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ABSTRACT

Nitrogen fixation, the proces®f converting dinitrogen to ammonia, is performed
industrially and biologically by the HabBosch process and nitrogenase, respectively. The
resulting ammonia is largely used as fertilizer. Since there is a finite amount of ammonia
produced by nitrogenasewe are heavily dependent on the HaHgosch procesg only two-
FAFGKA 2F (GKS 62NIRQa LRLALFGAzy O2dA R -65 TSR
Bosch process cannot be overstated, our dependence on it has several drawbacks, including
signifcant energy costs (~5% of the annual natural gas consumption), greenhouse gas emissions,
and nitrate runoffs. By understanding the biological mechanism of nitrogen fixation, we may be
able to (1) develop more efficient nitrogen fixing catalysts to repthose in the HabeBosch

process or (2) expreske novonitrogenfixing proteins in plants so crops can essentially fertilize

themselves Theprojects described in this thesis atm contribute to our understanding of the

mechanism of biological nitrogdixation throughstructuralstudiesof nitrogenase Nitrogenase

consists of the iron and molybdenuimon (MoFe) proteins, the latter of which contains the
active site, the FeMaofactor. Throughout my work | compare the MoFe proteins from
Azotobacter vinandii (Avl) andClostridium pasteurianunCpl),the two most structurally
divergent molybdenum nitrogenases knowmetermining the similarities and differences
between these proteins may aid our understanding of biological nitrogen fixabtyn first
project (Chapter Ill) compares a 1.88p1 Xray structure to a previously published 130Av1
structure. |determined that the center atom of the Cpl FeMmfactor is carbon, showing
conservation of cofactor structure amongolybdenum nitrogenass. Next, | ompared
substrate pathways in Avl and Cpl via Xe pressurization and identification of small molecule
binding sites (Chapter 1V). My most significant results include the structural and electronic

characterization of a reversible protonated resting staté\wl and Cp1 (Chapter VII).
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KEWOMENCLATURE
ADP:Adenosinediphosphate, a nucleotide, the product of ATP hydrolysi&DP temporarily
exists in two binding sites in the Fe protein until it can be replaced with ATP.

ATP:Adenosine triphosphateés a nucleotide. There are two ATP binding sites in the Fe protein.
Duringnitrogen reduction 16 ATP molecules are hydrolyzed tORAThe resulting energy drives
electron transfer between the Fe and MoFe proteins.

Av1l:The MoFe protein fromzotobacter vinelandii
Av2:The Fe protein fromhzotobacter vinelandii

Azotobacter vinelandii: An aerobic soil bacteriunthat expresses nitrogenasehe most
commonly studied species of nitrogenase structural, spectroscopic, and biosynthetic
investigations

Clostridium pasteurianumAn anaerobic soil bacteriuthat expresses nitrogenas¢his species
of Qostridiumis ronpathogenic.

Cpl:The MoFe protein fronClostridium pasteurianum
Cp2:The Fe protein fronClostridium pasteurianum

EPR:In this work, éectron paramagneticresonance (EPRpectroscopy isised to probe the
electronic structure othe FeMacofactor.

Fe potein: The iron protein of nitrogenase; a homodimeric protein containing one [4Fe:4S]
cluster and two nucleotide binding sites (one in each subunit)

FeMo-cofactor: A [7Fe:Mo:9S:®&homocitrate] clusterthat resides in the alpha subunit of the
MoFe proten andis the active site of nitrogenase

Klebsiella pneumoniaeAn aerobic soil bacteriurthat expresses nitrogenase.
Kpl:The MoFe protein fronKlebsiella pneumoniae
Kp2:The Fe protein fronKlebsiella pneumoniae

MoFe protein: The molybdenuriron protein of nitrogenase; a heterodimeric protein in which
each dimercontains one [8Fe:7S]-dtuster and one [7Fe:Mo:9S:Rhomocitrate] FeMe
cofactor.

Neutron crystallography:A technique usd to determine the atomic structure of crystallized
moleculesbasd on the diffraction neutrons from the nuclei of atoms in the molecules

P-cluster: A [8Fe:7S] clustdhat resides at the interface of the alpha and beta subuitshe
MoFe protein. This cluster receives electrons from the [4Fe:4S] cluster in the Fe protein and
transfers them to the FeMaofactor.

X-ray crystallography:A technique used to determine the atomic structure of crystallized
moleculesbased on the diffaction of Xraysoff of electrons in the molecel
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Conceptual Framework

I.A. Motivation

The first mention of nitrogenase in publishedientific work is in 19342 Over 80 years
later, its mysteries are being probed witbver increasingvigor. This enzyme catalyzes the
redudion of atmospheric dinitrogerto its bioavailable form, ammonjain a process called
nitrogen fixation.Nitrogenasehas intrigued so many scientists over the years because of its role
in the nitrogen cycle, its complex structure and function, and its i impact on sustainable
agriculture.lts complexityis illustrated by thdact that after decades of work, the mechanism of

biological nitrogen fixation remains enigmatithe work described in this thesis aims to

contribute to our understandingpf the mechanism of biological nitrogen fixatiairough

studiesof the nitrogenase component proteins that (1) compare and contiiaststructure of

two different species of nitrogenase to understand what structural features are conserved and

may therefore banechanistically impo&nt, (2) identify small molecule binding sites within the

proteins as a means efucidatingpotential pathwaysand other functionally relevant aspects of

the enzyme and (3) investigate the atomic and electronic structure of a prated resting state

of the active siteto learn about theprotonation events on and near the active site during

catalytic turnover

A complete understanding ofhe biological nitrogen fixation mechanism hdse
potential to greatly impactustainable agridture. Quoting Vaclav Smil, environmental scientist,

policy analyst, and author oEnriching the Earth: Fritz Haber, Carl Bosch, and the
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Transformation of World Food Productbn & NJ&A Odzf § dzNBE Q& LINAYOA LI f 20628

digestible & i NR3DEestible nitroger; ammoniac hasbeen manufactured by the Haber

. 230K LINROSaa aAayOS AlGa AygSy-BokRplocessgchémes S| NI &
1) yields about 275 billion pounds of ammonia per y&#he vast majorityof which is used in
syntheticfertilizers. Less than tefifths of the current world population could be fed without
synthetic nitrogen fertilizers, making the HaH&osch process a chief component of
agriculture® It is estimated that roughly half of the nitrogen atoms in a human body originate
from biological nitrogen fixation and the other half from synthetic fertiliZeM/hile the
importance of synthetic fertilizers can be overstated, we face the problem of the unsustainable
energetic and environmental costs of this process. For exantipde HaberBosch processs
responsible for-5%o0f (i K S ¢ anhlilédasamptionof natural gaswhosesteam reforming
releases greenhouse gas&sAlso, excestertilizer that is not incorporated into crops leads to

nitrate runoffs resulingin algal bloomshat can be toxi¢®

Schemd-1. Outline of synthetic ammonia production viag HaberBosch process

CH + HO 3k + CQ
steam methane
reforming \/\/ .
Greenhouse gas Excess fertilizer
converfsto nitrates
Iron catalysts /\j\
N, + 3H 2 NK

Temperature: ~30650° C
Pressure: ~15@50 atm

We may be able tolessen ourdependence onthe HaberBosch processby
understanding how biological nitrogen fixation wored incorporating this knowledge into

new industrial catalysts or genetic engineering of crops to expdessovonitrogenfixing
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proteinsthat allow plants tomaketheir own ammonia Regarding the former, some synthetic
inorganic groups are exploringon-biological nitrogenixing catalysts. For example, the
formation and isolation of intermediates in small molecule nitrogen fixing catalysts suggests that
dinitrogen reduction occurs by a mixed alternating and distal mechanBoheme -2).”#
Related studies haveexplainedthe importance of a labile bond to the iron, whiekludiatesthe

purpose of the interstitiacarbide in the FeMaofactor?1°

Schemel-2. Distal and alternating pathways for dinitrogen reduction as wesllitlze hybrid
crossover pathway.

I
T
Fe
2H" 2¢e 2H" 2e
2H" 2e
Distal Pathway Alternating Pathway Hybrid Pathway
NH, i\iH THz
N TH H
Fe Fe Fe
+ -
H' e 2H, 2e 2H", 2€
-NH3
NH, NH>
N | |
I
Fe | |
Fe Fe
2H" 2e
3H" 3e -NHs 2H*, 2e
NH, “NHa

What we currently understand about nitrogenase has alrgadnspired creative
approaches to sustainable ammonia productidnFor example,scientists are using our
knowledgeof the nitrogenase biosynthetic pathw&to engineer the enzyme in cereal crofis

15 A hurde in expressing functional nitrogenase in Aagtive species is ensuring that all of the
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20+ proteins required to yield active nitrogenase aréfigially present in the genome and
properly expressed in an anaerobic cellular environniéht As an alternative, imagine an
engineered nitrogesfixing protein with a simpler genome. Such a protewuld likely consist of
an ironsulfur clustersimilar to the active site of nitrogenas@/ork is being done elsewhere on
the selfassembly of proteind**® however, a thorough understanding dhe nitrogenase
mechanism could inform us oimleal geometry and coordination of metal centers and the
nearby protein environment ofle novonitrogenixing proteins. Engineering such a protein for
expression in crops would essentially allplants to provide themselves with fertilizer; thus,

reaching a state of sustainable agriculture.

|.B. Structureof nitrogenase

Nitrogenase(Figure 11) is an enzyme consisting of two proteilisThe simpler of the
two is the homodimeridron (Fe) protein, whicthas a mass ofbout 60 kDa and contains a
[4Fe:4S] cubane cluster at the interface of the two subunits as well as two nucleotide binding
sites (one in each subunit) that bind A2’Prhe molybdenuriron (MoFe) proteinabout 240
kDa is a heterodimercontainingli 4 2 02 LIA S & y 83 d2dKdz2AF( & ddimenpf tiel O K
az2CS LINRPGOSAYS>S KSNGBt dzat SikBES Ssublbiy DiSrivaefprdl oné t
[7TFe:Mo:9S:RK 2 Y 2 OA (i NI-QiSRI GhdzBEMERR -subynit, th&i&ter 'of which is the
active site?>?2 Additionally, there is a monauclear iron site, named Fel6, at the two interfaces
2 T alKySRsubufits The purpose of Feli§ not knowr?

Nitrogenase proteins are named based dmeir bacterial species and the protein
component number, whereomponentl and 2 refer to the MoFe and Fe proteins, respectively.

For example, the MoFe and Fe proteins expressedlastridium pasteurianurare calledCpl
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and Cp2, respectivelWitrogenags are divided into six groups based on their structure: (1)
MoFe proteins homologous to Avl, (2) MoFe proteins homologous to Cpl, (3 and 4) MoFe
LINEGSAYEa gAGK ayYltf AylayRehdurgts gAnf)2FaBe R&dinS, aid2 v a
(Vnf) FeV protims?* FeFe and FeV refer to componehtproteins containig Fe or Vat the
molybdenum site in the FeMoofactor. The focus of this work is on MoFe proteins from groups

1 and 2. Mbst structural, spectroscopic, and biosynthetic investigations of nitrogenase are
performed with Av nitrogenase. Cpdiffers by two insertion/deletion chains of about 50
residues eachit hasa sequence identity of ~368ompared to AvlThe cofactors are conserved

both in structure and location, as is most of the protein secondary structure elemghes.

similarities and differences between Cpl and Awdy shed light on the features important to

the mechanism of biological nitrogen fixatiandis fundamental to e work presented herein

Fe Protejp
ATR

3

e e
&

&3

FeMao-cofactor
[7Fe:Mo0:9S:®homacitrate]

MoFe Protein

>

&89 ~
: 2N
b &I
Figurel-1. (left) Nitrogenase consists of two proteins, the Mofegan)and Fe proteinggreen)
During turnover, ATP hydrolyzes and electrons transfer fréime [4Fe:4S] cluster in the Fe
protein to the Rcluster and FeMaofactor in the MoFe proteifright). Substrates bind and are
reduced at the FeMaofactor. For simplicity, onlpne heterodimer of the MoFe protein is
illustrated with cofactors and Ferotein binding. The proteins are shown in cartoon
representation and the cofactors are shown in bahd-stick models and colored by element
(yellow: S; orange: Fe; gray: C; cyan: Mo; red: O).
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I.C.Mechanismof biologicalnitrogen fixation

Schemd-3. Standardmodel ofbiologicalnitrogenfixation
N.+ 8H+ 8e+ 16 AT 2NH + H + 16(ADP + P

The standard model of biological nitrogen fixation is giveBéheme-B. For substrate
reduction to occuy sufficient buildup oklectrons and protonsirfcluding bridging hydridésat
the FeMaocofactor is requird. This is achieved through the following stép%:
(1) The Fe proteirbindswith the MoFe protein by hinging at the [4Fe:4S] clusiad
gripping the MoFe proteinso that the shortest possible distance between the
[4Fe:4S] clusrr and the Relusteris achieved”?® Sructural studies on Avl and Av2
complexeswith no nucleotide, MgADP, and MgAMPPCP suggest that the Ferprotei
may rock across the AvAv2 interface during the process of electron transfer.
(2) Oneelectrontransfersfrom the [4Fe:4S] clasr to the Rclusterupon hydrolysis of
two ATP molecules located in the Fe proté&hi?
(3) The Fe protein and MoFe protein dissociate from each other.
(4) The Fe protein exchanges two ADP for two ATP andrisdreced byferredoxin or
flavodoxin?®
(5) In the MoFe protein, electrons transféom the Rcluste to the FeMacofactor,and
substrates are reducedt the FeMaecofactor.
This process repeats eight times to reduce dinitragfeBix of these electrongducedinitrogen
to ammonia, and two are usediftnydrogen evolutiorthat occurs upon substrate binding to the
FeMo-cofactor3+%® Although it is unknown exactly where substrates are bound and reduced, the

nitrogenase scientificommunity generally favors an irdrased eduction mechanism over a
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molybdenumbased mechanism; however, both types are observed using small moléétles.
Recent studies with CO and Se suggest that a substrate molecule may bind to FeeZabdy
displacing a belt sulfu¥:* Regarding the flow of electrorduring substrate turnover dedicit-
& LJS y Rrogebhds been proposeih which electrons first transfer from the-@uster to the
FeMo-cofactor, which gives the -Eluster a sufficiently low reduction potential to attract
electrons from the [4Fe:4S] clust&r

The accepted scheme for the kinetics of biological fixation is given by the-Lowe
Thorneley modeand reparametizedby the Watt group (Figure-2).4%4 TheE, states, in which
n varies from @7, refers to the number of electrons transferred to the MoFe proteinjsg&he
resting state. During the progressifmom the resting statéo more reducedstates of the MoFe
protein, molecular hydrogen may be formed at(&heren > 1) and released from the FeMo
cofactor, causing relaxation ta..E Dinitrogen binding occsratE and &. Acetylene, which is
commonly used to study theubstrateturnover activity of nitrogenase, can bind and be reduced

to ethylene in the Eand E state.

CoHy
E4HC,H, ——— > E,H,C,H;, ——— > E3HC,H, Eq«H
Csz/‘ Csz/‘
N2 Ha
Eq > EH » E,H, ——— » EjH; ——— E3N,H
| N2 Hz
N2 Hy
3 sHy ~—— E4NoH;
< H, VRN
7 N Ha
4
1
\
~
S~
E; ==— E; = EsNyH3

Figurel-2. A summary of the Low&horneley modet® Modeled from Scheme 3 of the following
reference®®
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I hope youenjoy the following chapters, which describe general methodology employed
for workingwith nitrogenase proteins as well aetailed descriptions of several projects that

aim to contribute to our understanding of the mechanism of biological nitrogen fixation.
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Methodology

II.A. Introduction to andcharacterization of Cp

Clostridium pasteurianun(Cp) isa Grampositive bacterium with a low-G+C content
from the clasFirmibacteria® It is a strict anaerobe found widespread in soil and a diazotroph
capable of producing endosporésThe Rees groupriginally obtained lyophilized Cp (strain
WS5, accessiomumber 6013) from the American Type Culture Collection (ATCQe early
M ¢ .5 o &erify the identity of thebacterium,| performedseveral experimentsMicroscopy
images of a liquid culture show the general Hdeé shape of Cp when it is healthy and at the
sporeproducing phase Higure H1). The gel from polymerase chain reactioRQR using
bacterial and universal primers for the RNA of the small ribosomal sulflébs rRNA) gene
(Figure H2) shows one band at ~1500 nucleotides with the bacterial primer and one band at
~1000 nucleotides with the universal primdrack of additional bands indicates that the Cp
culture is free from notbacterialcontamination Alsq RNAsequencing of thesmall rbosomal

subunit gavean identity of 99% (589/596¢0nfirming thatthe culture is Cp.

Figurell-1. All images arat 1000x magnificatiorfleft) Live view of Cp culturé&hort rods and
spherical objectsire Cpcellsorientated at an angle(middle) DAPI staine@p culturefixed ona
glass slide(right) DAPI stained Cp culture at the sp@mducing phase.
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Ladder
Bacterial primer

Universal primer

1500 nucleotides
1000 nucleotides

Figurell-2. Gel of PCR product using bacterial and universal primers for the RNA of the small
ribosomal subunit (16Sjene. The gels shatliat there is nonon-bacterialcontamination.

