (Fig. 2B). The aggregation of BchM in this study could explain the adverse effect of magnesium
previously observed in O-methyltransferase activity (65 % reduction at 10 mM) [49]. Interactions of
BchM, BcehlJ, or Tween 80 with magnesium chelatase suggested magnesium chelatase first has to form a
stable complex before it can effectively interact with Bchl or Tween 80, whereas BchM may participate
in the stabilization of the magnesium chelatase complex. The interaction of BchM or Bchl with
magnesium chelatase is comparable at higher magnesium concentrations (Fig. 2B) which indicated the
aggregative effect of magnesium had no negative impact on the ability of BchM to interact with

magnesium chelatase. This implied that BchM may naturally act as an aggregate.

Using the aggregation of BchM or Bch]J to co-precipitate magnesium chelatase subunits

We further analyzed interactions of magnesium chelatase with BchM or Bchl by looking at the
distribution of proteins into soluble and insoluble fractions. It should be noted that the supernatant
fractions (Fig. 3A) had one sixth of the relative loading of the pellet fractions (Fig. 3B). At the
magnesium concentration used, BchH was largely soluble, BchM was largely insoluble, whereas Bchl
existed in both the soluble and insoluble fractions (Fig. 3A and B). Addition of BchM or Bchl to
magnesium chelatase significantly increased the proportion of BchH into the insoluble fraction. There

was a less distinct increase in Bchl and BcehD into the insoluble fraction, thus suggesting there is a
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physical interaction between BchH and BchM or BechH and Bcehl. The interaction involved aggregates of

each protein indicating a membranous interaction may occur in vivo.

Spectroscopic analysis of BchM or BchJ with Mg-proto and proto; soret and far-UV changes

BchH can bind proto and Mg-proto [8, 28, 29] so we tested the ability of BchM or Bchl to bind proto and
Mg-proto because this may provide more information on BchM/BchJ-BchH interactions. Both BchM and
Bchl could bind proto and Mg-proto in vitro using absorbance spectroscopy (Fig. 4). Soret spectra of
BchM and Bcehl were red-shifted by ~10 and 25 nm for Mg-proto and proto respectively with positive
(Tween 80) and negative (aldolase) controls for comparison. Thus the absorbance spectra indicated BchM
or Bchl change the environment of proto/Mg-proto similar to micellar Tween 80, implying a specific
binding of the porphyrins to a hydrophobic pocket. The shift in soret is characteristic of a non-planar
rearrangement of the porphyrins [60]. Distortion of the tetrapyrrole nucleus is common in nature
(reviewed by Shelnutt et al.) [60], most notably seen with many heme (iron tetrapyrrole) binding proteins,
but also nickel porphyrin binding protein (cofactor Fu3), and bacteriochlorophyll binding photosynthetic

reaction centres.

We further tested soret and far-UV properties of BchM and BchlJ, and when bound to Mg-proto using CD
(Fig. 1). BchM showed changes in the soret region upon binding Mg-proto but there was no obvious
change in the far-UV region (Fig. 1 and Table S1). The differences in the soret region upon Mg-proto
binding to BchM signifies asymmetric changes in porphyrin planarity. Therefore it is suggested that
BchM has a rigid secondary structure that undergoes relatively little change upon binding Mg-proto,
instead causing Mg-proto distortion. An even more prominent shift in the soret CD signal was previously
observed using apomyoglobin reconstituted with hemin [61]. Contrastingly BchJ showed no structural
changes upon binding Mg-proto in the soret region, however significant differences were observed in the
CD spectra of the far-UV region. The changes in the far-UV region were seemingly inversely related,

with a decrease in beta strands (20.8 to 6.2 %) balanced by an increase in regular alpha helices (34 to 47
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%) (Table S1). Thus, in comparison to BchM, Bch) showed a comparatively malleable secondary
structure with the changes presumably needed to accommodate Mg-proto since the porphyrin largely
retained its conformation. This tentatively suggested that Bch] may potentially bind other similar

porphyrins as shown recently with Gun4 [38].

