Supporting Online Material for

Extending the Carbon Chain: Hydrocarbon Formation Catalyzed by

Vanadium/Molybdenum Nitrogenases*

Yilin Hu,""“’T Chi Chung Lee,** Markus W. Ribbe’

Department of Molecular Biology and Biochemistry, University of California, Irvine, CA 92697-

3900

*This manuscript has been accepted for publication in Science. This version has not undergone

final editing. Please refer to the complete version of record at http://www.sciencemag.org/. The

manuscript may not be reproduced or used in any manner that does not fall within the fair use

provisions of the Copyright Act without the prior, written permission of AAAS.

“These authors contributed equally to this work.

"To whom correspondence should be addressed. E-mail: yilinh@uci.edu (Y.H.); mribbe@uci.edu

(M.W.R.)

This PDF file includes:
Materials and Methods
Figs. S1 to S4

Table S1



MATERIALS AND METHODS

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Natural abundance *CO (99.5% purity) was purchased from Airgas (Lakewood, CA). All
isotope-labeled compounds (> 98% isotopic purity) were purchased from Cambridge Isotopes

(Andover, MA).

Protein Purification. Azotobacter vinelandii strains expressing wild-type VFe and MoFe
proteins, and vnfH- and nifH-encoded Fe proteins were grown as described elsewhere (4).

Published methods were used for the purification of these nitrogenase proteins (4).

Activity Determination. All nitrogenase activity assays were carried out in the presence of
100% CO at ambient temperature and pressure as previously described (7), except that the assays
were scaled up by 130-fold from a standard reaction (4, 6, 7). In a 25 mL glass vial, each H,O-
based assay had a total volume of 13 mL and contained 25 mM Tris buffer (pH 8.0), 25 mM
ATP, 52.5 mM MgCl,, 300 mM phosphocreatine, 1.35 mg/mL phosphocreatine kinase, 20 mM
dithionite, 200 mg VnfH or NifH and 20 mg VFe or MoFe protein. The D,O-based assay had the
same composition as the H,O-based assay, except that all components were dissolved in 25 mM
(D11)-Tris (i.e., (DOCD,);CND,) buffer and that all protein samples were exchanged into the
same deuterated buffer. The pD of this buffer was adjusted to 8.0 with DCl and NaOD,
determined by the previously established equation [pD = measured pH + 0.40 (24)], and further
verified by pH indicator strips. Simultaneous determination of the hydrocarbon products was

performed on an alumina F-1 column (Deerfield, IL). The products CHs, C;H4, C,Hg, CsHg,



C;sHs, a-C4Hg, and n-C4Hjo, as well as their deuterated counterparts, were quantified using a
previously published method (4, 25) as follows. First, varying amounts of purchased standards
(0-1%) were determined by a GC-FID equipped with an alumina F-1 column. Then, a linear
standard curve (R>0.97) was constructed by plotting the known amounts of standards versus
their respective, integrated areas. Finally, the samples were measured by the same GC-FID setup
and the abundance of each given species in the samples was determined from the standard curve.
The gas pressure of each injection was carefully normalized to obtain a consistent volume of

analysis.

GC-MS Analysis. Samples were prepared as above, except that the reactions were terminated
after 5 hr. GC-MS analysis was performed on an Agilent 6890 GC system coupled to a Waters
GCT-Premier time-of-flight mass spectrometer. For each sample, 50 puL of gas was injected into
a split/splitless injector, which was operated at 125°C in split mode (30:1 split ratio). Gas
separation was achieved with a PLOT-Q capillary column (0.320 mm ID x 30 m length), which
was held at 40°C for one min, increased to 120°C at a rate of 5°C/min, and held for an additional
3 min at 120°C. Carrier He gas was passed through the column at 1.1 mL/min. The mass
spectrometer was operated in electron impact ionization mode at 7000 resolution and calibrated
over a range of 18 to 614 m/z using reference HO, N, O, Ar, and CO, in addition to ions from
the mass reference compound tris(perfluoro-tributyl) amine. The calibrated mass axis was locked

to the CF5 " ion at 68.995 m/z.
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Fig. S1. Identities of hydrocarbons formed by V nitrogenase. GC-MS analyses of one (A)-, two (B)-, three (C)-, and four (D)-carbon
products formed in the presence of 100% CO. The products were generated in the presence of HO (1 and 2) or D,O (3 and 4) with
2CO (1 and 3) or *CO (2 and 4) as the substrate. The mass-to-charge (m/z) ratios at which the products were traced are indicated in
the figure. See Fig. S3 for the GC-based activity analyses of product formation and Fig. S4 for the representative GC traces of product

distribution.