I1.B.Cellgrowths

11.B.i.Growth in mineral and potato media

Cp cultureswvere permanently stored il mL aliquotg0.5 mL culture and 0.5 mL 50%
sterilized glycerglin liquid nitrogen The frozen cell stock was replenished from 100 mL mineral
medium cultures in the growth phase (<24 hours growthiye cultures were maintainedn
mineral mediumagarplates with no ammonium source at 4° Ilgew platesvere streaked once
per month.Every six monthsiew plates were streaked frorfrozencell pelets; two consecutive
generations of plate growths were required to obtain healthy céllga plates were prepared
with mineral medium accordingable H1. Gontrary to liquid medium culturespo ammonium
chloride orcalcium carbonatevas addedl1.5% agar was added to the medium for plates prior
to autoclaving.Calcium chloride was not added uhtafter autoclaving, and a 100x calcium

chloride stock was used rather than 100 for liquid medium cultures. This preveggcium
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phosphate precipitationwhich appeas as smallvhite flakes in the cooled geMedia for plates
was generally made ablumes of 400 m20 plates.

To prepare cells for harvesting from a-fl5growth in a carboy, five new plates were
streaked near an open flame with a sterilized loop. Plates were incubated wpswie at 30° C
in a sealed jar kept anaerobic with an Oxoid AnaeroGen sachet {48 3®us. If plates were
streaked from freshly grown plates at 30° C, only 36 hours was required for full growth. If plates
were streaked from plates stored at 4° C, 48 hours was required for growth.

While the plates incubad, all media, long needles (~IBauge usedfor purging the
mediaof oxygen, rubber stoppers, and filtergnade byinsertinghalf a cotton ball into d_uer
Loksyringg were prepared and autoclavediquid mineraimedia were prepared in Erlenmeyer
flasks with at leasthree timesthe headspae volune as liquid volumeo allow room for gas
production during cell growth. Thepeningsof the media flasks were covered with aluminum
foil and sealed with parafilm upon cooling to room temperature after autoclawediastored
at room temperaturewas notused if made more than three weeks in advance

Once the plates were ready, two flasks of 100 mL mineral media were purged with
filtered nitrogengas The flask opening remiaed completely covered with aluminutoil to
avoid exposure to contaminantand air. The required amourg of phosphate, biotin, and
ammonium chloride were addedt the start of the purgingThe phosphatewas slowly added
and while shaking the flaslifter about 30 minutes, cells were inoculated intnedia from
platesnear an open flame. Upon opening the anaerobic jar, one plate was immediately sealed
with parafilm and stored at 4° C as the nevasterplate. To the other four plates, working two
plates at a time, 4nL of the purged media was transferred to the platell€were suspended
by gentlyrubbing acooled, flamesterilized cell spreader arodnthe plate.The suspended cells

were inoculated into the purged media. The culturesntinued to purge for anothe0
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minutes, after which theurgingneedle was slowly raoved as a sterilized rubber stopper was
simultaneously depressed into the flask on top of the foil. The stopper was pushed down as far
as possiblen top of the foil and then the flask was completely sealed with parafilm and tape.
Cultures were incubatedt 30° C and 2rpm for 18- 24 hours.The optical density (OD) of the
cultures was monitored visually or with a W spectrophotometeat 600 nm Cultureggrew to
an ODyo of 6-10. Healthy cultures had a small layer of foam {0.8m). @nerally, two liquid
cultures weregrown in duplicateThe pH range for optimum growth is 5.8 to 8’3.he calcium
carbonate and phosphate in tHigluid mineral medium acas pH bufferg’

Qultures were scaled up to 250 nbly inoculating from the 100 mL starter culturesaat
dilution of 1:10. 250 mL cultures were grown fek2 hours. The culture was then scaled up to
1.5 L with a starting Qi of 0.5-0.8. For the 1.8 cultures, the media was purged using a tubed

septum rather than needles, as illustratedrigure H3. 1.5L cultures were grown for-8 hours.

— &—— Nu(g) inlet
—> Gas outlet

Figurell-3. 1.5L cultures were purged through glass tubes fitted into the rubber stopper.
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Figure H4. The carboy setup for b cell growths. khting tape was wrapped around the
carboy Another layer of aluminum foil was wrapped around the outside of the carboy (nhot
shown) to avoid heat loss to the atmosphere. A stir bar at 300 rpm was used to keep the culture
agitated. A thermometer between the first aluminum foil layer and the caraag used to
monitor the approximatetemperature of the culture Continuous nitrogen was given to the
carboy througlhrubbertubing. The ntrogen flow rate was monitoreéfom bubblingthe out-gas

into a flask of water.

While the 1.5L culture was growindghe 20 L carboy was prepared with 15 L of mineral
medium The seatip is showrand describedn Figure H4. The carboy was purged with nitrogen
gasfor at leastsixhoursprior to inoculation During this time, the temperaturstabilizedat 30°
C. Onehour before inoculation, the appropriate amount of phosphate, biotin, and ammonium
chloride was added.Only a 25 mM ammonium supplement was provided to activate
nitrogenaseexpression (The precultures may also be grown on lited or no ammonium
supplement;however, it was eaier to keep cells alive with aammonium supplemen}.After
adding all solutiongo the carboy, the nitrogen flow rate was increased to a vigorous bubble:

higher flow ratesncreasel nitrogenase activity
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The Ol of the carboy was measured at inoculation and every hour starting at 5 hours.
Nitrogenase activityfsection 11.D) was measured every hour starting athburs Just afterthe
activity/ODso peaked, cells were harvested by collecting the culture-incenrifuge bottles on
ice. &irring was turned off during collection to avoid collecticaicium carbonatg The culture
was centifuged in several batches at @0 rpm for20 minutes and 4° C. The supernatant was
discarded and the cell pellets were immediatérlyzenin liquid nitrogen. From a 1B culture, it
was common to obtair50 g cell pelletwhichwasstored in liquid nitrogen or a80° C The cell
pellets are spongyas a result of gas escaping from the calidare light brownin color.

For all cell growths, the starting @ of each culturewas controlled to avoid
overgrowth Ovegrown cultures sometimes experienced an acid crasha result of too much
butyric nd other acids. This causes the Cp metabolism to shift toward the production of

alcohols and is characterized by a sweeter smell than the typical rancid smell of butyf€®4cid

Tablell-1. Recipe used to make mineral media

: . Quantity needed for various culture sizes
Components of mineral mediun
100mL | 250mL | 1.5L 15L
Sucrose (g) 2 5 30 300
Water (mL) 90 225 1350 135L
Mineral stock (1000x, mL) 0.1 0.25 15 15
FeMoCa (500x, mL) 0.2 0.5 3 30
CaGlstock (1000x, mL) 0.1 0.25 15 15
MgSQ stock (1000x, mL) 0.1 0.25 15 15
CaCe(g) 0.5 1.25 7.5 ~17**
Phosphate stock (10x, mt) 10 25 150 1500
NH.CI (3M, mL) for 10 mK 0.333 0.8325 | 4.995| 12.5(2.5mM)
Biotin (100x, mL} 1 2.5 15 150

* Chemicalsadded before inoculation when the media is purged with nitrogen.

** LimitedCaC®isadded to the carboy media to prevent the stir bar frontkihgin the solid.
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Tablell-2. Recipes for mineral media stock solutions

. Mol. Wt. | Conc. Massper volume (g)
Chemical | " mol) | (mm) [500mL] 1L | 15L Notes
Mineral stock (1000x)
CoCGl-6H0 237.93 1 0.24
CusQ 159.61 1 0.16 Do notautoclave
ZnC4 136.28 1 0.14
MnSQ-HO 169.02 10 1.69
NiSQ-6H0 262.86 1 0.26
Phosphate stock pH6.4 (10x)
KHPQ 136.09 800 54.44 | 108.87 | 163.31 | Autoclave separately
NaHPQ 141.96 200 14.20 28.39 42.59
3 M NHCI stock Autoclave separately
NHCI 53.49 | 3000 | 80.24 make batches 500 m
or less
0.9M CaG}2H0 (1000x) Only make in 500nL
CaGl2HO | 131.02 | 900 | 66.2 | \ batches
1.67M MgS@ 7H0O (1000x) Only make in 500nL
MgSQ-7HO | 246.47 | 1670 | 205.8 | \ batches
FeMoCa (500x) Dissolve citric acid in
Citric Acid-pD 210.14 90 18.91 water first. then add
FeS®@7H0O 278.01 18 5.00 Fe an’d Mo
NaMoOs-2H0O | 241.95 1 0.24
Biotin (100x) Dissolve in 100%
Biotin | 24431 | 1 | | 0.24431 | ethanol Store at 4° C
Citric Acid
Citric acid 21014 1M 105 210 315 Do not autoclave
monohydrate

Potato medium was sometimes employedjtonpstart Cp growth fromagarplates to
liquid media Although Cp readily grow in potato medium, the subsequent growths in mineral
medium were more difficult to control, likely due ftato contaminations.To prepare potato
medium (Figure H5), 3-4 mm layer of calcium carbonateas added to the bottom of ez of
ten test tubes (16 x 150 mmA fresh (Russet)potato from the supermarket wasliced into
small cubes about B.x 0.5 x 0.5 cinEach test tube was filled orthird (5 cm)with potato
cubesand then twethirds (<10 cm)with 2% sucrose solutioTubes were capped with a metal

cap and autoclaved.
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Figure II-5. (left) Potato tubes before autoclaving, showing the relative amounts of €aCO
potato cubes, and sucrose solution. (rigtotato tubes with fully grown Cp ready to be
inoculated intomineral media.

Immediately after autoclaving, the mdtaaps were removedandthe top of each tube
wasplugged with halfa sterile cotton ball. ~5 drops each of concentrated potassium carbonate
and pyrogallol were added to each cotton billremove oxgen from the tube Tubes were
promptly and tightly capped with a rubber septum atiden allowed to stand at room
temperature to cool.While cooling,~5 mL mineral medium was added plates to suspend
cells To inoculate the potato tubeshe cotton plugwas removed and mL suspended cells was
added to each tubeAnew cotton plug was placed in each tube with the same treatment of
alkaline pyrogallol. The rubber stoppers were placed back in each tixbeach tube was
sealed with parafilm and tape. (Thape is necessary so the rubber stoppers doajettduring
cell growth.)Cells were ready to inoculate into mineral media once vigorous bubllig
observed andthe potato culture was opaquéFigure H5). During inoculation into mineral

media, care was taken to not transfer potato chunks.
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11.B.ii.Growth curves

Cp growth patterns depend on the amount of anonium supged to the mineral
media®> To determire the optimum level of ammoniungarboy growths weregperformed at
different initial concentrations of ammonium chloride. The cultures were monitored until
activity ceasedThe results are shown @harts H1, 2, and3. Adescription ofactivity calculation
is provided insection II.D.ii.Although lack of ammonium supplemenproduces the highest
activity, the peak activity occurs at a low @Dhart H1), which isunfavorable for harvemg
large quantities of cellsThe opposite is obseedwith 10 mMammonium supplement: theeak
activity is low and occurs a high OD Figure H3). The best condition is with a limited
ammonium supplement in which the peak activity per OD occurs at a reasonably high activity
and OD Chart 42).52

All 15 Lharvestcultureswere provided with 2.5 mM ammonium supplemei@hart 1
4). Growth increases at a steady rate while the initial ammonium supplement is consumet (~0
hours), after which the growth reachaslag phasevherethe cells begin to express nitrogenase
(=46 hours). Once a sufficient amount of active nitrogenase is available, cell growth resumes
usingof the ammoniumproducedby nitrogenase (~® hours).Cells are harvested after the

activity/OD paks, ~9 hours.
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Chartll-1. 15 L culture with no ammonium supplement

15 L Culture with no Ammonium Supplement
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Chartll-2. 15 L culture with 2.5 mM ammonium supplement
15 L Culture with 2.5 mM Ammonium Supplement
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Chartll-3. 15 L culture with

10 mM ammonium supplement

15 L Culture with 10 mM Ammonium Supplement
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Chartll-4. Example growth curve for harvest cultures at 2.5 mM ammonium supplement

Example Growth Curve for 15 -L Harvest with 2.5 mM
Ammonium Supplement
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[I.C.Protein purification

Day 1
Prepare and degas buffers, pack IEC column if needed, degas collection vials, equilibra
column overnight
ii. Cell lysis
Day 2 §  Frozencell stock, 50 g
1 Resuspend 1:10 (w/v) with cracking buffer (50 mM Tris, pH=7.5, 0 mM NaCl, 0 mM
1 Lyse with EmulsiFlexC5 psi and centrifuge 45 min at 14,000 rpm (JA 14)°anhd 14
Pellet Supernatant
iii. Anion exchange chromatography (DE2dpharose)
1 Hydrogenase wash: 150 mM NacCl, no DT
1 Protein loading at 2 mL/min, wash laighest possible rate
1 Gradient: 215@ 500 mM NaCl over 15 CV
N Cp1 and Cp2 fractions
1 Stable at RT overnight
Hydrogenase 1  Concentrate prior to SEC loading
Days 3 and 4 iv. Size exclusion chromatography (Superdex 200)

1 10 mL fractions only
1 Cpl: 200 mM NaCl
1 Cp2: 0 mM NacCl

v. Protein concentration
1 MoFe: 100 kDa cutoff at <50 psi
1 Fe: 50 kDa cutoff &35 psi

vi. SDPAGE

Figure 6. Flow diagram of the Cp1 and Cp2 purification process.

11.C.i. Preparation of IEC and SEC columnguaifiel solutions

II.C.i.a. IEC column
Diethylaminoethyl (DEAE) sepharose, a positively charged, resia used for ion
exchange column chromatography (IEEG)the columnhad no cracks and protein did not

precipitate during the previous purification, theesin was recycled without unpacking the
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column. In this case,-2 column volumes each of the following solutions (in order) were run
through the column: 1 M NaCl, 100 mM NacCl, 1 M NaCl, 100 mM Wwatel, 0.5 M NaOH,
water, 0.5 M HCI. The column was stdii@ 20% ethanol if not in use for longer than a few days.
Unpackedesin was stored ia plastic bottleat 4° C in 30% ethanol with 50 nmws/HCI
pH 8.0 To recycle the resin for usthe resin was soaked in 6 M urea for at least two hours.
Next, the followingwashing procedure wasxecuted washresinwith 8 L water suspendresin
in 1 L of 0.5 M sodium hydroxide @ plastic beaker for 30 minutesyash with 10 Lwater;
suspend in 1 L of 0.5 M HCI for 30 minutesash with 12 Lwater. All wash cyles were
performed using vacuum filtration and a largécBner funnelwith filter paper. The resirwas
never allowed to dry outvhile filtering During the suspension stages, the resin was stirred
occasionally with a glass roBrior to packing the columrhe recycled resin was degassed on
the vacuum manifold witheight cycles of Eminute vacuum and 38econds argon. Instead of
using a stir bar, which could sheer the resin particles, the flask was manually shaken. Generally,
a columndiameterof 2.5 cm wasselectedand packed a taller than 20 cm~100 mL of packed
resin). After packing,the IEC colummas washed with water to remove any ethanol, which
could cause NacCl in the buffer solutions to precipitate. After several column volumes of water
were washedthrough the column, itwasequilibrated overnight with a buffeof the same salt

concentration as the cracking buffer (buffer A).

II.C.i.b. SEC column

A typical size exclusion column (SEC) included ~475 18upefrdex S200 resin. After
washing with wate, the column was equilibrated overnightith the E (elution) buffer. After
use, the colummwas flushed with more elution buffewyashed with several column volumes of

water, and then stored under 20% ethan&llow ratesheverexceead 2 mL/min.
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[I.C.i.c. Buffer solutions

Buffer solutions were prepared according T@able H3. First, NaCl and Tris base were
dissolved in water. After the solids completely dissolved, the pH was lowered with 6 NhECI.
buffers were diluted to the appropriate volumeafter which all bufferseikcludingthe cracking
buffer) were vacuum filteredThe cracking buffer and small volume of bufenere transferred
to 2 L and 1 L round bottom flasks, respectively, with a stir bar and capped with a septum. The
other bufferswere transferred to large round bottom flasks-%3.) and capped with an adapter
that supports the inward flow of argon and the outward, anaerobic flow of buffer to the column.
The buffers were degassed on the vaaumanifold with 10 cycles of #flinutes \acuum and 2
minutes argonFlasks wereccasionally manually shaketuring the vacuum cycle§Vheaton
vials used to collect fractioreduted from the columns weralsodegassed on th&chlenk line

After degassing was complete, the cracking buffer andllsmedume of buffer A were
transferred to the anaerobic tent. The cracking buffer was divided into two portions: 500 mL
and 250mL. To the thre&-L flasks still on the Schilenk ljrewdium dithioniteNaS0,) solutions
were added according td'able H4, after whichthree additional cycles of vacuum and argon
were performed.