Interaction between magnesium chelatase and BchM, Bch]J, or Tween 80

Previous findings have consistently shown the BchH subunit of magnesium chelatase enhances O-
methyltransferase activity with C. tepidum, Synechocystis, Rba. capsulatus and Tobacco [23, 56, 57, 59,
62], and thus it was implied that O-methyltransferase accepts the Mg-proto substrate when bound to
BchH. We found that BchM could utilize Mg-proto produced in situ from BchH with Mg-proto
monomethyl ester made in the complete coupled assay (BchIDHM SAM) (Fig. S3). Since Mg-proto is
retained by BchH following catalysis [29], this conclusively shows that BchM directly uses BchH-Mg-
proto as a substrate as previously suggested using Synechocystis [62]. We wished to more accurately
quantify the respective interactions of BchM, Bchl, or Tween 80 with BchH. Our experiments here
focussed on the magnesium chelatase assay because our previous findings could not establish a unique
stimulatory effect of magnesium chelatase subunits upon O-methyltransferase activity [49]. We initially
found that BchM, Bchl], or Tween 80 generated an increased amount of Mg-proto produced by
magnesium chelatase over time (Fig. 5). The time taken to reach equilibrium was significantly faster for
BchM over Bch] and Tween 80. This suggested that BchM was the primary interacting partner with
BchH compared with Bch] and Tween 80. Our subsequent experiments concentrated on the total amount
of product made by magnesium chelatase in the presence of BchM, Bchl, or Tween 80 additives at
equilibrium. Detailed kinetic analysis revealed that the nature of BchM and BchJ interactions with BchH
was different when compared with Tween 80 (Fig. 6). Namely the effect of each protein is ratio-
dependent with respect to BchH-proto concentration, while Tween 80 showed a concentration-dependent
effect that was independent of BchH-proto concentration. Thus the apparent K,, of BchM and Bchl

increased in parallel with ascending BchH-proto concentrations, whereas a global K,, was determined
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with Tween 80 (3.6 £ 0.2 pM). This was deemed the best analysis of Tween 80 since plotting individual
K. values only generated a range of 2.1-5.4 pM. The slope of apparent K, versus BchH-proto
concentration for BchM and Bchl respectively was 0.51 + 0.06 and 0.54 + 0.03 (Fig. 6D), indicating both
BchM and Bcehl have a 1:1 molar interaction with BchH. The optimal effect of Tween 80 is nearing the
critical micelle concentration (CMC) (10 uM) [63], thus suggesting that micellar formation is important.
The Tween 80 micellar molecular mass is ~78,600 as inferred from the aggregation number [64] and the
recently determined cylindrical/discus-shaped structure of Tween 80 by small-angle X-ray scattering [65]
is suggested to be important for sequestering Mg-proto from BchH. Optimal amounts of either BchM,
Bchl, or Tween 80 enabled magnesium chelatase to completely convert all of the proto bound to BchH
into Mg-proto, compared with 71 % conversion without these additives (Fig. 7). Our results showed that
either BchM, Bchl, or Tween 80 can shift the equilibrium of the magnesium chelatase reaction to the

product side by removing or sequestering Mg-proto from BchH.

Location of Mg-proto when equilibrium is shifted

Once equilibria of magnesium chelatase with BchM or Bch] was attained, each protein behaved
differently in terms of interaction with Mg-proto. We tested BchM with and without SAM, which
produced either Mg-proto monomethyl ester or Mg-proto respectively. BchM had the characteristic
ability to release Mg-proto or Mg-proto monomethyl ester from BchH into the soluble fraction, whereas
Bchl] remained associated with Mg-proto and BchH in the insoluble fraction (Fig. 8). When BchM and
Bchl] were combined with magnesium chelatase, BchM had the dominant effect over Bch] (Mg-proto was
released), which supported the time course experiment (Fig. 5). These results suggested there may be an
interaction between BchM and BchJ involving the transfer of Mg-proto. It is proposed that partly soluble
Bchl is a likely candidate for transfer of Mg-proto between the soluble BchH protein and membranous

BchM.

Conclusions
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In this study we compared and contrasted the interaction of BchM or BchJ with magnesium chelatase.
Kinetic data suggested the interaction of either BchM or Bchl involved a 1:1 molar ratio with BchH-Mg-
proto of magnesium chelatase, despite severe aggregation of BchM. BchM could directly interact with
BchH-Mg-proto and hand off Mg-proto or Mg-proto monomethyl ester in the absence or presence of
SAM respectively. Bchl acted as a magnesium-porphyrin binding protein that can remove Mg-proto from

BchH, and we suggest that Bch] probably delivers Mg-proto to BchM for catalysis.