FIGURE S2

A B C D

One-carbon Two-carbon Three-carbon Four-carbon
product products products products
100 F m/z 100 100 | miz 100 100 | miz 100 F  m/z 100 F m/z
=16.032 =56.064 =58.080
2CH YC,H 2¢,H
50 | 4 50 50 50 50 50 48 50 %
1 1 1
0 0 0 0] 0 0 M 0
100 F m/z 100 100 100 F sz 100 100 F  m/z 100 F m/z
=17.035] =45.057 =60.076 =62.092
13CH4 13C3H6 13CAH8 13(:AH1O
S 50F gso gso gso— 2 < 50 S 50F
3 2 3 3 ] 2 ] 3 2 3 2
S [ PPR PR Y S g 3 3 g 3
g 0 g 0 g 0 T 9 T g 0 g 0
§ 100 F m/z éloo § 100 | m/z é 100 F /2 émo é 100 F /2 é 100
< =20.056 < < =36.084 < =48.084 < < =64.112 <
= 2cp 2 > 2cD > 2c.D, 2 = 2cp =
T 50 ¢ T 50 & 50 2o T 50 e T 50 T s0f ° T 50
& 3 & & 3 & 3 & & 3 &
Opb—Mm | 0 0 0|
100 } miz 100 f miz 100 F /2 100 | m/z 100 F /2 100
=21.059 =38.090 =55.121 =68.124
13, 13 13, 13
cD C,D c,D c,D
50 | 4 50 | 2e 50 ee 50 | e 50
4 4 4 4
0 A 0 0 0] . 0]
1 2 3 20 25 30 35 325 425 525 80 85 9.0 95 95 105 115 1575 16.75 17.75 165 175 185
Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min)

Fig. S2. Identities of hydrocarbons formed by Mo nitrogenase. GC-MS analyses of one (A)-, two (B)-, three (C)-, and four (D)-
carbon products formed in the presence of 100% CO. The products were generated in the presence of H,O (1 and 2) or D,O (3 and 4)
with "2CO (1 and 3) or *CO (2 and 4) as the substrate. The mass-to-charge (m/z) ratios at which the products were traced are indicated
in the figure. See Fig. S3 for the GC-based activity analyses of product formation and Fig. S4 for the representative GC traces of

product distribution.
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Fig. S3. Time-dependent formation of hydrocarbons by V (A)- and Mo (B)-nitrogenases.
Formation of CH4 (1), CoHs (2), C2He (3), C3Hg (4), C3Hs (5), a-C4Hg (6) and n-C4H, (7) in the
presence of H,O (-e-) or D,O (-0-) over a time period of 120 min. Data are presented as mean +
SD (N =)5).
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Fig. S4. Gas chromatography of hydrocarbon products formed by V (A, B)- and Mo (C, D)-
nitrogenase-catalyzed reactions in H,O (A, C) and D,O (B, D). The CO-background was
subtracted from all traces.



TABLE S1

Table S1. Alkene/alkane ratios of V- and Mo-nitrogenases.

V nitrogenase Mo nitrogenase
Products Alkene/ Alkene/ Alkene/ Alkene/
Alkane Alkane Alkane Alkane

One-carbon  Methane CH, or CD,

product
Two-carbon  Ethylene C,H, or C,D, 31.78 22.46 2.00 6.92
products

Ethane C,Hg or C,Dg
Three-carbon Propylene  C;Hg or C;Dg 0.08 0.38 0.50 0.89
products

Propane C;Hg or C;Dg
Four-carbon o-Butylene C,Hgor C,Dg 0.60 0.68 -- 0.92
products

n-Butane C4Hyp 0r C,Dyy

All ratios were calculated based on the data in Figure 2.