The IEC column was equilibrated overnight using a combination of buffers A and B equal
to the cracking buffer salt concentration. Also, the following materials were voingo the
anaerobic tent in preparation for usgrotein concentrating systems, fo®50-mL centrifuge
bottles, homogenizer, 100% glycerol (degassed), three -b@0Gound bottom flasks (for cell
suspension, collecting lysed cells, and IEC loading pjot00 mL beaker and stir bar, 500 mL

round bottom flask, assorted sizes of afiipettes, anda 500 mL graduated cylinder.
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Tablell-3. Buffersolutions for potein purificationexperiments

23

NaCl Tris base Amount| _.
Buff P H Filt ?
uffer urpose oM g | mM g p (L) iltered
Cracking Lyse cells 50 | 3.0 | 50 | 6.06| 7.75 1 no
BufferA IEC 0 0 50 | 18.2| 7.75 3 yes
BufferA | Dilute Fe protein after IE{ 0 0 50 | 3.03| 7.75 0.5 yes
Buffer& SEC, Fe protein 50 | 8.8 | 50 | 18.2| 7.75 3 yes
Bufferby SEC, MoFe protein | 200| 35.1| 50 | 18.2| 7.75 3 yes
BufferB IEC 500 | 58.5| 50 | 12.1| 7.75 2 yes
Tablell-4. Sodiumdithionite solutions added to uiffers
NaoSO; | 0.5 M Tis | NaSO, )
Buffer Amount (MM) base (mL) @ Quantity
Cracking buffer &uffer
A (for Fe proteirdilution) 500 mL 5 25 0.435 2
Cracking buffer 250 mL 50 12.5 2.176 1
BuffersA, E, Bu 3L 5 15 2.612 3
BufferB 2L 5 10 1.741 1
II.C.ii. Cell lysis

Cells were lysed under pressure withlEamulsiFlex C3igure H7). Frozen cell stock was
thawed in cracking buffer (typicalg0 g cells ir500 mLcracking buffey with stirring until the
suspensiorwashomogenoug~20 minutes)200uLglycerol was added as an aftiam reagent.
In 50 mL portions, the cell suspension whemogenizedand collectedin a 1000mL round
bottom flask The cell suspension, an empty 100Q flask, an@50 mL cracking buffer with 50
mM dithionite (flush solution for EmulsiFlexjere removed from the tentput under positive
argon pressureandplacedin an ice batht6 dissipate heaacquiredfrom the EmulsiFleduring
lysig. The EmulsiFlexvas washed with water andhe flush solution, after whictthe cell
suspension wasuptured at ~2500 psi. The lysate was collected in the emptyO1@Q flask

After use, the EmulsiFlex was washed with flush solution and water and stored under 20%
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ethanol. The cell suspensiowas centrifugedat 30,000 x g for 45 minutes at 15° C. A successful
lysis yielded alark brown supernatant and a pellet with three layefigpids, cytosol, calcium

carbonatg. The supernatant was transferred to a round bottom flask for loading onto the IEC.

a2 W '9“-; .
5)3 )
DDwaer = ;, ‘B

' -"“"

Flush solution

Cell Suspensm

Figurell-7. Setup of cell lysis via the EmulsiFlex C5.
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II.C.iii.Anion exchange chromatography

The flaskcontainingprotein was removed from the anaerobic tent and immediately put
under positive argon pressurand placed on ice to avoid protein precipitatioWithout
introducing any air bubbles into the system, the protein was loaded onto the IEC at 2 mL/min
through a long needle using aKTA system (Pharmacia Biotech AKTA Explorer Aigioog
there is typically ~500 mL of protein solution, the loading processstaeveral hoursWhen
experimenting with new buffes the protein was loadedisingan FPLC pumpwhich is less

easily clogged compared to the AKTA) in case protein or lipids precipitataw) loading

Chart It5. Sample chromatogram from the IEC

Sample Chromatogram from an lon Exchange Column
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After protein loading was completeslution was monitored at 28@410, and 550m. For
the column wash and elution, the flowrate was as fast as possible without exceeding a
backpressureof 0.5 MPa (usually3.0-4.0 mL/min). Tie column was washed with-B) column
volumes of 150 mM Na@hixture of buffers A and By elute hydrogenase and other unwanted
material from the crude extract. After the column looked clean and no more peaks were visible

in the chromatograma gradient was startedising buffers A and.BA typical gradient was 150
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500 mM NacCl ovet5 column volumewwith flow rate of 3-4 mL/min. Cp1l elutes first, typically
~250 mM NaGICp2 follows closely behind aB00 mM NaGlferredoxinelutes~450 mM NaCIA
sample chromatogram is shown @hart H5. All bands were some shade of brown or black.
Protein fractionsvere collected in anaerobic Wheaton vials. Gpid Cp2 werdeft overnight at
room temperature if proceeding to SEC the following day; otherwise, the proteins were frozen
and stored in liquid nitrogenAfter running several column volumes of 500 mM Nag&rdhe

IEC, it was washed according to the procedure previously described.

II.C.iv. Size exclusion chromatography

The SE@as washed with several column volumes of water and equilibrated overnight
with B buffer. In the morning,the Cpl andCp2 solutions wereconcentratedin an Amicon
Stirred Cell undeargon pressure with 400 and50 kDa membranerespectivelyConcentrated
protein was loaded on the SECIfi-mLfractionsat 1-1.5 mL/minand eluted at 2 mL/mimusing
the buffers stated in Tabld-3. The backpressure was not allowed to exceed 0.25 Miftar
collecting purified proteinthe SEC column was flushed wattiditional elution buffer, washed

with water, and stored in 20% ethand.typicalSE@hromatogram is shown i@hart 6.

Chartll-6. Sample SEC chromatogram

Sample Chromatogram from a Size Exclusion Column for Cp1l
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11.C.v. Protein concentration

Cpl and Cp2 fractions were concentrated an Amicon Stirred Cell under argon
pressureusing 100 kDa and 30 kDa cutoff filters, respectivEhe pressure during Cpl and Cp2
concentration was <50 psi and <35 psi, respectively.Cary 300 Scan UXsible
spectrophotometerwas used to determine the concentration of the purified protein. The
instrument was first calibrated to th8EC elutiobuffer with 100% and 0% transmission. To 980
pL of the buffer,20 yL of concentrated,purified protein was added. The cuvette was capped
with a septum so matain ananaerobicenvironment The entire absorbance spectrum was
collected. To determine the specifiey OSY i N> A2y X . SSNDRa [+¢ ¢l & S
* [(absorbance at 410 nn)(absorbance at 280 nm)] * (extinction coefficiehtjpath length, 1
cm) = protein concentration. The extinctioefficients forthe Fe and MoFe proteirere 6.702
(at 430 nm)and 3.066mM-cm?, respectively* The targetprotein concentration vas 2535

mg/mL.Thepurified protein was frozerand stored irfliquid nitrogen in 0.1 mL aliquots.

II.C.vi. SDBAGE

To confim the purity and identityof the purified protein, sodium dodecyl sulfate
polyacrylamide gel electrophoresiSSPAGEwas performed on small samples from all stages
of the protein purifcation Samples were prepared by adding@;n  >[ 2F f 2F RAy 3 R& ¢
each sampleHighlyconcentrated samples, such as the purified protein, were diluted with water
before addingdading dye. 1% SDS was added to any sample containing insoluble material, such
Fa G4KS OSff LISttStiod mn > 2F SFEOK alYLXS 41 &
ladder. Gels were run at 200 V for45 minutes, after which the gels stainéat one hourand

then destainedfor at least one hourA typical gel is shown Figure H8.
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Figurell-8. Sample gel for protein purification.

I1.D. Acetylene reduction etivity assays
Although there are many substrates of nitrogendsegetylene reduction to ethylene is
typically used to characterize the activity of nitrogenase because acetylene and ethylene are

easily detectedvith high sensitrity using gas chromatography (GC).

I1.D.i.Whole cell acetylene reduction assays

Whole cell assays were used to monitor nitrogenase activity during cell gréwith.to
starting the activity assays, a 584L sealed round bottom flask waddd with acetylene by
evacuation ofwvater with acetylene pressure. 2.5 mL off/ sodium dithionite in 500 mMri&
base was injected into the flask. The dithionite saativas swirled around the flask, arige

flask stood at room temperature for approximately omeur to remove excess oxygen.
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Activity assay vials that have been in the anaerobic tent for at least 24 hours were

capped with small rubber septa inside th@aerobictent. Once removed from the tent, they

were kept underpositiveargon pressure on the vacuum manifolkb perform the assayg, mL

cell culture was injected into each of two assay vials. 1 mL acetylene was injectédeiials

and they were immediately placed in a water bath at 30° C and 120 rpifter exactly 20

minutes, the assays were quenched witt2® mL concentrated citric acié negative control

containing2 mL water instead otell culturewas also preparedAp n > al YLX S

headspace of each vial was injected into the GGGBtuns were done at 10° C for 5 minutes.

The area and percent area of the three peaks (metliamgurity at ~0.16 minutes, ethylene at

~0.8 minutes, and acetylene at ~2.3 minutes) wdetected with a flame ionization detector

(FID) andecorded.Calculations were done as desathin section 11.D.ii.

II.D.ii.Protein component acetylene reduction assays

Protein component acetylene reduction assays were performedharacterizethe

activity of purified protein and MoFe and Fe protein titrationfach assay includese MoFe

protein, the Fe protein, an electron source (such as dithionite), ATP, an ATP regenerating system

(creatine phosphokinase, phosphocreatine disodium, and magnesium chlorideacahdene

The ATP regenerating systeiis requiredsince ADP can inhbit nitrogenase>® Experimental
details are provided in Table3I Solutions of 250 mM ATP, 2.5 mg/mL creatine phosphokinase
(PCK), 100 mM phosphocreatine disodium (PC), and 500 mM WMg€&lmadeby dissolving the
solidin assay bufferQ.5 M Tris/HCt pH 7.5, 200 mM NalCATP, PCK, and R€re kept on ice
until added to the assay mixture in order to avoid degradatlgigherTris concentratioris used

for the assaydo ensue the pH is properly maintainedhereby avoidng decomposition of

dithionite upon acidic conditions.

27
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Table I15. The following conditions lead to a total reaction volume of 1.300 mL (including 1.000
mL assay buffer and 0.300 mL protein and SEC buffer). Typically, experiments were performed in
triplicate. The buffer used in the assays consists of 50 mM Tris/HCIO@nchil NaCl at pH 7.5.
Three protein stocks were prepared: Cpl at 0.6 mg/mL, Cp2 at 1.29 mghdlCp2 at 0.32
mg/mL. Experiments requiring the more concentrated Gtk solution are marked with an
asterisk A more concentrated Cp2 stock solution is reseey for the larger component ratios
because otherwise an excessive amount of the more dilute Cp2 stock solution would be
required in the assay mixture.
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To7.2mL of a ® mM Tris buffer (pH 7.5), 2 mL of the PC solution, R0®f the ATP
solution, 100uL of the MgC} solution, and 50QL of the PCK solution were addedthe stated
order (to avoid precipitation) 1 mL of this solution was added to each assay vial. Vials were
purgedon a Schlenk linewith 12 cycles of2.5-minutes vacuum and0.5-minutes argon flush.
During the purging the acetylene flask was prepared as descrilvethe previous sectiariThe
MoFe and Fe protein stock solutions were diluted in the anaerobic chamber as needed with a 50
mM TrigHCI pH 7.5200 mM NaCsolution. The final ptein dilutions contained 5 mM sodium
dithionite. After purging pn >[ 2F pnn Ya &2RAdzY RAGKAZ2YAQD
Tris/HCI pH 7.5, 200 mM NaCl) was added to each vial. The final composition of the assay
mixture was 50 mM Tris/H@t pH 7.55 mM ATP, 5 mM Mg£R20 mM PC, 2.5 mg/mL PCK, and
~19 mM sodium dithionite.The nitrogenase proteinsare sensitive to salt concentration;
therefore, the ionic strength should be kept constafiat 48 mM NaCl in each assay vial.
Adjustments may be madesingthe salt concentration of the proteifree bufferas needed
Prior to performing the titration experiments, a calibration curve was constructed by
injecting 20, 30, and 40 uL of acetylene into the GC and determining the moles of acetylene in
each measrement from the resulting peak area (Chart7)l Three trials of each protein
component ratiowere typicallyrun. For each assay vidl,mL headspace was replaced with 1 mL
acetyleneafter which the vial was incubated at 30° C for 5 minutfer incubding, MoFe
protein and SE®uffer were added Addition ofFe proteininitiated the reaction Assays were
run for 10 minutes while incubating water bath at 30 C and 120 rpm. After exactly 10
minutes, reactiors were quenched with0.25 mL concentrateditric acid 50>L of headspace
was injected into the Gl GCruns were done at 110° C for 5 minutes. The area and percent
area of themethane/impurity, ethylene, and acetylenpeaks weredetected with a flame

ionization detector (FID) armécorded
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To calculate the specific activity of the protein as a function of component ratio or
dilution, ethylene formation is calculated for each vial oy (/216.92*((8.80-t)/0.05)/10,
wherePisthe original ethylene peak area reading anig total volume (mL®f liquid in the vial
(1.3 mb. 216.92is the correction factor for converting the peak area to nanomoles ethylene
8.80 refers to the total volume of the activity assay volurmemL, n ®np NBFSNE
headspace injected into the GC, and 10 is the ieadime in minutesThe ethylene peak area
should be corrected by subtracting thethylene peak area of a control ass@y account for
ethylene impurities in the acetylendhe maximum ethylene formation velocity is evaluated by
MichaelisMenton fitting do the resulting titration curve (titrat amount vs.v). The maximum
velocity divided by the amount of titrated protein in the vial is the final specific activity
presented in nanomole ethylene per minute pmilligram protein. A sample titration curve is

shown in Chart 18.

Chart I+7. Sample calibration curve for acetylene reduction activity assays
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Chart I18. Average specific activity of Cpl titration assays

Average Specific Activity of Cp1 Titration Assays
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II.E.Crystallization

24-well Cryschem Plates were purchased from Hampton ReseBtates and 1.5nL
Eppendorf tubes were brought into the anaerobic tent (95% argon, 5% hydrogen) at least two
days prior to use to allow all oxygen to diffuse out of the plastic. All solutions used in
ONEBaGFfttATFGA2Y 6 SNB -l Steiflif NEiR cedthtigek tubé (EMDPH H
Millipore) and werethen purged of oxygen using Schlenk lines (10 cycleswih@tes vacuum
and 40seconds argon) with stirring. Care was taken when subjecting poly(ethylene)dhs)
solutions to vacuum so as not soick up bubbles into the vacuum line.

In the anaerobic ten) crystallization seitions for each well were prepared in 1.5 mL
Eppendorftubes. The appropriate amount of doukdkstilled water and PEG was added to each
tube. Tubes were then closed and integl 20 times tocreate a homogenous solution. All

remaining components, such as saitd Tis, were added. Additionally, freshly prepared 5 mM

>Y
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sodium dithionite was added to each condition. Tubes were closed and inverted another 20
times. Tubes were allowed to sit for at least 45 minutes at room temperature before setting
trays. During that time, protein was removed from the liquid nitrogen desasard brought into
the anaerobic tent to thaw.

Crystdlizationplates were satp using the sitting dropapor diffusiormethod Figure H
11). To eachreservoirof the first 12wells, 5000r 100> ONEa Gl t ft AT F A2y &2f
050 ®n > asit@niaddyto thie crystal well followed by an equal amount of reservoir
solution. Thesel2 wells were then sealed with clear tap&he processvas repeated for the
remaining 12 wellsPlates stoodundisturbedat room temperature Most crystals starteda
form within 24 hours. Plates were chexk for crystals using a lowower setting on a
microscope in the anaerobic terib avoid heator radiation damage to the crystals. Typical
crystal morphologies observed included bars, triangular prisms, and heXgyisras Figure H

9).

Figurell-9. (left) In sitting dropvapor diffusioncrystallization,each well is sealed anaater in
the crystallization drop evaporatesAt critical concentration the protein precipitats or
crystallizes. (right) Typical crystal morphologieshservedinclude blocks, triangular prisms, and
hexagonal prisms.
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II.F. X-ray crystallographyand structure solution

Il.F.i.Crystal harvestingnto loopsfor cryogenic Xayor neutron diffraction

The mostreliable cryo-protection method was adding2-methyl-2,4-pentanediol IPD
and a few drops oFomblin Y 16/6 oil directly to the crystallization drépst, the sealingtape
was sliced away. Under a microscope, the skifa thin film of protein)of the crystaldrop was
removed by gently dragging a needle over the surface of the diegt, In  >[ NBaASNII2 A NJ &
and1l-H defassed00% MPDQvas added to the drogJndera microscope, a needle was used
to gently mix the solution around the cryst#{.small layerof degassed-omblin Y 16/6 oil (~3
drops) was added to therystal drop, which remaad on the top of the drop Cryogenic loops
were used to fish crystabut of the welk. Oncelooped, a crystal waslowly dragged through
the oil layer. If the crystalvas surrounded byan aqueus solution bubblgit was carefully
dragged through the dropuntil the bubble disappearedOnce removedrom the well the
looped crystal wasmmersedin liquid nitrogenas quickly as possibléfter equilibrating to the
liquid nitrogen temperature it was carefully placed insidecryc-vial. Crystals were stored in

liquid nitrogendewars.

I1.F.ii.Crystal harvesting into capillaries for room temperatusg{or neutron diffraction

For room temperature experiments, crystals must be idtigint quartz capillaries. First,
guartz capillaries were brought into the anaerobic tent at least 48 hours prior to harvesting to
allow any oxygen in the capillary to diffuse ol the time of havesting, he tape on the
crystallization well was removed, as was tildn on top of the crystal drop, as described in
section ILFi. A4 >[ NBASNIB2AN) az2fdziazy ¢l a FFRRSR (2
reservoir solution was transferred to@dean random spot on the top of the plate. The crystal

was fished with a loop and transferred to the drop on the top of the plate.
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Next, the capillarywith adiameterabout 1/3 larger than the crystalas preparedA
tiny piece of the capillary was snippeif the smallopening If the opening was not even, it was
gently tapped on a smooth surface or-saipped. The larger opening of the capillary was
inserted into piece of rubber tubing about 18 inches lomhichwasconnected toa pipette tip
with its smdl end snipped offby a few millimetersUsing a pipette, e crystal wagyently
sucked into thaniddle of thecapillary.