Experimental procedures

Cloning of Bch)J

The plasmid pRPS404 consisting of the Rba. capsulatus photosynthetic gene cluster [66] was used as the
template in the 5 PRIME PCR extender system using the following primers; For 5’-
CAGCCATATGCTCGAGATGAGCGGTGCCGCGCCT-3’ and Rev 5’-
CAGCCGGATCCTCGAGTCAGCCGGAGTGGACAGA-3". The PCR method was as follows; initial
denaturation at 94 °C for 2 min, followed by 30 cycles consisting of a denaturing step at 94 °C for 30 s,
annealing at 65 °C for 30 s, and extension at 72 °C for 40 s. There was a final extension period of 2 min at
72 °C. The purified PCR product (Sigma GenElute PCR Clean-Up kit) was then mixed together with
pET15b vector (Invitrogen) previously digested using Xhol (Fermentas). Cloning and transformation was
performed according to the In Fusion 2.0 dry-down PCR cloning kit (Clontech). Transformants were
analyzed by colony PCR and positive clones were sequenced using the T7 forward primer 5’-
TAATACGACTCACTATAGGG-3" (Invitrogen). The pET15bBch] construct was subcloned into

BL21(DE3) Star E. coli for expression and protein purification.

Expression and protein purification

Expression and purification of magnesium chelatase subunits (Bchl, BchD, and BchH) and O-
methyltransferase (BchM) was performed as previously described [10, 32], and [49] respectively. Protein

expression and purification of 6x-his-tagged Bch] was achieved according to BchM with the following
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modifications. Harvested cells were resuspended in 125 mM imidazole, lysed (French Press at 700 bar)
and the supernatant was directly applied to a 5-mL HisTrap Ni** crude FF chelating column (GE
Healthcare Biosciences). The column was washed with 50 column volumes of the same buffer, followed
by elution with 20 mM Tris-HCI pH 7.9, 500 mM NaCl and 500 mM imidazole. Fractions containing
eluted protein were pooled, desalted and concentrated with repeated washing using 5 mM Tricine-NaOH
pH 8.0, and 1.1 M glycerol (10 kDa cut-off centrifugation device, Millipore). Typical yields were
approximately 0.5-1 mg protein from 2 L culture. Concentrated protein was centrifuged twice at 18,000 g

for 5 min at room temperature before aliquots of the supernatant were snap frozen and stored at -80 °C.
Protein determination

Protein determinations for Bchl, BchD, BcehlJ, and BchM were performed using Bio-Rad protein assay
reagent [67] according to the manufacturer’s instructions with BSA as a standard. BchH-proto
concentration was determined as previously described [32] with all assays consisting of a 1.3:1 ratio of
BchH:proto.

CD spectroscopy

Measurements were carried out with a Jasco J-810 Spectrometer at 20 °C using a 10 mm path length
cuvette. Wavelength scans were generated from 185450 nm at 100 nm.min”', with 1 nm bandwidth, 2 s

response time, and 32 accumulations.
Magnesium chelatase assays

Assays were performed at 30 °C as previously described [24, 32] with the following final concentrations
unless otherwise stated in figure legends; 50 mM Tricine-NaOH pH 8.0, 12.5 mM MgCl, 2.2 mM
dithiothreitol (DTT), 1 mM ATP, 0.7 mM urea, 10.5 mM glycerol (assay buffer), and 12 nM BchD, 25
nM Bchl, and 150 nM BchH-proto. Concentrations of Mg-proto made were determined at equilibrium

whereupon the rate of magnesium chelatase was below 0.05 % 0.03 nmol Mg-proto.min™ .nmol” BchD.
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Kinetic analysis

The Michaelis-Menten equation (V= V., *[S1/(K,, + [S])) was used for nonlinear regression analysis with
GraphPad Prism Version 5.01 for Windows (GraphPad Software, San Diego, CA).

Calculation of free magnesium

Concentration of magnesium in our stock magnesium chloride solutions was determined by atomic
absorption spectrometry (GBC Scientific Equipment 932 AA spectrophotometer). The following
instrument parameters were used; lamp current, 3.0 mA, wavelength, 285.2 nm with a magnesium lamp,
slit width of 0.5 nm, time constant of 0.1, air-acetylene gas at fuel flow of 21 L.min™, air-flow at 10
L.min"", and three replicates of each reading. Magnesium standards (Choice Analytical) were prepared in
100 mL volumetric flasks in distilled water and used to construct a standard curve (R’= 0.991). The actual
magnesium concentrations used for our assays were determined after our stock magnesium chloride
concentrations were compared with the standard curve. These values were then used in WEBMAXCLITE

version 1.15 software (http://www.stanford.edu/~cpatton/MgATP-NIST.htm) [68] at ionic strength 0.05,

and 30 ° C with the appropriate ATP concentrations to determine free magnesium used in the assays.

0O-Methyltransferase assays and RP-HPLC separation of porphyrins

Assays were performed as described previously [49] and in figure legend and stopped with addition of an
equal volume of stop solution (80 % acetone). Samples were centrifuged at 18,000 g for 5 min, Tween 80
added to the supernatant to make a final concentration of 300 uM, and the supernatant analyzed by RP-
HPLC. RP-HPLC was performed as previously described [49] with the following modifications. The
HPLC method used a gradient of 0-67 % water to acetonitrile over 15.5 min at 2 mL.min”" with a
Shimadzu RF-535 Fluorescence detector (excitation at 412 nm, and emission at 602 nm) and SPD-M20

diode array detector.

Spectrophotometry

Page 12 of 37

117



Page 13 of 37

©CoONOOOA~WN =

FEBS Journal

Absorbance spectra were taken using a Beckman DU 640 spectrophotometer at 240 nm.min”" with a 10
mm path length cuvette. Concentrations of BchM, BchlJ, aldolase, proto and Mg-proto (where used) were

all 400 nM, whereas Tween 80 was 100 pM.

Porphyrins
The preparation and handling of Mg-proto and Mg-proto monomethyl ester standards was performed as

previously described [49].
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Supplemental data
Fig. S1. Expression and purification of his-tagged BchJ. SDS-PAGE was performed using a 4-20 %
NuSep gel. Lane M, Bio-Rad broad-range ladder with molecular weights listed on the left-hand side in

kilodaltons, Lane 1. Uninduced cells, Lane 2. Induced cells, Lane 3. HisTrap purified Bchl.

Fig. S2. Approximate size determination of HisTrap purified BchM and Bchl. Size exclusion
chromatography was performed with a Superose 6 10/300 column (GE Healthcare Biosciences) at a flow
rate of 0.5 mL.min"" with elution buffer; 10 mM Tricine-NaOH pH 8.0, 2 mM DTT, 1.3 mM MgCl,, and
100 pM Triton X-100. Solid and dashed lines represent BchM and Bchl respectively. Arrow shows the
void volume of the column where blue dextran (GE Healthcare Biosciences) elutes (8.02 mL). Samples of

either 27 pg BchM or 90 pg Behl prepared in elution buffer were loaded in a total volume of 100 pL.

Fig. S3. RP-HPLC separation of porphyrin products from coupled magnesium chelatase and O-
methyltransferase assays. Each assay was performed according to magnesium chelatase experimental,
with 120 nM BchH-proto, 12.5 nM Bchl, 6.6 nM BchD, 21 mM glycerol, and additions of 200 uM SAM,
and 0.76 uM BchM were used where present. BchIDH represents magnesium chelatase alone, BchIDH,
SAM refers to magnesium chelatase with SAM, BchIDHM is magnesium chelatase with O-
methyltransferase, and BchIDHM, SAM is magnesium chelatase with O-methyltransferase and SAM.
Assays were stopped after 90 min, and compared to Mg-proto or Mg-proto monomethyl ester standards

(bottom two traces).
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Table S1. Secondary structure prediction of BchM and Bchl in the presence or absence of Mg-proto.

Predictions regarding the secondary structure of BchM and Bchl from Fig. 1 were performed with CDPro
software in the range 185-250 nm using reference set SMP50 consisting of 37 soluble proteins and 13
membrane proteins [69, 70]. Composition of the secondary structures was determined using the three
software programs; SELCON3, CDSSTR, and CONTINLL and their averages and standard deviations
summarized in the table. H (r) refers to regular alpha helices, H (d) are distorted alpha helices, S (r) are

regular strands, S (d) are distorted strands, T are turns, and U are unordered structures.