Once the crystalvas in the capillary,it was situated to roughly the middle of the
capillaryusing the pipette. Next, most of the lstion was removed from the capillary using
wicks. The crystakmainedin a drop of solution as smadk possible(to minimizebackground
scattering) with a nearby solution plug of at least a few millimeters in lengtto keep the
capillary environment humi@Figure H10). After the crystal and solution plugere positioned,
the small openingf the capillary was sealed with wakhe large end was then snipped off and
sealed Care was taken to ndteat the crystal whileapplying hot wax to the capillaryt this
point, the capillaries could be removed from the tefapillaries werglacedlevelin a small

box and loosely held in place with a wadded Kim wipe

Crystal ;

Solution plug

[N
Figurell-10. The crystalis positionedin the middle with a small plug of solution nearlihe
capillary is stored in a small box and is loosely held in place with a wadded Kim wipe
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Il.F.iii.Data collection

Diffraction data was either collected -hmouse on a Rigaku MicroMax OBIF Xray
generator with a Rigaku RAX\&+ detector or remotely from the Stanford Synchrotron
Radiation Lighsource (SSRL) on beamlineZl@ith a DECTRIS Pilatus 8&tector. For irhouse
experiments, 360 diffraction images were collected with an @dih angle of 1° and 360°
rotation. In a typical diffraction experiment at the SSRL, sets of 1440 diffraction images were
collected at 12,999.97 eV with an oscillation angle of 0(@bdut half the mosaicityand 360°

rotation.

Il.F.iv.Structuresolution

Data sets weréndexed andntegrated with the XDS program packageMOSFLM?58
Typically, MOSFLM was used to assess the quality of the refledtiolexing and integrating
were performed with XDSScalingand merging werearriedout with the CCP4 suit@OINTLESS
and SCALA or AIMLESEB)m which the esolution cutoff was determinetly various metrics?
Phasing wasalculatedexperimentally oby molecular replaceme{PHASER or MOLRHRi}ial
structure refinement was carried out with CNS, and alternative conformations andojsiotB-
factors were refined with REFMAE&S! For data sets near 1A resolution, anisotropic
refinement was alsperformed Simulated annealing/as calculatedusing PHENI%.Structures
were further refined in COOTusing the validation toolsincluding examining Ramachandran
plot, searching for timodeled blobs with electron density above 0.7 &/And checking the
difference density, waters, geometry, peptide omegiagles B-factors, GIn andAsn outliers,
rotamer probability, and density fitHgures were made in PyMOt.For anomalous data,
CNASRStQa [F¢g osFa aSid G2 TFrfaS RdNduyeTacthry A GA L f

were calculated using SFALL and Fourier transformation was carried out usingocrP4
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Chapter Il

Nitrogenase MoFe Protein fro@lostridium pasteurianurat 1.08 A
Resolution: Comparison to th&zotobacter vinelandMoFe Protein

This chapter summarizes my contributgto the publicationof the same titlewritten by Prof
Limei Zhang*doi: 10.1107/S1399004714025243

III.A. Abstract

The MoFe protein fromAzotobacter vinelandi{Avl) is the most heavily studied
nitrogenase proteinfor its structural and spectroscopiproperties Herein, we report the
structural characterization of the most structurally divergent MoFe protein known, that from
Clostridiumpasteurianum(Cp1). Tie Cpl structure was publishéd 1992for the first (and, until
this work only) time with a reolution of 3.0 &% While this was useful for comparisons of the
secondary protein structure, a detailed comparison of atomic positions, especially at the
cofactors, could not be made. This work includes detailed comparisons of Avl and Cpl, with an
emphasis on the Fe proteidocking site on the MoFe protein, the identity of the interstitial
atom, and the Reluster binding pocket. The results show that the structure of the cofactors is
strictly conserved between Avl and Cpl homologs; however, differences in the secondary
structure at the Fe protein docking site and in theslBster binding pocket may suggest some

variation in the function of Avl and Cp1l.
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I11.B.Introduction

There are dozens of bacterial speciesttexpress nitrogenase; they aidentified by
the presence ohitrogenixing, & y Agénes in their genom&. Based on sequence alignment,
these nitrogenases have been divided into six grddfhe two major groups are those with
sequences similar t@&\zotobacter vinelandi{Av, groupl) and Clostridium pasteurianuniCp,
groupll). GroupdllandIV are similar to Av but have small insertions or deletiogieupsV and
Vlare nitrogenases that contain Fe or V ire theMocofactor instead of MoThe vast majority
of nitrogenase work is performed using Av protelti&283738By identifying similarities and
differences between the MoFe preins indifferent groups, we mayurther our understanding
of the biological nitrogen fixatiomechanism Prior to this study, the only structure ofMoFe
protein not from groupl was theMoFe protein from @ (Cp1) at 3.00 A (PDB ID 1MiOJhis
was a major accomplishment in understanding the greater structural differences betweep gro
I and Il homologs however the resolutionwastoo low to make definitive conclusions on atomic
positions or the struaire of the FeMecofactor. In this work, we reporta high resolution

structure ofCpland compare it to the high resolution structure of APDB ID 3U7G}

[11.B. Results

Thepublished Cptructure, PDB ID 4WES, was solved to 1.08 A resofitiamsed a
dataset from a different crystal to create a structure solved to 1.18s8lution The 1.12A Cp1
structure was determined by experimental phasing from malivelength aomalous
diffraction (MAD) dataData processing and refinement statistics are providedadhle IH1. 10
of the 11 outliers in the Ramachandran pintludeh-L f S a{ yYSINMMyD@ ® o #8er346, and
h-Ala463 all of whichare found in the interior of the protein and have wdkfined electron

density. Theseesiduesare not conserved in Avl, amdaytherefore be a characteristic of Cp1.
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Four residues in the Cpl structure have a peptide angle significantly distorted from

180°h[ Sdzi n n -DOf%Rcrcylyr ORI Sw o v > 6 H ePheBtl (~B5)INghRof these

residuesare in areas of the proteirdentified asmechanistially important The latter hree exist

Ay £221L) NB3IA2Yy A | YR -Leudd® ocEldstbénesnIvid thoedning reside®, £ A y S d
the three of which make ughe terminal strand of a beta sheet-[ S dzu n n-ThF241Rakéa

non-proline cispeptide bond this is the only norproline cispeptide bond observed in the

MoFe protein??® In group I, thecispeptide residueso & NLJH p o -Sdr2§4m Av]) are
O2yaSNIBSR y1: T i&K&aSn-ThiZ41E G dab dorisdrved39%ndicating

that the cispeptide is more conserved among the Avl homologs than the Cpl homologs.

Table I141. Dataprocessing and refinementatistics for Cp1 at 1.12 A
Cplat1.12 A

Data Collection Statistics
Resolution range (A) 38.91¢1.12 (1.181.12

Wavelength (A) 0.9537
Space group P2,
a=728A h =90.00°
Unit cell constants b=170.7A i =91.64°
c=875A 4 =90.00°
Unique reflections 737,219(86,732*
Completeness (%) 90.7(73.1)*
Redundancy 3.5 (34)*
K 1o 17.3(3.2)
Rmerge 0.030(0.317)*
Refinement Statistics
Protein residues 1951/19&
MeanBvalue (&) 11.6
Ruork 0.129
Reree 0.151

Ramachandran outliers 11 (0.59%)
RMSD bond lengths (A)  0.015
RMSD bond angles (°) 1.80
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In the publication of the original Cpl structureya crystalforms, obtained from
crystallization with magnesium chloride or cesium chloi@®B ID 1MIOyyere reported® The
unit cell dimensions of the structure presented here are similar to cesithioride form
however, no cesium was used in the crystallization condit®uperposition of the semdary
structure elements (19172951 residue$ of IMIO and the 1.4 structure gives a root mean

square deviation of 0.152 A.

[1I.C. Comparison to the Avl structure

I1l.C.i Insertion sequences

The shared sequence identity of Cpdmpared to Avlis 37.7%. Superposition of the
secondary structureelements (7391951 residue$ of Avl (PDB ID 3U7Q) and the 1412
structure gives a root mean square deviation1056 A. The metalloclustersre identical, and
the secondary structurelementsare similar with two notable exceptior(&igure IH1): (1) an
insertion sequencein the Cplh-subunit on the protein surface @2 f @Ay 3 [/ Lm NBa A |
Glu37&h-Gly428 and (2) a deletion in th@pli -subunit on the protein surface involving Avl
NB & A RMefld -Thr48% Herdn, these sequence are referred to as theCpl andAvl
insertion sequencg respectively

The Cpl insertion sequencensists of a flexibléoop flanked withalpha helces;loop
NB & A R88%5-391nblock the docking of the Fe proteiwhen compmred to AviAv2
complexes?®%’ This isaccording to overlays with four different A¥v2 complexegFigure IH2).
These complexes werf@rmed using additives to mimic nucleotidieee and nucleotiddbound
conditions representng different conformations at various stages of electron transfering
substrate reductiorf®®” Notably, Avl and Cp2 form an inactive compf@%? suggesing that

there is something unique about the Cp2 complex compared to the other nitrogenase
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species, whichikely involves the insertion sequence. Perhaps a different docking formation is
adopted, or perhaps the loop flexes away from the protein in solutioogen up the docking

site. The latter is supported by the fact that there are only four polar contacts between residues

in the loop portion of the insertion sequence and the rest of the protein.

Figure [#1. Overlay of Cpl (green) and Avl (red, PDB ID 3Wit@)nsertion loopdisplayedas
spheresThe insertion loops are shown in only oakthe heteralimers.

Figurelll-2. Two orientations of overlaof Av2(various colorsand Cpl(green).Thecomplexes
include ADP-AlFstabilized AviAv2 (PDB ID 1M34, magenta), nucleoticke AviAv2 (PDB ID
2AFH, yellow), MgAMPP®Bund Av1Av2 (PDB ID 2AFK, cyan), and Mgh@ihd Av1iAv2
(PDB ID 2AFI, blu&)?®Av1l was used to create treiperposition but is hidden in the figure.



Chapter Il 43
TheAvlinsertion sequencd y A (0 A | -8uBuiit: fieKiSt quiarterconsists of a loop,
followed by an alpha helix, another loop section, and another alpha hBlexAvl insertion
sequencepartially coversopening ofthe interstitial water channel that connects the protein
surface to the activsite. This may impedaccess of small moletas to and from the active site
There aremanypolar contacts between the Avhsertion sequence and the rest of the protein,

which may indicate that the insertiosequence is not flexible

Figurelll-3. (left) Avl andright) Cp1 with the water molecules of the interstitial channel shown
in blue spheres. The residuestbé Av1 insertin loops are displayeds sticksn the left figure
The Avlinsertion loop partially blocks the mouth of the interstitial channel. The Febfactor

in bothfiguresis shown with ball and stick and colored by element.

I11.C.ii Inter-subunit contacts

The contacts between the = i =  hs@bBinitslofCRLweredetermined usinghe
program NCONT in the CCP4 siitable IH2).® A contactis defined as a distance o8.5 A
betweentwo atoms of different subunitsContacts that are hydrogen bonds electrostatic
interactions aradentified assalt bridgesThere is a similar number of total contacts between all
subunits in Avl and Cpandmostare salt bridges. The total number of salt bridges between all

subunits is also similar, except in the case of theiCafhdi ,Qvhich hae about 50% more salt
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bridges compared to other subunit interactions. The conservation of total contacts and salt

bridges indicates that the interaction between subunits is not highly conserved.

Tablelll-2. Inter-subunitcontacts in Avl and Cpl

Subunits Avli i Q| Cpli,iQ| Avlih b | Cplh &
Total number of contacts 58 59 58 59
Number of salt bridges 33 46 31 33
Conservation of total contacia Avl and Cpl 24 (41%) 29 (54%)
Conservation of salt bridges Avl and Cpl 25 (63%) 17 (55%)

111.C.iii Conservation of tryptophan

The conservation of tryptophan residues was investigaiede this amino acid is often
involved inprotein electron transfereactions™ There are only six tryptophan residues in Cp1l
(Figure 1H4), compared to 18 in Avl and 15 in K&X.the sixCpltryptophan residues, four are
conserved in Avl and Kp1, including N1JH H dNIJIH 'y¢ NI Jp M H T rp5S9(TRbleh H3).

Only h-Trp84resides near a cofactpthus, this residuamay have a role forin the substrate
0dKS

reductionmechanism¢ KS FA GBS (1 NB LI 2 tsliblinif ard\al RighlRodrServed. y°

Tablelll-3. Conservation of Cpttyptophanresidues irgroups | and ||

h-Trp84 | h-Trp223 | h-Trp281 | "-Trp512 | "-Trp519 | i -Trp380
Conservation in
group | (single | 82% (Arg)| 100% 100% 98% (lle) 87% 0%
variantmutant)
Conservation in
group 1l (single 100% 72% 100% 94% (Phe)| 89% (Phe) 67%
variantmutant)
Overall 87% 92% 100% 97% 87% 19%
conservation
Distance to
FeMoco (A) 12 15 15 21 38 26
Distance to P 11 28 30 30 41 34
cluster (A)
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89 h_Trp281 (100%)
P o
| : @l b Trp223 (92%)
h-Trp84 (87% ,
PB4 (87%) | & & n_Trp512 (97%)

v
i Trp380 (87%) &% n_Trp519 (87%)

Figurelll-4. Location of Cpl Trp rehies;their conservation in iups | and llare given in
parenthese® ¢ KS h adzodzyAdGa FFNBE &aK2gy Ay 3INBSY | yR
cofactors and the tryptophan residues are displayed with-@adlstick and are colored by

element.

IIl.C.iv FeMaocofactor insertion pathway

A pathway has been postulated fdfeMocofactor insertion into the apeMoFe
protein™¢ KAa LI GKglF & gl & ¥F2 dpfBRoroteiy, which lacks\ibheFéMzNS 2 F
cofactor;the pathwayis of sufficientwidth and is positively charged so as to accommodate the
size andhegativecharge of the FeMaofactor. This pathway consisbf three sections: (1) the
lid-loop regiono 853¢h-364), which may guide the FeMecofador to the pathway, (2) the His
triad 6 HHis274& -1 "A & n n H-Bis451ywhichhmay provide binding site for the FeMofactor
during its journey, and (3) the switch/lock regionl A & n n H-Trg444Rwhith may secure
the FeMocofactor in place by movernm¢ of residue side chains. Conservatidir@sdues in the

lid-loop, Histriad, and switch/lock regions are well conserved in group | (the Avl homologs),
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with a total of 88% conservationlhe correspondig residues of the lidbop, Histriad, and
switch/lock regions in Cplra conserved in group Il &1%, suggestinthat the FeMacofactor
may have a different insertion pathway in Cpl compared to. Mdtation studies as well as

& 0 NJzO G dzNJ f  tif§Gpi @odek woultbd moie Kdhclusive.

I1l.C.v Conservation of the contacts between thwFe and Fe proteins

| @ MGIy159, | | @mvall24, | | @ mGIu120,
| LIMGIy112  / Ldwval77 | / LIMGIU73

| & MASp161,
/ LIMAspl14

| @& MGly157,

I & MGIU156, / LIMGIly156
/ LIMGIU109 )

I & MGIy160,

I & MLel158, / LIMGIy151

[/ LIvLel149

) i \ | & MASP162,
I gwmlled59, | @ mAsSpl6l, / LIMASp153

[ Limlle?50  / LIMAsp152

Figurelll-5. Overlay of Avl (red) and Cpl (green). Of3Bé\v1 residues thabavecontact with
Av2,11 are conserved 100% among group | and Il homologs. These residues are shown in ball
and-stick and are labeled. ThedRuster is shown in balind-stick and colored by element, and
residues of the Cpl insertion loop are shown in blue-dvadtsticks.

38 surface Avl residuelsave contacts with Av?,;%8 of which 15 are conserved 100%
among group | homologand may therefore serve in Fe protein docking. NepXCp2structure

has yet been reportedit is expected that the docking may have a different conformation due to
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the Cpl insertion sequencé&bnservation of the Cpl residues corresponding to ft&Avl
residueswith highly conserved contacts to Av2 was investigatetl of thesel8 residuesare
conserved 100% in group Figure IH5). These residues are within close proximity of the P
cluster and are not blocked surface access by the Cpl insertion loop. Because of this and the

high conservation of these residues, they mayirhmlvedin the dacking of Cp2 onto Cpl.

[11.D. Theinterstitial atom of the FeMacofactor

Identification of the interstitial atom in thé\vl FeMocofactor as carbon was achieved
in 2011 through a combination of-fdy crystallography, electron spin echo envelope
modulation, and Xay excitation spectroscopi.’> Accurate electron density calculations from
an Xray crystal structuraequire atomic resolution due to Fourier series termination effects
from the sixiron atomsencasing the interstitial atom in a trigonal prisfthis effect ld to the
masking ofall electron density at the interstitiatavity for structureswith resolutions worse
than 1.5 Aand the incorrectidentification of the interstitial atom as nitgen in a 1.16 A
structure 21.66.65.7875

Using the 1.08 A Cp1 crystal structure, the electron derssita function of the radius
from the atom centemwas calculatedor all carbon, nitrogen, and oxygen atoms in the protein
structurewith a B-factor <30 A? (Figurelll-6). The electron densityf the interstitial atomaligns
best with the average carbon in the protein structu(Eigure IH7). Although the interstitial
atom of the FeMaocofactor is likely electronically different from the average carbon in the
protein scaffold thesemethods were previously verified as reliabley spectroscopitechniques

for use onstructures at atomic resolutior’?
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Figurelll-6. Distribution plots ofthe electron density of all carbon, nitrogen, and oxygen atoms

as a function of integration radius. The electron density of the interstitial at(sokd lines) is
overlaid on each plot. The overlay with the highest correlation is carliao. patterns are
apparent from examination of the distribution plots. First, the distributiomoadensas the
integration radius dereases. This occurs because latger integration radii, different
distributions of the electrons in each electron cloud caggseater variations in the overall
electron density. Second, the electron density decreases as the integration radius increases.
Because the electron cloud is theost concentrated near the atom center, the average electron
density at any given point in the electron cloud decreases at larger integration radii.
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Average ED vs. Sphere Radius

Carbon (Sp3 only)

N itrogen

Oxygen (non-water)
Interstitial atom

Relative ED
N

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Integration Sphere Radi8)
Figurelll-7. Summary ofesults fromFigure IH6 with Gaussian fitting. The error bars show one
standard deviation from the mean electron density at each integration radius. The best
correlation for the interstitial atom is carborhe electron density of the interstitial atoms
increases quite significantgt an integration radius 1.4 A compared to other carbon atoms in

the protein structure. Thisnay result from incorporation of electron densitgf neighboring Fe
atoms in the FeMaofactor, which are 2 A from the interstitial carbon.

It was evident that there are different types of carbon and oxygen atoms in the protein
structure from shoulders in the distribution plots of carbon and oxy(fégue 11I-8). Further
analysis showed that the righitand shoulder in the carbon distributions is frosp? carbon
atoms which have greater electron density thap® carbon atomsdue to shorter bond length
of double bonds compared to single bonds. The elettdensity of the interstitial atom
correlates best withsp® carbon atomscompared tosp? carbon atoms Although the interstitial
carbon atom is coordinated to six iron atoms and exists as carbide tf@ electron density
distributions suggest that thedn atoms pull enough electron density away from the interstitial
carbon such that it mimi the electron density ofsp® carbons. Regarding the oxygen
distributions, te lefthandshoulder is from oxygen atoms in water moleculegre 1H8). The

water oxygen atoms havdess electron density thanthe protein backboneoxygen atoms
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because the hydrogen atoms in a water molecule provide very little additional electron density
compared tathe carbon atoms in the protein scaffold

From the Xray crystallography data, the electron density at the atom center of each
carbon, nitrogen, and oxygen atom was calculated as a functidifaftor and compared to
that of the interstitial atoms(Figure IH9). Based on this comparisonhe bestfit for the
interstitial atoms is carbgras also concluded froelectron densitycalculationsand observed in
Av1. Thisiligns withthe observedminimaldeviation in bond lengtltf<0.09 A between all atoms

in the cofactors(Table IHSL), which suggestthat atomic identity is conserved in Avl and Cpl

. Carbon B All Catoms
S 4.0 Avg. ED = 1.84 sp? C atoms
s B sp®C atoms
£ 3.0 Avg. ED = 2.74
g ]
= 2.0] - e
5 L& 2.t
é 10: H2N/ \H/ \ﬁz/ \E; X
=3

0.C- _
<"Y0E 1C 15 20 2E 30 3E %

ED Distribution of Carbon Atoms at 1.4 A

" Oxygen  ayg ED =2.43
g zq g- - .
e 16 @ All O atoms
é 12 Water only Catoms
s 8 B Nonwater O atoms
34 q
5 R 3 o
= - H H
20705 1c 15 2C 25 3C % H/E(

ED Distribution of Oxygen Atoms at 1.4

Figure I48. Bectron density distributios for carbon and oxygeat 1.4 A showthat different
bonding envionmentslead todifferent electron densities.
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Figure I49. Electron density of carbon, nitrogen, and oxygen atoms as a functiBifector.

I1l.E The Pcluster

I1l.F.i. Comparing theeduced and oxidized states

As illustrated in Figure 110, the Rcluster is stabilized bthe following contacts in Avl

h-Cysl54 toCSM-E@ &dcH U(REXLPmIil2 CHHe alyWR (@EBYCH Per |

(correspondingo / LIm NI ZCysR4ARS/ag & plo & a -y & & h@yE23, irespectivelyin
the open state ofthe ®f dza i SNE CSp FyR GCO&y y N&EysamjanmoAvl AT SR

i{ SNMyy-{ &NMmmDI NBaLISOGAGSted Ly (KS Ot2aSR &l
| @ayy -Qys7@Im | Y R/ & @mp 6 -Cys106)mespectivelFhe open and closed states

of the Rcluster are the oxidized and tHionite-reduced forms, respectively. X-ray crystal

structures of Cpl and Avgpically show that the flusterisin the dithionitereduced state or a

mixed state.In a mixed state Fe5 and Fe6 arenodeled in both theclosed and open

conformations with a combined occupancy of 100%
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Figure 1410. The open (a) and closed (b) states of theldster, corresponding to thputative

oxidized and dithioniteeduced states, respectivelife5 and Fe6 are labeled as well as the bond
length between these atoms and S1. The distance between S1 and Fe5,6 decreases from ~3.6 A
to 2.4 A when going from the open to closed stdtebothfigures, the protein scaffold is shown

in green cartoon and residues coordinated to thel&ster are shown in sticks. The atoms of the
P-cluster are represented with spheres and colored by element.

w S & A RBdeRin Avimay have a functional role the MoFe protein, as deduced from
its two alternate conformations in the reduced and oxidized Kpilictures® In the oxidized
state, the serine sidechain hydrogen bard a water molecule; in the reducestate structure,
the sidechainhydrogen bond with S2A in the Rluster. In the (dithionitereduced) Cp
structure presented here, th distance betweerCpli -Ser45and S2Ais 2.9 A. The dependence
of this residue on the oxidation state of the cofactard its strict conservation in groups | and Il
suggests that it could be involved fiedox reactionsand/or may provi@ structural support for
the reducedstate Rcluster.

When the Pcluster is in the reduced state, Fe5 and Fe6 open up so as to form more
hydrogen bond® S 6 SSy -S&188nlAyléndii-Ser141in Cpl In group lithis serineis

strictly conservedin group | however, -Serl88 is conserved only 60%nd te only variant is
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alanine. Although alanine is roughly the same size as serine, it isapable of electrostatic
interactions with the Reluster. Interestingly, there are no nearby residues ablariteract with
Fe6 in the case of the Serl188Ala substitutioné&wvl This suggests that this serine may not be

essential to the structure or function of nitrogenase.

[11.G. Conclusions

This work showcases the first high resolution structure bfadeeprotein from group ||
allowingdetailedcomparisons to be made between the most structurally divergent nitrogenase
MoFe proteingroups known.Notably, the interstitial carbon atom in the FeMoofactor in
conserved from which we can conclude that the stture of the cofactors (including the- P
cluster) are identicain groups landIl. There are, however, differences in the structure of the
protein scaffold thatsuggestalternative Fe protein dockingubstrate and product pathways,
FeMao-cofactor insertionpathways, andcofactor environment Thesedifferences and their
potential impact on the mechanism of substrate reductiwill be better understood by

characterizing Avl and Cp1 under turnover conditiassvell as CpCp2 complexes

I1l.H. Experimental(see publicationfor further detail)®*

I1l.H.i.Protein purification and crystallization

Purification of Cpl was performed as previously descrfbé&tbl vas crystallized using
the sitting-drop vapor diffusionmethod with a reservoir solution containing 0.2 M lithium
citrate and 20% (w/v) PG 335(t room temperaturein an anaerobic chamber. Thessulting
crystals were soaked meservoirsolution containingl0% 2methyl2,4-pentanediol (MPD) and 5

mM sodium dithionite for 15 min before flagheezing in liquid nitrogen.
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[ll.H.ii.Data collection and processing

X-ray diffraction data were collected on beam line -22at the Stanford Synchrotron
Radiation Ligtsource (SSRL), with a Pilatus 6M pixel array detector. THe Atresolution
diffraction data set was collected at 14,000 with an oscillation angle of 0.15°. The data were
integrated with the XDS program packagdhe model was built manualip COOT using the
electron density map from experimental phasfd® and the structure was refinedwith
REFMACY. Sructure validaton analysis was done using MadBity v4.02" Intermolecular
contacts were analyzed using the CCP4 program CONTRGiites were prepared iPyMOL®?

Electron density analysewas carried out usingroprietary software. First, all atoms of
interest were selected from the PDB file, whigitlude those withB-factor <30 A2 and a
correlation factor of 1. The electron density map was then divided into a 400 x 600 x 400 grid,
yielding about 9.6 x T&ubes, each with dimensions of 0.182 x 0.284 x 0.219 A. Due to the small
size of each cube comped to the size of an atom, it is assumed that each cube has uniform
electron density. The masked electron density distribution file was then overlaid onto the PDB
file. The program calculated the electron density of each a&dra given radius from thet@am
centerby averaginghe electron density of each box contained in the given radius.electron

density was calculated for each atom from the atom center (0.0 A) to 1.4 A with 0.2 A intervals.

I11.H.iii.Protein Data Bank accession numbers

Atomic coordinates and structure factoisr the 1.08 A structure werdeposited in the

Protein Data Banwith ID 4AWES.
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[11.J. Supporting information

Tablelll-SL. Comparison of Bond Lengths in the Febtifactor and Reluster of the Atomic
Resolution structures of Avl (PDB ID 3paa Cp2?

Bond | 3U7Q| 1.12 A Ccp1| Difference
FeMao-cafactor

FE1S1A | 2.31 2.29 0.02
FE1S2A | 2.27 2.31 0.04
FE1S4A | 2.29 2.30 0.005
SIAFE2 | 2.26 2.28 0.02
SIAFE4 | 2.29 2.28 0.015
S2AFE2 | 2.25 2.30 0.045
S2AFE3 | 2.28 2.28 0.005
S4AFE4 | 2.29 2.29 0.005
S4AFE3 | 2.25 2.29 0.035
FE2S2B | 2.21 2.24 0.03
FE2CX | 2.01 2.02 0.01
FE3S5A | 2.23 2.23 0
FE3CX | 1.99 2.00 0.01
FE4S3A | 2.24 2.24 0.005
FE4CX | 2.00 1.97 0.03
FE5S3A | 2.26 2.20 0.06
FESCX | 2.01 1.98 0.03
FE5S1B | 2.27 2.22 0.05
FE5S4B | 2.26 2.25 0.01
FE6S2B | 2.18 2.23 0.05
FE6CX | 2.02 2.03 0.015
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FE6S3B 2.22 2.25 0.025
FE6S1B 2.24 2.25 0.01
FE7S5A 2.21 2.23 0.015
FEZCX 1.99 2.01 0.02
FE7S4B 2.22 2.24 0.02
FE7S3B 2.25 2.23 0.02
S1BMO1 2.36 2.35 0.005
S3BMO1 2.37 2.35 0.02
S4BMO1 2.35 2.38 0.03
P-Cluster
FE3S2A 2.29 2.33 0.04
FE3S3A 2.32 2.35 0.03
FE3S4A 2.26 2.30 0.04
S2AFE1 231 2.35 0.04
S2AFE2 2.30 2.31 0.01
S3AFE4 2.30 2.33 0.03
S3AFE1 2.31 2.34 0.025
S4AFE2 2.28 2.32 0.035
S4AFE4 2.29 2.29 0
FE1S1 2.39 2.38 0.01
FE2S1 2.48 2.48 0.005
FE4S1 2.38 2.39 0.01
S1FE5,B 2.60 2.54 0.065
S1FE5,A 3.81 3.72 0.085
S1FE6,B 2.56 2.53 0.035
S1FE6,A 3.86 3.80 0.065
S1FES8 2.36 2.39 0.03
FE5,AS4B 2.31 2.34 0.025
FE5,B54B 2.21 2.25 0.04
FE5,AS2B 2.27 2.22 0.05
FE5,BS2B 2.45 2.47 0.02
FE6,AS2B 2.33 2.35 0.015
FE6,BS52B 2.57 2.52 0.045
FE6,AS3B 2.36 2.34 0.015
FE6,BS3B 2.32 2.33 0.01
FE8S3B 2.28 2.28 0.005
FE8S4B 2.32 2.33 0.005
S2BFE7 2.32 2.32 0
S3BFE7 2.32 2.33 0.005
S4BFE7 2.29 2.32 0.03

56
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Chapter WV

Substrate Pathways in the Nitrogenase MoFe Protein by Experimental
Identification of SmaMolecule Binding Sites

This chapteis acopy of the article published Biochemistryunder the ACS AuthorChoice
license [ittp://pubs.acs.org/doi/full/10.1021/bi501313k’® Someadditional work is also
included herein, and it is noted accordingly

IV.A. Abstract

In the nitrogenase molybdenwinon (MoFe) protein, we have identified five potential
substrate access pathways from the protein surface to the Fedfactor (the activesite) or the
P-cluster using experimental structures of Xe pressurized into MoFe protein crystals from
Azotobacter vinelandiand Clostridium pasteurianumAdditionally, all published structures of
the MoFe protein, including those froilebsiella pneumaae, were analyzed for the presence
of nonwater, small molecules bound to the protein interior. Each pathway is based on
identification of plausible routes from buried small molecule binding sites to both the protein
surface and a metallocluster. Of thefiee pathways, two have been previously suggested as
substrate access pathways. While the small molecule binding sites are not conserved among the
three species of MoFe protein, residues lining the pathways are generally conserved, indicating
that the prgposed pathways may be accessible in all three species. These observations imply
that there is unlikely a unique pathway utilized for substrate access from the protein surface to

the active site; however, there may be preferred pathways such as those lieddrere.
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IV.B. Introduction

Nitrogen fixation is the process by which atmospheric dinitroge) fNreduced to a
biologically active form of nitrogen, ammonia (I This reaction is achieved on the industrial
scale by the HabeBosch process, producing enoughraonia for nitrogen fertilizers to sustain
HTibE? 2F (KS ¢ 2°NBecRuRaf theepdddericel of tReyHab&osch process on
molecular hydrogen obtained from natural gas, this process accounts for more than 1.5% of the
globd energy consumption each ye®rindustrial nitrogen fixation uses heterogeneous iron
catalysts, pressures near 250 atm, argiperatures between 400 an600 °C to reduce
dinitrogen®8! In contrast, the biological catalyst, nitrogenase, reducesoNNH; at ambient
temperature and atmospheric pressure. Understanding the process by which nitrogenase
functions may facilitate the development of ersfirmentally cleaner alternatives to the Haber
Bosch process, making nitrogenase an attractive enzyme to study for biotechnological NH
production. Although the enzyme has been studied for many decades, the detailed mechanism
of N, reduction remains poorly nderstood. For example, certain stoichiometric aspects of the
standard model of biological nitrogen fixation (Schelivid) are still under discussion, including
the ATP/é ratio and the obligatory nature of #¢volution® Furthermore, Nreduction requires
at least six protons, but the specific form of ammonia evolved;(MHsus Nbt) and the

possibility of Hevolution may require up to 10 or more protons foy fdduction.

SchemdV-1. Thestandardmodel forbiologicalnitrogenfixation

N, + 8H+ 8e+ 16 ATP—>2NH; + H + 16 ADP + 16 P

Nitrogenase consists of two proteins: the hetasirameric molybdenurdron (MoFe)

protein and the homodimeric iron (Fe) protein. The Fe protein houses two ATP binding sites and



Chapter IV 59

0KS wncSyYn{6 OdzmlyS OfdAaiSNP ¢KS anmi@sSthree]NR (i SAY
GerSa 2F YSiUFft OSydfSdeddrS By ReuBudil ikh&faces Y(2) wé  a 't
active sites, a [7Fe:9S:MoFthomocitrate] cluster called the FeM02 F I O G 2 Nibungs, G KS h
and (3) two mononuclear iron sites, named Feb8,i ¢ S S y - | iy ®RSubunits?® During

substrate turnover, electrons flow from the [4Fe:4S] cluster to theluBter to the FeMe

cofactor, at which most, if not all, substrate reduction wcupon sufficient buildup of protons

and electons2° Considering only the inorganic components, the Feddtactor adopts neaGs,

symmetry, with a central, trigonal prismatic core composed of three faces and three edges
parallel to theG axis that are made from six Fe atoms, numbered Fe2, 3, 4, 5, 6, and 7. A
particular face may be identified by listing the four Fe atoms compatiag face, such as
Fe2,3,6,7. Similarly, an edge is identified by listing the two Fe atoms composing that edge.
Examined in isolation, the edges and faces would be indistinguishable from each other, but
variation in neighboring protein residues creates aqguivalent environments around the
FeMao-cofactor inside the protein. The edges and faces may therefore each have different
mechanistic roles. For example, CO has been shown taitbridging fashion to Fe236.

In this work, five possible pathways for substrate access from the protein surface to the
FeMo-cofactor or Pcluster are experimentally identified. To accomplish thisotobacter
vinelandii(Av) andClastridium pasteurianun{Cp) MoFe protein crystals were pressurized with
xenon (Xe) gas. Additionally, all published structures of the MoFe protein, including those from
Klebsiella pneumoniaékp), were analyzed for the presence of nonwater, small molecules
bound to the protein interior. The native Av, Cp, and Kp MoFe proteins are called Avl, Cpl, and
Kpl, respectively, and the correspondingpfessurized proteins are referred to as Axé and

CpXXe. Kpl and Avl are structurally similar (73% sequence tiglentiile their comparison to
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Cpl shows an insertion and a deletion, eddB0 residues, as well as primary structure
differences (36% sequence identity between Cpl and Av1l).