Sample H (r) H (d) S (r) S (d) T U

BchM 34+45 19+1.1 5.1+£27 40+£19 1527 25+5.7

BchM-Mg-proto 27478 17 £3:5 76+33 6.8+22 17+3.6 26+6.7

Bchl 34+7.7 18+39 12+8.1 8.8+£2.7 9+79 19+£7.1

Bchl-Mg-proto 47£6.8 18 £3.1 2429

(98]
S
I+
L
W
=
Q

4
o
n

20+ 10
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Schema

Schematic 1. Proposed reaction mechanism of magnesium chelatase and O-methyltransferase (BchM).
The porphyrin substrate of magnesium chelatase is denoted as BchH-proto and the catalytic component of
the enzyme is treated as the BchID complex. In the absence of BchM this reaction converts approximately
71 % of BchH-proto to BchH-Mg-proto. Upon the addition of BchM, there is a shift in the equilibria to
the right, producing up to 100 % BchH-Mg-proto depending upon the concentration of BchH-proto. It
appears the majority of additional Mg-proto made is released into solution in the presence of BchM at
equilibrium, and in the presence of SAM, Mg-proto monomethyl ester (Mg-proto ester) is made.
Interaction between magnesium chelatase and O-methyltransferase is a closed system with O-
methyltransferase able to remove the Mg-proto product directly from BchH with no need for exogenous
Mg-proto. An intact BchH-BchM complex is shown although it is unknown whether BchH and BchM

dissociate following Mg-proto transfer to BchM.

Schematic 2. Proposed reaction mechanism of magnesium chelatase and Bch]. Magnesium chelatase
together with Bchl produces up to 100 % BchH-Mg-proto, however once made, it is not readily released
into solution. From our experiments it appears the majority of additional Mg-proto made remains bound
to Bchl at equilibrium. At this stage it is unclear whether a BchH-BchJ-Mg-proto complex remains intact,

or if BchJ-Mg-proto readily dissociates from BchH.
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Figure legends

Fig. 1. Soret and far-UV circular dichroic spectra of BchM or Bchl with Mg-proto. Experiments were
performed in 10 mM sodium phosphate pH 7.6, 40 uM Tricine-NaOH pH 8.0, and 8.6 mM glycerol.
Concentrations of BchM, Bchl, and Mg-proto (where used) were all 400 nM. The x-axis is divided into
two sections for clarity with the left hand side providing secondary structure information of the protein
and right hand side depicting any interaction of protein with Mg-proto in the soret region. (A) BchM
alone (open circles), or BchM together with Mg-proto (closed circles). (B) Bchl alone (open circles), or
Bchl together with Mg-proto (closed circles).

Fig. 2. Aggregation of BchM or Bchl with magnesium, and their respective interactions with magnesium
chelatase. All experiments contained final concentrations as described for magnesium chelatase assays
except 3.2 mM DTT, 0.5 mM ATP, and variable free magnesium; 0.38, 0.78, 1.2, 2.0, 2.9, 3.7, 7.9, 12
mM were used, and where stated, 87 nM BchH-proto, 850 nM BchM/Bchl, and 64 uM Tween 80 was
also included. (A) Bradford assay of BchM or Bchl with increasing magnesium concentrations. Assays
were performed by adding the following components; 3.6 uL. BchID buffer (assay buffer with 4.4 mM
DTT, 10 mM urea, 3.5 mM glycerol), 23.8 uL. MgATP (assay buffer with 4.4 mM DTT, and variable
MgCl, concentrations; 0, 0.96, 1.93, 3.8, 5.8, 7.7, 17, and 27 mM), and 27.5 pL of either BchM (open
circles) or Bchl (closed circles). Samples were centrifuged (18,000 g for 7 min at room temperature), the
supernatant added to Bradford reagent (Bio-Rad) and compared to a standard curve (BSA) to generate
final concentrations on the y-axis. (B) Magnesium chelatase assays with the y-axis representing the total
Mg-proto produced at equilibrium. BchID (13.3 pL) was refolded in assay buffer as stated above and
diluted to 100 pL with variable concentrations of MgATP, followed by addition of 100 uL. BchH-proto
together with either buffer alone (50 mM Tricine-NaOH pH 8.0, 19 mM glycerol, 2 mM DTT) (open
squares), BchM in buffer (open circles), Bchl in buffer (closed circles), or Tween 80 in buffer (closed

diamonds).
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Fig. 3. Co-precipitation of magnesium chelatase subunits with BchM or Bchl; distribution of protein into
soluble and insoluble fractions. M refers to Bio-Rad broad-range ladder with molecular weights in
kilodaltons listed on the left-hand side. 1. BchIDH, 2. BchIDHM, 3. BchIDHI, 4. BchIDHTween 80.
Assays were performed as described for magnesium chelatase with the following final concentrations; 86
mM glycerol, 18 mM urea, 4 mM DTT, 0.33 uM BchD, 0.66 uM Bchl, 1.385 puM BchH-proto, and if
present, 2.7 uM BchM/Bchl, or 117 uM Tween 80 in a total volume of 160 pL. The total assay time was
90 min, followed by centrifugation at 18,000 g for 7 min at room temperature to separate supernatant and
pellet fractions. A total volume of 25 uL supernatant was loaded onto a 4-15 % polyacrylamide gel (Bio-
Rad) (A). The pellet fraction was further washed two times with 100 pL assay buffer without protein or
detergent, vortexed for 10 s, and centrifuged after each wash step with the supernatant of each wash
discarded. The final pellet was resuspended in 25 puL. SDS-PAGE load buffer (Nu-Sep) and the total