Although Xe is monatomic, unlike nitrogenase substrates, several advantagefoexis
using Xe as a model for nitrogenase substrates such:g4 NXe and Nare neutral, polarizable,
water-soluble, and unable to form hydrogen bonds; (2) the atomic radius of Xe (1.08 A) is
comparable to the NN bond distance (1.10 A), so stericallyndy travel similar pathways as
those penetrable by Xe; and (3) Xe is easily detected-tay Xrystallography due to its high
electron density and strong anomalous scattering. Furthermore, Xe pressurizatiomllis
establishedas a tool for probing gases substrate pathways in several biological ecales,
including myoglobii*® copper amine oxidas¥;?® laccasé® methane monooxygenase
hydroxylase®®? cytochrome ¢ oxidas¥, cytochrome ba3 oxidas&® acetytCoA
synthasetarbon monoxide dehydrogena8e,and antbodies that oxidize watett Finally,
several molecular dynamic simulations suppasingXe binding sites as magts for subiate
pathways?7¢10

X-ray crystallography!*XeNMR, and computational work on prieus Xe studies
indicate that Xe typically inducesinimal distortion in the protein structure and occupies
existing cavities in a protein either by displacing water molecules or filling otherwise empty
pocketsB%858%90.92.95.96Reflecting the inertness of Xe, it tends to bind to the protein using mostly
noncovalent, weak van der Waals forces with tédipolariation interactions’ The Xe binding
sites are usually hydrophobic, and the closest contacts-@R5A) are typically aliphatic and
aromatic sidechains but can be polar group$8!8%86.8891.92 These studies also show that
pathways tend to travel parallel to secongtastructure elenents rather than through therfi!

Previous studies on nitrogenase have identified four possible pathways to the active

site. First, a water channel extending from the protein surface to the Fedfactor, called the
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interstitial channel, was identified from structural analysis of Avl, @pd,Kpl, and has been
expected to facilitate access to the active site for protons passibly larger substrateg§%1%6

Use of the wateffilled interstitial channel as an access pathway to the active site does not
preclude the existence of other pathways since nonpolar substrates may prefer a less polar
route. Second, Seefeldt and-wmrkers used the program CAVENYV frore BCP4 suite with a
probe radius of 2.5 A to identify a hydrophobic substrate pathway, herein called the IS pathway
(for authors Igarashi and Seefeld?) The third previously proposed pathway, called thesNH
egress pathway by its authors, was identified by a computational cavity analysis of Avl and Kp1;
it extends through the protein scaffoR ¥ NR-3UbuifitisBfacé to the FeMaofactorl®?
Fourth, molecular dynamic calculatiogfelded a possible substrate pathway that traces the
shortest path from the proteirsurface to the FeMaofactor!®® Like the Nkl egress and IS
pathways, it does not utilize any water channels but rather tunnels through the protein scaffold.
Since nitrogenase has a relatively leisurely turnover rate of about/ded® per active site,
migration throughthe protein scaffold in the absence of permanent pathways should not be
rate limiting, by analogy to £binding to the buried heme of myoglobin and hemoglobitf’
Compared to the four previously proposed pathways, only the interstitial water channel and the
IS pathway coincide with pathways identified in the present work, suggesting that there are

multiple potential pathwaygonnecting the surface to the active site of nitrogenase.

IV.C Results and @dcussion

Xe sites were determined from ther&y crystal structures of one Avl and two Cgt X
pressurized crystals (Figure-1\and Table 1\A1). Similar to previous Xe bindirsgudies!%818%
86.8891.9%the Xe atoms in the MoFe proteins displace water or other small molecules or fill empty

pockets, rather thamisplacing residue side chains (Talle). The three Xe sites in AXEe are
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binding sites in CpXe. The roetmeansquare deviations (RMSD) between thepfessurized

protein structures compared to their native structuresD®.20 A. The RMSD of only the Xe

binding pockets is between 0.15 and 0.23 A, indicating little protein distortion from Xe

incorporation (TabléV-SL).

Table I\V¥1. X-ray crystallographiadata collection andrefinementstatistics for Avl and Cpl

Avl-Xe (4WNA)

CpiXe (4WNO)

Data Collection Statistics
Resolution range (A)

39.62¢ 2.00 (2.062.11)

39.75¢ 1.90 (1.961.93

Wavelength (A) 1.5418 0.9537

Space group P2 P1
a=7712A " ' ¢pna=6731A h I To

Unit cellconstants b=1298A i I wmMnb=7345A i I vy
c=1075A + ' ¢onc=1087A + T yo

Unique reflections 133,045 (6,500) 137,866 (6,709)

Completeness (%) 98.6 (98.6) 96.7 (86.1F

Redundancy 3.5(3.3) 3.9 (3.7¢

kK 1o 9.2 (3.2% 16.0 (2.0y

Rmerge 0.079 (0.301% 0.055 (0.660¥%

Refinement Statistics

Protein residues 1998/2054 1951/1984

MeanBvalue (&) 23.0 31.0

Ruork 0.177 0.192

Rree 0.225 0.246

Ramachandran outliers  10(0.51%) 14 (0.73%)

RMSD bond lengths ()  0.009 0.008

RMSD bond angles (°) 1.29 1.21

*Numbers in parentheses represent data in the highest resolution shell.

Xe binding sites in Avde (PDB ID 4WNA) and ©4 (PDB ID 4WN9), as well as the PRL

site in the CpiXe structure, were analyzed for potential access routes to the Fedfiactor.

Access to the fluster was also explored. In addition, imidazole (IMD)yletie glycol (EDO),

carbon monoxide (CO), and sulfur (S) binding sites from previously reported Avl, Cpl, and Kpl
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structures were examine(Table 1¥S2)?2376486Fqr all these small molecule binding sites Kwit

the exception of the S site that may be derived from a cofactor stjjfuwe can conclude with
certainty that a route from the protein surface to the bindingesexists; however, routes from

the binding sites to the cofactors are inherently less certain, and indeed, may not exist. Potential
pathways were generated using the progr&@AVER. For reference, Figurelgnd the movie
provided in the Supporting Inforation (section IV.l.) summarize all of the known water
channels and proposed substrate pathways from this study and previously published studies.
Residues involved in all pathways are provided in Tab&3I\and close contacts for each small

molecule bindhgsite are provided in Tables-86¢ IV-S13.

Table I\2. Properties osmallmoleculebindingsites in Avl and Cpl X®essurizeccrystals

Displaced Peak heights in Distance*o (A
. . B-factor | Occupancy|
Crystal | Site species in 22 (%) anomalous FeMo
native protein e FourierY I L3 | cofactor surface
Fills empty 27.30 77 18.51
Xel pocket 28.16 81 20.23 112 1 109
Avil-Xe 31.29 49 8.48
(4WNA) Xe2 HOH 31.40 46 7.12 151 0
. 31.48 62 9.62
Xe3 Imidazole 50 51 54 10.84 33.1 0
41.89 28 5.20
Xel HOH 39.52 34 578 28.1 0
64.15 46 5.93
Cpixe | (€2 MPD 44.89 50 7.64 23.8 0
(4WN9) 29.20 22 4.18
Xe3 HOH 33.79 19 553 13.6 7.4
20.65 100 N/A
PRL HOH 5376 100 N/A 24.5 7.7

* Distances were measured from Xe or RiRthe closest norsolvent atom in the FeMo
cofactor or at the protein surface.
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1V.Di. Al/IS and Allathways:FeMo-cofactor a&cesdased on Xdindingsites

Xe binding sites in Cpl and Avl were examined to identify potential substrate pathways
to the active site. We focused on buried Xe, as these sites have already penetrated into the
LINEGSAY AYGSNRAZ2NI 2 S FdzNIU ksbbuhitFse©tdeseSare cl@sgirto- S a A
the FeMeO2 FI O 2NJ O2Y LI NBR (2 -A&dBdpyinRY sBOnNEW A RK § 3h
Xel, AviXe2, CpiXe2) are 15, 13, and 23 A away from the closest Fe atom in the-FeMo
O27FF OG2NE NBa LIS O isubdisti(GpXel @rid Aid&3) ar&28 and 331 Kaay)

respectively. These constraints narrow the relevant Xe sites texg@tland CpXe3.

AVl X ——————> @ @<—— Cpl X&, MPD,

P-cluster. g< - Cpl X8
Cpl Xe?;m c&—— Felb
Avl /“
CplPRL/o
Avl X8, IMD,
AvlC /Mh ©
Av1& Kpl zgx %

IMD, EDO

Figure 1V1. Ribbon representation of Cpdhowinglocations for all XePRL and other small

Y2t SOdzZ S 0 A Y RIAWRsubanksia® Zared i §eeh and cyan, respectively. The
FeMao-cofactor, Pcluster, Fel6, andmall molecules are displayed as small spheres colored by
element. Avl and Cpl Xe sites are shown in large blue and magenta spheres, respectively.
Binding sites observed in Avl and Kpl structures are superposed onto the Cpl structure. (Cpl
Xe PDB IDIWN9;Avl-Xe PDB ID: 4WNA).
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Al/IS (blue) >‘ € NH; egress pathway (yellow)
P-cluster MD pathway (red)
SR YN S
)/@ o S FeMo-cofactor
Cl (green > s 7’\ Bl (forest green)
DI pathway/ \_\,ﬂ’--'-’%\ All (magenta)
interstitial water ; TQ / Center water channel (brown)

channel (orange)

FigurelV-2. Ribbon representation of Av1l illustrating the channels and pathways discussed in
GKAE aldeddzya 8 P NBE O2f 2 NBR SibfnSsyare kojoied cydnI Sy G |
and vyellow. The cofactors are shown in mld-stick representation colo by element.

Pathways were calculated using CAVER and are displayed as surfaces within the protein
structure %8 This figure was created in PyMéL.

We propose two substrate pathways based on Xe€ll and CpXe3, called Al and All,
respectively (Figur®/~3). In bdh pathways, two routes were calculated: one from the protein
surface to the binding site and another from the binding site to the Febfactor. The Al
pathway, as calculated by CAVER, may include the surface sitéeRwds the point of substrate
penetraion through the protein surface; it is in close proximity (11 A) to-Xel. A portion of
the Al pathway is conserved in the previously published pathway by Seefeldt amdrkers
(herein called the IS pathway) using the program CAVENNe IS pathway differs from the Al
pathway at the point that it breaches the protein surface. The paogutilized in this paper,
CAVER, also identified the breaching point of the IS pathway as more favorable than the
breaching point of the Al pathway: the average bottleneck radius of the IS and Al pathways from

the AviXel atom to the protein surface afe83 and 0.48 A, respectively, and the lengths of
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the pathways are 18.5 and 21.2 A, respectively. In fact, the IS pathway is the most favored
pathway as calculated by CAVER. However, binding of th&Xé¥kuggests that there may be
multiple entry routes ér the Al/IS pathway. Therefore, we present both entry/exit points as
possible substrate pathways. Notably, the Al/IS pathway is predominantly hydrophobic, with the

exception of residues at the protein surface and a couple around the water surrounding the

FeMoO2 FI Ol 2N ¢KSaS FSIGdzNBa &dzLlll2 NI { SSF¥St R

nonpolar substrates and/or reduction products. The Al/IS and All pathways provide access to
two of the three faces of the FeMoofactor, namely, the Fe2,3,6ahd Fe3,4,5,7 faces. Since Xe

is nonpolar and the interior Xe sites do not overlap with any polar species from other MoFe
crystal structures, the Al and All pathways may be primarily used by nonpolar substrates and/or

reaction products.

(@) h-Lys209
' h-Arg203
h-|le282 Avl-Xei h-Trp205
h-Asp200 ! h.
-AsE199 8 h -ﬁelgng
h-His196 —> ] 2 h-Val202
h Tyr281 —> ‘6" h-Trp253
h-Met279 ——#=21 >’>\ h-Val179
7 =y V2 : h-Trp72
h-Ser278 —> “f% 4 ~ % h-Met78
h-His195 ——> ' - h-
" “ val71l
-Cys275 h-Ser254
h-lle75
h-Tyr229
h-val70

Fe7

h-Arg96

Qa
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() h-Leu481 : CptXe3
h-Val343 . h _Tyr490
h-His482 h_Asn487
h-GIn480 ; h.
h-Glu368 ey h_fgjéii
NTYI342 gl h-Glu502
h-Ala463 h-Asp485
h-Gly464 L ey : 4 "-Lys479
- Gudor = Y - T

; - i GlIn

h-Lys466 —>

Figure IV3. (a) The Al/IS pathway. From the protein surface to the Xe binding site, the Al and IS
pathways follow the light purple and cyan pathways, respectively. From the Xe binding site to
the FeMaocofactor, the pathways (slate blue) are the same. Substrates nemgtmate the
protein surface at the AvKe2 binding site following the light blue pathway or as illustrated by
the cyan pathway. Upon reaching the Axé1 binding site, substrates may continue toward the
FeMao-cofactor following the slate blue pathway. TRe atoms accessed on the Feflfactor

by this pathway are labelled. Ael and AvXe2 are displayed as large blue spheres. (b) The
All pathway (magenta and light pink surfaces). Substrates may reach thReGpdinding site
following the light pink pattvay and then continue toward the FeMmfactor following the
magenta pathway. CpXe3 is displayed as a large magenta sphere. In both figures, residues
fAYAYy3 GKS LI GKglea IINB 1 o0SttSRd ¢KS hs i3 |y
respedively.

1V.D.ii Blpathway. FeMao-cofactor a&cess based on PRL bindinigs

¢KS ySIFNBad ySAIKOo2NA 2F tw[ Ay /-Gid23F NE FA
Iy RLys424 (Figur®/-2 and TabldV-SL2). PRL resides in an arm of the center channel that
curves toward the cofactors (Figui®-4). The arm terminates before reaching the FeMo
cofactor; thus, substrates would need to continue through the protein scaffold to reach the
active site. With CAVERe deduced a possible substrate pathway from the PRL binding site to

the FeMocofactor (pathway Bl), which accesses the Feldiactor at the Fe2,3,6,7 face.
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Bl Pathway Cl Pathway

v WX\

PRL

Part of the center
water channel

(Figure continues on next page)



Chapter IV 69

(0)  h_nis186 L h-Gly52
h-GIn182 —H/{t— " h_Cys53
h-Gly57 —L IS 4 h-Tyr55
nvalel — YT 7V i -Glya7
n-Alass —CEEE Lol AL f i -Sers0
h_Arg87 A D P 2\"(’ i -Tyrs1
h-Gly60 & V- j i -Thrs4
h-Thrg3 R =Y ) S h-Tyrg2
h-Gly86 S i " i -val55
i -Arg58 N SR — i -Thr22
h-Glygs —— > =k MY / h-Phes1
h Trp84 = A\ Qi L i -Lys21
I -Tyr394 =4 %Y K 1 i -Phe411
i -Met414 AL U ﬂ _— | -His146
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Figure V4. (a) PRL binds in an arm of the center channel (brown surface) that reaches toward

the cofactors. The arm terminates before reaching the Fealdfactor, so substrates must

continue to the cofactors within the protein scaffold. The most likely pathway (imgeof size)

Aa 0S0g SISy Rsidings. Branching from this pathway, substrates may either head

toward the FeMecofactor (forest green surface, pathway Bl) or toward thellBter (green

surface, pathway Cl). (b) A claege view of the Bl and CI patfays leading to the FeMoofactor

and ROf dza 0 SNE NBalLISOiA@Sted Ly 620K FAIdNBasx GKS
and yellow, respectively. Residues lining the pathway are shown in sticks and labelled. The
cofactors and PRL are displayaispheres colored by element.

1V.D.iii Cl mthway: Pcluster accessbased on PRhindingsites

Although generally considered as functioning in electron transfer between the Fe
protein and FeMecofactor, ligand access to and from theclBster may benecessary since

there is likely elimination of a sulfur atomiuring Rcluster biosynthesi&®® Also, the redox
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properties of the Fcluster indicate that it could potentially reduce protonsdaperhaps other
substrates?211°A possible subsate pathway, Cl, from the PRL site to thel@ster (Figure\V-4)

was calculated by CAVER. The PRL is 16 A away frorclirgte® and 24 A away from the
FeMo-cofactor; however, the closest metal center to the PRL binding site is Fel6, at a distance
of 14 A. Although the identity of this third metal site has been confirmed, utscfion is not
currently known?

Because the volume of the center channel is in excess of 15@0elwalls of he center
channel are essentially an extension of the protein surface. As such, the MoFe protein resembles
an oblong donut, in which the céar channel is the donut hol& Water molecules, nonpolar
atoms (Xe), and polar molecules (IMD, EDO, MPD) are all found on the protein surface so it is
not unexpected that these species have binding sites in the center channel ag hezkfore

the Bl and CI pathways may facilitate access to the Fedfiactor for al species.

IV.D.iv DI pathwayl/interstitial water channel: FeMmfactor accessdsed on IND, EDO, CO,

and S mdingsites

All published structures of native Avl, Cpl, and Kpl were investigated for additional
non-water, small molecule binding sites. Baocontaining small molecules are listed in Td\#e
S2. These guest molecules come from crystallization solutionspooyectants, or pressurized
gas and include imidazole (IMD)ntethyt2,4-pentanediol (MPD), Mg, 1,2ethanediol (EDO),
and carbormonoxide (CO); the sulfur (S) may be derived from the Fedactor?237:64.66

We focused on small molecules bound to the protein interior, of which there are five
from previously reported MoFe protein struces (TabldV-SB. Several of these bind in or near
the interstitial channel (FiguréV-5), which has been previously proposed to function as a

substrate access pathway, as deduced from the conserved water network in Avl, Cpl, and Kp1l.
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The exogenous smallatecules observed to bind within this channel include IMD in Avl (3U7Q)

and EDO in Kpl (1QGU) (Tables®y/?2%The CO and S in Avl (4TKV) bind in a protrisiom

the interstitial channelThis protrusion (purple surface in FigueS3 SE (G Sy R& ( KNER dz3 K
subunit to the protein surface; however, it is narrower and longer than the DI pathway.
Therefore, only the short protrusion from the DI pathway containing the CO and S atoms is
shown. The IMD and EDO sites directly overlap and &8eadd 7.7 A from the CO and S,
respectively. The polarity of IMD, EDO, and CO indicates that this channel may be utilized as an
access pathway for polar substrates in addition to water or protons. The DI pathway accesses

both the Fe2,3,6,7 and Fe3,4,5atés, which are also accessed by the Al and All pathways.

h-Vall10
I -Phe450
h-Thr104

S
CO

i -Arg453 IMD & EDO n-Argo3
h-Lys68
-Tyr100 h-Thr111
i GIn513 h_Ser92
h-lle101 "-Gly73
J Asp516 i -Tyros
) AT928 > 0 i Deus21
i ala514 B S " -Gly69
i His519 - h-Ala94
i yr517 "-Glyos
I Asn518 i -Arg105
h-Tyr99 h-Ar
. -Arg96
I -Leu24 h-His442
P | Wal522
-Leu
h_-Asn98 h_-Ser443
i @sp520 h-Tyrd446
h _ArgQ? h_[le231

Figure I¥5. The DI pathway (orange surface). The EDO and IMD molecules bind in the DI
pathway/interstitial channel that connects the protein surface to the Fe2,3,6,7 and Fe3,4,5,7
FeMo-cofactor faces (orange surface). The CO and S bind in a channel that extendisefiom

LI GKglF & O0LJzNLX S &adzNFIFOS0d ¢KS hx 13X |yR 1 Q
respectively. Residues lining the pathway are shown in sticks and labelled. The substrates and
FeMao-cofactor are displayed as spheres colored by element.
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IV.Dv. Pathway onservation

It is noteworthy that the Avl and Cpl Xe binding sites differ, given that Xe is used as an
electron dense surrogate for crystallographic analysis of gas binding sites in enzymes.
Furthermore, while a diverse set of small molecuhese been found to bind to the protein
interiors of Cpl, Avl, and Kpl, it is also the case that these binding sites are not identical
between the structures. To assess whether the different pathways may be generally relevant to
the functioning of nitrogease or instead primarily reflect the behavior of specific MoFe
proteins, the conservations of specific residue and residue type (hydrophobic or hydrophilic) in
Avl and Cpl were evaluated for (1) all residues in the protein, (2) surface residues, and (3)
nonsurface residues (Tabl®-S5). This was compared to the conservation of specific residues
and residue type for residues lining the substrate binding pockets and proposed pathways
(TabledV-SNL SU. The conservation of specific residue for all nons@i@sidues compared to
that of residues lining the substrate binding pockets and pathways is 38% and 63% respectively,
and the conservation of residue type is 63% and 86%, respectively. This shows higher
conservation of specific residue and residue typehat substrate pockets and in the proposed
pathways, indicating that the Al, All, BI, and CI pathways may be accessible in Avl and Cpl. The
differencesin Xe and another small molecule binding sites in these structures may reflect details
of the surroundig residues that alter the thermodynamics of ligand binding, but not necessarily

the dynamic accessibility.

IV.Dvi. Comparison to ther forms of the MoFerotein

The access pathways were compared to two other forms of the MoFe protein. First,
examination of the proposed access pathways in complefethe MoFe and Fe proteins

indicates that the docking of the Fe protein onto the MoFe protein does not block arheof t
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proposed substrate pathways (FigukeS3).22¢7 This suggests that binding of the Fe protein may

not sterically interfere with substrate access between the protein interior and exterior. This
observation is of interest since the Thornelegwe kinetic model assumes that substrates and

products can only bitleave the free MoFe proteiff Of course, differences in internal

structure or protein dynamics could alter the behavior of the Mqiratein between free and

complexed states. Second, awerlay of the FeMaofactordeficient Avl protein structure

shows that the All pathway partially overlaps with the channel utilized by the feslféator to

access its binding pocket (Figuke4)11¢ KA & &adza3asSada GKIF G -sibn8 Fdzyy S
domains mediating the transfer of the FeMofactor into the active site region of the FeMo

cofactorless protein may have multiple roles.

IV.D. Corctlusion

On the basis of the Xe binding sites, we have identified in Avl and Cpl, together with
small molecule binding sites observed in Avl, Cpl, and Kpl, three new substrate and/or product
pathways that can potentially connect the protein surface and the nitragermetalloclusters.
The Al and All pathways, deduced from Xe binding sites, are possible pathways for nonpolar
substrates. Notably, the Al pathway is mostly conserved in the previously published pathway
based on computational analysis by Seefeldt anavodkers. From the PRL binding site, there is
a possible pathway to both the FeMocofactor (pathway Bl) and thkufer (ClI), the latter of
which may provide a pathway for proton access. Both pathways contain part of the center water
channel and then extenihto the protein scaffold toward the metalloclusters. Given the polarity
of the small molecules and the binding pocket environment, the Bl and CI pathways may
facilitate metallocluster access for both polar and nonpolar substrates/ products. IMD, EDO, CO,

and S sites in Avl and Kpl suggest that the DI pathway/interstitial channel may be used as a
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polar substrate pathway; it is conserved in all MoFe proteins. All pathways access the Fe2,3,6,7
and/or Fe3,4,5,7 faces of the FeMofactor; however, this doesomh necessarily indicate that
these faces are the primary targets for substrate binding since substrates may be able to move
around the FeMecofactor. Overall, our studies establish that a variety of small molecules can
access the interior of the MoHFarotein through multiple pathways (see the movie in the
Supporting Information). This is based on experimental identification of nonwater, small
molecule binding sites in the interior of Avl and Cpl, which are two of the most structurally
divergent bacterial MBe proteins known. While there may be more favored pathways, given
the variety of potential routes available, these observations indicate that there is unlikely to be a
unique pathway utilized for substrate access from the protein surface to the actiepisit

effect, thisisamoleculdr S@St SEIF YL S 2F aFff NRFR&a fSFER (2

IV.E Experimental

IV.C.iCell growth and protein purification

Avl and Cpl protein were obtained using cell growth and protein purification

procedures previously describ&t’®

IV.Cii. Crystallization

Crystals were grown in 24ell plates using the sittindgrop method at room
temperature in an anaerobic chamber with an atmospherd86% argon an@®5% hydrogen.
All crystallization solutions were purged with argon prior to use. Avl crystals were obtained as
described previousl{? Fa Cpl, the reservoir and crystallization solutions consisted of deuble

distilled water, 23% polyethylene glycol (MW 3350 g/mol, Hampton Research), 0.2 M lithium
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citrate (Aldrich), and 5 mM sodium dithionite (J.T. Baker). Several crystals of hexagonal and

block morphology formed after 2 days, but only the block crystals diffracted well.

IV.C.iii Xenon pressurizatiofexpanded from published artidle

Crystals were grown inside an anaerobic chamber as described above. Working with one
well at atime, thethJS O2 @FSNAyYy3A (GKS 4Stf glFa Odzi FyR NBY2
was transferred to an Eppendorf tube. A thin film on top of the crystallization drop was removed
with a needle. 23 drops of the Fomblin Y mineral oil (crgmtectant, SigmaAldrich) was added
to the top of the crystallization drop. The well was-sealed with tape, and the tray was
removed from the tent. A gas pressurization device was made by Michael Stsweil.the
pressurization device (Figure-6), a small wad of Kim wipe was placed at the bottom of the
pressurization chamber and was soaked with a couple drops of the reservoir sdhatinrthe
Eppendorf tube. This is necessary to maintain a relatigefystant vapor pressure during the

pressurization process.

Valve to control
pressurization rate

Pressurization
chamber

Figure IV6. Homemade gas pressurization devitg.
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The sealing tape covering the well was cut and removed. Using a microscope, the crystal
wascollected on a nylotoop. The crystal was slowly lifted through the cpyotectant layer of
the drop and then very quickly moved to the pressurization chamberef gressurization
device. While lightly venting Xe (Matheson) through the device, the cap to the pressurization
chamber wagightened This process must be done carefullyetsure that all oxygen i®rced
out of the device without increasing the pressum® quickly which causes the crystal to crack
or become lost from the loop. After fully closing the device to the atmosphere, the pressure was
increased to 14 atm over approximately six seconfise device stood undisturbed for -18
minutes after whichthe pressure in the chamber was slowly releasddre also the pressure
change must be done slowly to avoid losing or cracking the crystal. Once the pressure was
equilibrated to atmospheric pressurehe crystal was very quickly transferred to liquid nifem

for storage.

IV.C.ivData collection and refinement

Diffraction data for CpXe was collected remotely from the Stard Synchrotron
Radiation Ligtgource (SSRL) on beamline2l@ith a DECTRIS Pilatus 6 M detector. Reference
sets of 1440 diffractioimages were collected at 12999.97 eV with an oscillation angle of 0.25°
over 360° rotation. To confirm the identity of the Xe sites, diffraction data were also collected at
6690.11 eV using the same strategy. Although well above the Ledge, Xe exhitifisasig
ly2Ylf2dza aOFGdSNAYy3 G GKAA SySNAe XewdsK nT
collected irhouse on a Rigaku MicroMax GBIF Xray generator with a Rigaku RAXNS+
detector. All data sets were integrated with the XDS program pgeXeScaling was carried out

with the CCP4 suité,and phasing was determined by molecular replacement against Avl (PDB

ID 3U7Q) and Cpl (4WEZ¥ Initial refinement was carried out with CNSand alternative
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conformations and isotropic-Bactors were refined with REFMA&%! Simulated annealing was

performed using PHENfX.

IV.C.vDetermination of small mlecule binding sites

The presence and occupancy of each Xe site were evaluated by examufagiectron
density maps, anomalous difference Fourier peaks] the Bfactor of Xe and the surrounding
residues (Table F2). Electron density and anomalous differenmaps are shown for each Xe
binding site irFigure IVSL.

Nonprotein electron densitwas evident in the CpXe structure that was modeled as a
proline ligand (PRL, FiguhS2). We propose PRL for use in the model because it nicely fits the
observed electron density; however, the actual identity and origin of this species are not

conclusvely known. It is unlikely that the electron density representsddfined water

N

molecules because neighboring water molecules are-R&GIFTAY SRS YR cbt g1l i
would be needed to accurately model the observed electron and difference densitgh vghi

more than the space can accommodate. Furthermore, the ring of PRL could favorably interact
with the five neighboring aromatic side chains in this binding potRét*Finally, the acid group

O2dzZ R Ay (-BBEA O n-GU3EBRiIa hytbgen bonding. While we will refer to the

species throughout the manuscript as PRL (to distinguish it from proline in the peptide chain),

we cannot unambiguously identify the species at this site. As it is clearly a nonwater ligand,

however, we include iin the present analysis.

IV.C.vi Pathway calculations and display
Pathways were calculated using the software CAVWERoordinates of the small

molecules were provided as the dfiag point for pathway calculations. CAVER calculates
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pathways from the grid point closest to the provided coordinates, so some starting points are
slightly offset from the Xe atoms. The probe radius, shell radius, and shell depth were set to 0.5,
4, and5 A, respectively. For each small molecule, two pathways were selected: one from the
protein surface to the small molecule binding site and the other from the binding site to a
cofactor. For any given starting point, many pathways exist; however, the progiable
pathways are those with the shortest length and largest width, and are prioritized by CAVER.

Pathways are displayed throughout the manuscript as surfaces generated in PyMOL.

IV.F. Accessionades
Accession Codes The structural model and structure factors have been deposited with
the Protein Data Bank. The PDB ID for the-&g&and Cp1Xe structures are 4WNA and 4WNS9,

respectively.
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IV.H. Abbreviations
Cp, Clostridium pasteurianum; Av, Azotobacter vinelandii; Kp, Klebsiella pneumonia;

IMD, imidazole; BO, 1,2ethanediol; MPD, 2nethyl2,4-pentanediol; PRL, proline (ligand)

IV.I. Supporting nformation
IVLi. Movie

A movie is accessible, free of charge, at
http://pubs.acs.org/doi/suppl/10.1021/bi501313Kn this movie, the MoFe protein is rotated
around the vertical axis to show the location of all pathways discussed in the manuscript,
including newly identified and previously published pathways (blue: Al/IS pathway; magenta: All
pathway;forest green: Bl pathwagreen: Cl pathway; orange: DI pe#thy/interstitial water
channel; brown: center water channel; yellow: ammonia egress pathway; red: molecular
dynamics pathway). THesubunits of the proteirare shown as green and magenta ribbon, and
thei subunits are shown in cyan amgdllow ribbon. OneFeMocofactor and Rluster are
shown as ball and sticks colored by element (yellow: sulfur; orange: iron; cyan: molybdenum;
red: oxygen; grey: carbon). The two black Fe atoms in the Felféxtor are Fe2 and Fe6, which
bind the reversible inhibitor, carbo monoxide, in a bridging fashion. The three large black
spheres are Xe binding sites in Avl and Cpl. For clarity, the pathways, cofactors, and Xe binding
sites are only displayed in ohel-subunit of the protein. The protein scaffold is that4fl (PDB
ID 4WNA) onto which the Cpl pathways and Xe binding site have been superposed. The movie

was made in PyMOL.
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IV Lii. Tables

TablelV-S1. RMSD of MoFprotein Xebindingpocketscompared tonative structures

Avl-Xe structure compare(
to Avl (1.0 A, 3U7Q)

Cp}Xe structure compare(
to Cpl (1.08 A, 4WES)

RMSD of whole protein (A)

0.192

0.215

RMSD of Xe1 binding site (4 0.153 0.210
RMSD of Xe2 binding site (4 0.151 0.232
RMSD of Xe3 binding site (4 0.119 0.211

* Residues within 6 A of the Xe sitere used in the RMSD calculations.

TablelV-&. Smallmolecules andons inpublished MoFerotein structures

Protein (resolution) | PDB ID Small molecule (total Binding location
number observed)
IMD (4) Surface
Avl (1.0 A) 3U7Q@?2 Mg?*(2) Surface
IMD Interior
Surface
Avl (1.5 A) ATKV' co@) Interior (2)
S Interior
Cpl (1.08 A) AWE$* MPD Surface
Mg (5) Surface
EDO (14) Surface
Kpl (1.60 A) 1QGU, 1QH8 £D0 Surface
EDO Interior
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TablelV-S3. Residuesnvolved inproposedpathways fromprevious anccurrent studies

Pathway
target

Pathway

Residues lining pathway (Avl numbering)

FeMo
cofactor

Al

Val70, Val71, Trp72, lle75, His195, His196, Asnl199, As
Val202, Arg203, Tyr229, Trp253, Ser254, Cys275, S¢
Met279, Tyr281, lle282

All

lle59, Tyr354]le355, Glu380, Gly422, Ser423, Gly424, Lysg
Glud27, Arg439, Glu440, Metd4l, His442, Asp44d5, Se
Tyr450, Phe459, Asp462, Met463

Thr360

Bl

Ala65, Gly66, Gly69, Val70, GIn90, Tyr91, Ser92, Arg93, Ala
Gly95, Arg96, GIn191, His195

Ala67, Lys68, Ala69, Leu67, Tyrl02, Argl05, Hi2l0&107,
His193, Phe230, Thr232Gly368, Asp369, Phe372, Asn4
Tyrd47, Gly4d70, Phed71, Pro4d72, Phe474, Thr484

cluster

Cl

Gly61, Cys62, Tyr64, Ala6s, GIn90, Tyr91, Ser92

Ala67, Lys68, Ala69, Leu77, Gly94, Ala97, Tyr98, Serl100, T
Argl05, His106, Phel07His193, Phe230Glu231, Gly368,
Asp369, Phe372, Asnd45, Tyr447, Gly4d70, Phed71, Pr
Phe474, Thr484

FeMo
cofactor

Interstitial
water
channel®¥DI

Lys68, Gly69, Gly73, Ser92, Arg93, Ala94, Gly95, Arg96,
Asn98, Tyr99, Tyrl00, llel01, Thr104, Val110, Thrlll, II
His442, Ser443, Tyr446

Leul6, Lys21.eu24, Arg28, Tyr98, Argl05, Phe450, Arg453

GIn513, Ala514, Asp516, Tyr517, Asn518, His519, As
Leu521, Val522

IS

Val70, Val71, Trp72, lle75, Met78, Arg96, Vall79, Hig
Val202, Trp205, Lys209, Tyr229, Trp253, lle262, Glu263, M4

NH; egress$®?

GIn53, Met57, Thr58, lle59, Arg60, Ala65, GInl191, Glu
Asp403, Lys426

GIn93, Gly94, Serll5, Serll7

MD
simulation !

Asn49, Gly66, Val70, Ser190, GIn191, $&&rleul93, His191
His196, Asnl99, Arg277, Ser278, Met279, Asn280, Ty
Gly357, Phe381, Ala382, His383
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TablelV-$4. IMD, CO, S, and EDddingsites in Avl and Kpl

. . Distance*to (A)
Crystal Site Displaced species i Occupancy (%| FeMo
(PDB ID) native protein pancy surface

cofactor

Avl (3U7Q) IMD HOH 100 11.5 11.6
Avl (4TKV) CO HOH 60% 17.0 8.7
Avl (4TKV) S Empty pocket 100% 19.0 10.9
Kpl (1QGU) | EDO | HOH 100 11.6 10.1

82

* Distances were measured from the closest substrate atom to the closest meta FeMo
cofactor or to the closest nesolvent atom on the protein surface.