volume loaded onto the gel (B). The approximate position of each protein is listed on the right-hand side.

Fig. 4. Soret absorbance spectra showing binding of proto/Mg-proto to BchM or Bchl. All experiments
were performed in 10 mM sodium phosphate pH 7.6, 40 uM Tricine-NaOH pH 8.0, and 8.6 mM glycerol.
Dashed lines represent proto or Mg-proto alone, whereas filled lines show BchM, Bchl, Tween 80, or
aldolase together with proto or Mg-proto. Left-hand column (A-D) represents addition of Mg-proto to
BchM, Bcehl, Tween 80, and aldolase respectively. Right-hand column (E-H) represents addition of proto

to BchM, Bchl, Tween 80, and aldolase respectively.

Fig. 5. Product (Mg-proto) formation by magnesium chelatase increases with BchM, Bchl, or Tween 80.
All magnesium chelatase assays were performed as described in experimental except 0.5 mM ATP, and
140 nM BchH-proto was used. Four assays were conducted; magnesium chelatase alone (open circles),
and together with 860 nM BchM (closed circles, maroon), 860 nM Bchl (closed squares, blue), or 61 uM

Tween 80 (closed triangles, orange).
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Fig. 6. Differences in magnesium chelatase interactions with BchM, BchJ, or Tween 80. Magnesium
chelatase assays were performed as described with final concentrations of 4 mM DTT, 330 mM glycerol
0.7 mM urea, 7.7 nM BchD, and 15.8 nM Bchl. The following fixed BchH-proto concentrations were
used; 3.7 nM (open circles), 7.5 nM (open squares), 15 nM (open triangles), 30 nM (open diamonds), 60
nM (closed circles), 120 nM (closed squares), and 240 nM (closed triangles). The amount of Mg-proto
made at equilibrium by magnesium chelatase alone was assigned zero percent stimulation whereas one
hundred percent stimulation refers to the largest total Mg-proto made with magnesium chelatase coupled
with BchM, Bchl, or Tween 80. (A-C) represent variable concentrations of BchM, Bchl, and Tween 80
repectively at the fixed BchH-proto concentrations. A global apparent K, value for (C) was determined
using shared V. and K, values. (D) Apparent K,, values were determined from (A and B) at the fixed

BchH-proto concentrations with open and closed circles representing BchM and Bchl respectively.

Fig. 7. Quantifying the shift in equilibrium of magnesium chelatase with BchM, Bchl, or Tween 80.
Magnesium chelatase assays from Fig. 6 were re-analyzed showing the total amount of Mg-proto made by
magnesium chelatase at equilibrium. Pre-determined optimal amounts of BchM, Bchl, or Tween 80 were
taken from Fig. 6. Open circles represent the magnesium chelatase assay alone at the specified BchH-
proto concentrations and closed circles represent the addition of BchM (A), BchJ (B), and Tween 80 (C)

to the assay.

Fig. 8. Distribution of magnesium porphyrin into soluble and insoluble fractions following the shift in
equilibrium by magnesium chelatase-BchM/BchJ interactions. Magnesium chelatase assays were
performed as for Fig. 3 with the following modifications; 31 mM glycerol, 0.83 mM urea, 4 mM DTT, 15
nM BchD, 30 nM Bchl, 342 nM BchH-proto, and if present, 150 uM SAM, 750 nM BchM/Bchl, or 117
uM Tween 80 in a total volume of 160 pL. Following centrifugation, 45 pL of supernatant was added to
155 pL of 52 % acetone and 0.013 % ammonia, centrifuged again, and this was labelled as the
supernatant (s). The pellet fraction (p) was washed three times as described above. The third wash

supernatant was used for correcting the final pellet fluorescence values. The final pellet was resuspended
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in 710 uL 40 % acetone, 0.01 % ammonia, centrifuged and this supernatant used for fluorescence

measurements.
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