TablelV-S5. Conservation ofpecificresidues andesiduetype in Avl and Cpl

. Native protein Xe/PRL binding
Residue Non-surface Surface pockets and Al, All
conservation Allresidues residues residues BI, CI pathways
Conservation of | ;g o, 38.4% 248% | 62.5%
specific residue
Conservation of
residue type | o4 2o, 63.4% 53.2% | 85.6%
(hydrophobic or
hydrophilic)
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TablelV-$5. Closecontacts andresidueconservation forAvl-Xel protein interior)

Residue | Atom | Distance from Xe (A Corresponding residue in Cpl
1 h-val71l CG1 3.88 h-Val60
2 h-Trp72 CE3 4.48 h-Met61
3 h-lle75 CD1 3.29 h-lle64
4 | h-Alal198 O 5.95 h-Alal87
5| h-val202 | CG2 3.59 h-Vall191
6 | h-Trp253 | CE3 4.34 h-Leu238
7 | h-Ser254 CB 4.31 h-Thr239
8 h-1le262 CD1 4.59 h-Val247
9 | h-Met279 CE 4.49 h-lle264
Hydrophobic residues: 89%
Conservation of specific residue: 44%
Conservation of residue type*: 100%

* Residues are categorized as hydrophilic or hydrophobic

TablelV-S7. Closecontacts andresidueconservation forAvl-Xe2 protein surface)

83

Residue | Atom Distance from Xe (A) Corresponding residue in Cpl
1| h-His196 | CD2 5.20 h-His185
2 | h-Asn199 O 3.98 h-Asn188
3 | h-Asp200 | OD1 3.08 h-Asn189
4 | h-Arg203 NE 417 h-Met192
5| h-Tyr281 @) 3.67 h-Tyr266
6 | "h-lle282 | CD1 3.87 h-lle267
7 | h-His285 CB 4.18 h-Met270

Hydrophobic residues: 29%
Conservation of specific residue: 57%
Conservation of residue type*: 71%

* Residues are categorized as hydrophilibyairophobic
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TablelV-SB. Closecontacts andresidueconservation forAvl-Xe3 protein surface)

Residue | Atom | Distance from Xe (A] Corresponding residue in Cp
1 I -Tyr233 OH 5.24 i -Gly180
2 i -Arg468 0] 5.61 i -Arg408
3 I -lle469 CD1 4.36 i -Phe409
4 i -Ser482 CB 4.50 I -Asn422
5 I -Thr483 C 4.81 i -Pro423
6 i -Thr484 0] 3.92 i -Lys424
7 i -Gly489 ) 5.10 i -Gly429
8 i -GIn492 CB 4.19 i -Arg432
9 i -11e493 CG1 3.83 I -Leu433
10 | i -Thr496 | OG1 4.44 i -Glu436
Hydrophobic residues: 40%
Conservation of specifiesidue: 20%
Conservation of residue type*: 90%

* Residues are categorized as hydrophilic or hydrophobic

TablelV-. Closecontacts andresidueconservation forCptXel protein surface)

Residue | Atom Distance from Xe (A) | Corresponding residue in Av
1 | h-Aspl07 | OD2 5.84 h-Aspll7
2 h-Lys120 CE 5.99 h-Lys130
3 | "-Glul27 | OE1l 5.40 h-Glul37
4 i -Argl2 O 3.81 i -Arg59
5 I -Lys13 C 4.11 i -Glu60
6 i -Alal4 N 3.93 I -Ala61
7 i -Leul5 ) 3.51 i -Leu62
8 i -Argl6 NH1 3.73 i -Thr63
9 i-llel7 N 5.81 I -Vale4
10 | i -Glu371 ) 5.84 i -Gly424
11 | i -Asp373 | OD2 5.09 I -Asp426
Hydrophobic residues: 27%
Conservation of specific residue: 64%
Conservation of residue type*: 91%

* Residues are categorized as hydrophilic or hydrophobic
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Table IV¥S10. Closecontacts andresidueconservation forCptXe2 (protein grface)

Residue | Atom | Distance from Xe (A Corresponding residue in Avl
1 | h-Asp254 0] 3.57 h-Lys269
2 | h-Leu255| CB 4.30 h-Leu270
3 | h-Pro278 | CG 5.41 h-Pro293
4 | h-Cys300 0] 3.38 h-Lys315
5| h-Phe301| CZ 3.84 h-Phe316
6 | "-Vald06 | CG1 3.90 n/a
7 | h-lle407 CD1 4.18 n/a
Hydrophobic residues: 71%
Conservation of specific residue: 43%
Conservation of residue type*: 80%

* Residues are categorized as hydrophilic or hydrophobic

TablelV-S11 Closecontacts andresidueconservation forCptXe3 (potein interior)

Residue | Atom Distance from Xe (A) | Corresponding residue in Av

1 | h-Phe460 | CE1 4.63 h-Gly422
2 h-Lys477 | CG 3.95 h-Arg439
3 | h-Leud79 | CD2 5.55 h-Met441
4 | h-Asp483 | OD2 5.94 h-Asp445
5 h-Tyr488 | OH 3.61 h-Tyr450
6 | "-Asn496 @) 5.39 h-1le458

7 | h-Phe497 | CD1 3.29 h-Phe459
8 h-Gly498 N 5.37 h-Ala460
9 h-Glu500 CB 3.83 h-Asp462
10 | h-Leu501 N 3.71 h-Met463

Hydrophobic residues: 60%
Conservation of specific residue: 30%
Conservation of residue type*: 90%

* Residuesre categorized as hydrophilic or hydrophobic
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TablelV-S12. Closecontacts forCp:PRL

86

Residue | Atom Distance from ligand (A) | Corresponding residue in Av
1 i -Tyr30 Cz 3.7 i-Leu77
2 J -His59 NE2 3.7 J -His106
3 i -Phe60 CZz 3.8 i -Phel07
4 | i-Phel78| CE2 3.4 i -Phe230
5 | i-vall79 CA 3.5 I -Glu231
6 | 1-Glyl80 C3 3.4 I -Thr232
7 | 1-Aspl83| OD2 4.1 i -Asn236
8 | 1-Glu323 | OE2 3.0 i -Phe375
9 | i-Gly410 O 3.8 i -Gly470
10 | i-Phed411| C1 3.8 i -Phe471
11 | §-Lys424 | NZ 2.7 I -Thr424
Conservation of specific residue: 46%
Conservation of residue type*: 73%

* Residues are categorized as hydrophilic or hydrophobic

TablelV-S13. Closecontacts forAvl-IMD

Residue | Atom Distance from ligand (A) | Corresponding residue in Cp
1 h-Ala94 O 4.1 h-Gly85
2 h-Gly95 N 5.2 h-Gly86
3 h-Arg96 0] 3.1 h-Arg87
4 h-Arg97 CA 3.9 h-Arg88
5 h-Asn98 | ND2 3.9 h-Phe89
6 h-Tyr99 CEl 3.3 h-Lys90
7 h-Tyrl00 | CE2 4.2 h-Pro91l
8 h-vall1l0 | CG1 4.2 h-Asnl102
9 | h-Thr1ll | CG2 3.9 h-Glul03
10 | I #Asp516 O 5.7 I -Glud51
11 | § dyr517 C5 4.1 I -Blu4s2
12 | i #Asn518 N 6.0 I Asp453
13 | | -His519 C 5.4 i -Phe454
14 | i #Asp520| OD1 3.7 I -GBlu455
15 | 1 -Heu521 N 4.9 i Wal456
Conservation of specific residue: 20%
Conservation of residue type*: 60%

* Residues are categorized as hydrophilic or hydrophobic
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TablelV-S14. Residuedining the Apathway in Avl and Cpl

Al pathway in Avl

Al pathway in Cpl

h-val70 h-val59
h-val71 h-val60
h-Trp72 h-Met61
h-lle75 h-lle64
h-His195 h-His184
h-His196 h-His185
h-Asn199 h-Asn188
h-Asp200 h-Asn189
h-Val202 h-Val191
h-Arg203 h-Met192
h-Tyr229 h-Tyr214
h-Trp253 h-Leu238
h-Ser254 h-Thr239
h-Cys275 h-Cys260
h-Ser278 h-Ser263
h-Met279 h-lle264
h_Tyr281l h_Tyr266
h-lle282 h-lle267

Conservation of specific residue: 67%
Conservation of residue type*: 94%

* Residues are categorized as hydrophilic or hydrophobic
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TablelV-S15. Residuedining the Alpathway in Cpl and Avl

All pathway in Avl All pathway in Cpl
h-1le59 h-Ala48
h-Tyr354 h-Tyr340
h-lle355 h-Val341
h-Glu380 h-Glu366
h-Gly422 h-Phe460
h-Ser423 h-Ala461
h-Gly424 h-Gly462
h-Lys426 h-Lys464
h-Glu427 h-Glu465
h-Arg439 h-Lys477
h-Glu440 h-GIn478
h-Met441 h-Leu479
h-His442 h-His480
h-Asp445 h-Asp483
h-Ser447 h-Asn485
h-Tyr450 h-Tyr488
h-Phe459 h-Phe497
h-Asp462 h-Glu500
h-Met463 h-Leu501
I Thr360 i 6In308

Conservation of specific residue: 45%
Conservation of residue type*: 90%

* Residues are categorized as hydrophilic or hydrophobic
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TablelV-S16. Residuedining the Bpathway in Cpl and Avl

Bl pathway in Avl Bl pathwayin Cpl
h-Ala65 h-Alab4
h-Gly66 h-Gly55
h-Gly69 h-Gly58
h-Val70 h-val59
h-GIn90 h-Phe79
h-Tyr9l h-Tyr80
h-Ser92 h-Thr81
h-Arg93 h-Trp82
h-Ala94 h-Gly83
h-Gly95 h-Gly84
h-Arg96 h-Arg85

h-GIn191 h-GIn180
h-His195 h-His184
i -Ala67 I -Ala20
J -Lys68 i -Lys21
i -Ala69 i -Thr22
I -Leu67 I -Tyr30
i -Tyrl02 i -Val55
I -Arg105 I -Arg58
I -His106 i -His59
i -Phel07 i -Phe60
i -His193 i -His146
i -Phe230 i -Phel78
i -Thr232 i -vVal179
I -Gly368 i -Gly319
I -Asp369 I -Asp320
I -Phe372 I -Glu323
I -Asn445 I -Asn392
I -Tyrd47 I -Tyr394
I -Gly470 1 -Gly410
i -Phe471 i -Phe411
I -Pro472 i -Pro412
i -Phed74 i -Met414
I -Thr484 i -Lys424

Conservation of specific residue: 68%
Conservation of residue type*: 82%

* Residues are categorized as hydrophilic or hydrophobic
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TablelV-S17. Residuegining the Cpathway in Cpl and Avl

Cl pathway in Avl Cl pathway in Cpl
h-Gly61 h-Gly50
h-Cys62 h-Cys51
h-Tyr64 h-Tyr53
h-Ala65 h-Alab54
h-GIn90 h-Phe79
h-Tyrol h-Tyr80
h-Ser92 h-Thr82
i -Ala67 i -Ala20
i -Lys68 i -Lys21
i -Ala69 I -Thr22
i-Leu77 i -Tyr30
i -Gly94 i -Glya7
i -Ala97 i -Ser50
i -Tyro8 i -Tyr51

i -Ser100 i -Thr54

I -Tyrl02 i -Val55

I -Arg105 I -Arg58

i -His106 i -Hisb9

i -Phel07 i -Phe60

I -His193 i -His146

i -Phe230 i -Phel78

i -Glu231 i -vall79

1 -Gly368 I -Gly319

i -Asp369 i -Asp320

i -Phe372 i -Glu323

i -Asn445 i -Asn392

I -Tyr447 I -Tyr394

1 -Gly470 i -Gly410

i -Phe471 i -Phe411

i -Pro472 i -Pro412

i -Phe474 i -Met414

I -Thr484 I -Lys424
Conservation of specific residue: 66%
Conservation of residue type*: 81%

* Residues areategorized as hydrophilic or hydrophobic
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TablelV-S18. Residuedining the Dpathway/interstitial water channel in Cpl and Avl

DI pathway in Avl DI pathway in Cpl
h-Lys68 h-Lys57
h-Gly69 h-Gly58
h-Gly73 h-Gly62
h-Ser92 h-Thr81
h-Arg93 h-Trp82
h-Arg96 h-Arg85
h-Arg97 h-Arg86
h-Asn98 h-Ser89
h-Tyr99 h-Lys90

h-Tyr100 h-Pro91

h-lle101 h-Glu92

h-Thr104 h-Thr95

h-Vall110 h-Asn100

h-Thrill h-Glul01

h-lle231 h-1le216

h-His442 h-His480

h-Ser443 h-Ser481

h-Tyr446 h-Tyr482

i -Leul6 n/a

I -Lys21 n/a

I -Leu24 n/a

I -Arg28 n/a

i -Tyro8 i -Tyr50

I -Arg105 I -Arg57
i -Phe450 I -Phe397
I -Arg453 I -Arg400
I GIn513 n/a

i @la514 I Qys449
I @Asp516 I Glud51
I Dyr517 | Glu452
I @Asn518 I Asp453
I fis519 I -Rhed54
I -@Asp520 I -GQlu455
i Qeu521 I Nal456
i Nal522 i Nal457
Conservation of specific residue: 50%
Conservation of residue type*: 87%

* Residues are categorized as hydrophilic or hydrophobic
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TablelV-S19. Residuegining the 1S$athway in Avl and Cpl

IS pathway in Avl

IS pathway IlCpl

h-val70 h-Val59
h-val71l h-Val60
h-Trp72 h-Met61
h-lle75 h-lle64
h-Met78 h-Met67
h-Arg96 h-Arg85
h-Vvall79 h-His168
h-His195 h-His184
h-Val202 h-Vall191
h-Trp205 h-Glul94
h-Lys209 h-Lys198
h-Tyr229 h-Tyr214
h-Trp253 h-Leu238
h-lle262 h-val247
h-Glu263 h-GIn248
h-Met279 h-lle264

Conservation of specific residue: 56%
Conservation of residue type*: 94%

* Residues are categorized as hydrophilic or hydrophobic

TablelV-20. ResiduesiningDl y O S gegresgpathway in Avl and CHE

NHsegress pathway in Avl

NH;egress pathway in Cpl

h-GIn53 h-val42
h-Met57 h-lle46
h-Thr58 h-Thr47

h-lle59 h-Ala48
h-Arg60 h-Arg49
h-Ala65 h-Ala54
h-GIn191 h-GIn180
h-Glu380 h-Glu366
h-Asp403 h-Asp441
h-Lys426 h-Lys464
i -GIn93 i -GIn46
i -Gly94 i -Glya7
i -Ser115 i -Thr68
i -Ser117 i -Ser70

Conservation of specific residue: 71%
Conservation of residue type*: 93%

* Residues are categorized as hydrophilic or hydrophobic
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TablelV-221. ResiduesiA y A y 3 nfol¥chlardgr@micspathway in Cpl and A¥E

MD pathway in Avl| MD pathway in Cpl
h-Asn49 h-Asn38
h-Gly66 h-Gly55
h-Vval70 h-val59
h-Ser190 h-Serl79

h-GIn191 h-GIn180
h-Ser192 h-Ser181
h-Leul93 h-Alal182
h-His195 h-His184
h-His196 h-His185
h-Asn199 h-Asn188
h-Arg277 h-Arg262
h-Ser278 h-Ser263
h-Met279 h-lle264
h-Asn280 h-Asn265
h-Tyr281 h-Tyr268
h-Gly357 h-Gly343
h-Phe381 h-Phe367
h-Ala382 h-Ala368
h-His383 h-His369
Conservation of specific residue: 90%
Conservation of residue type*: 100%

* Residues are categorized as hydrophilic or hydrophobic
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IV Liii. Figures

Avl-Xel andXe2

Avl-Xe3

FigurelV-SL. Electron density maps (blue mesh) and anomalous difference maps (orange mesh)

for each Xe binding site, including noncrystallographigaligted pairs, and their surrounding
SYGANRBYYSylGod . 20K YIFLA INB O2yi2dNBtks4adr o - o
closer to the Xe atom are shown in sticks. Note that the electron density foiX€plis not
graroftsS Fo20S GKS 2Nry3aS - S d2Yy G o ° RdzS G2
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i -Phe178 :slu??:’a A
ond: 3.
. I-Lys424
I -Tyr30
Y H-bond: 2.7A

i -Phe411

i -His59
i -Phe60

FigurelV-2. PRL binding site with the neighboring residues in sticks. The PRL molecule is shown
with spheres and sticks and is colored by element. The electron density of the PRL and nearby
waterY2f SOdzZt S& IINB akKz2gy Ay o0fdzS YSaK O2yi2daNBR
Fad2Y 2F tw] 4 ¥RniKS! ypRIBEDaie gkeh. Note the welefined

electron density of the water molecules. See Experimental section of the mainotefurther

discussion.
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Different orientations
of Fe protein

\

FigurelV-S3. Overlays of four different AvAv2 complexes: ADP-Algtabilized AviAv2 (PDB ID
1M34, red cartoon), nucleotidéee AviAv2 (PDB ID 2AFH, blue cartoon), MgAMRRDAd
Av1-Av2 (PDB ID 2AFK, forest green cartoon), and Md®DRd AviAv2 (PDB ID 2AFI, orange
cartoon). The docking of the Fe protein does ndock any of the proposed substrate
pathways?®67

Figure IV-SA. Overlay of the molecular surface of the Felafactordeficient Avl protein

(wheat surface, PDB ID 1L3H)The channel used for transportation of the Feldufactor is

visible as the hole in the wheat surface that connects the protein surface to the location of the
FeMoO2 FI OG2NJ Ay GKS YI (dz2NB LINE ( S /sybdnit of hiéSAVANBE Sy L
Xe stucture, and the other colored surfaces belong to the substrate access pathways. Three are
visible: the Al (blue surface), All (magenta surface), angelyig¢ss (yellow surface) pathways.

Part of the All pathway overlaps with the Feldafactor insertion pthway.



