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Abstract
In this project we expressed a mutant enzyme of the small subunit from a cyanobacterial uptake 
hydrogenase with a mutation on one of the iron-sulfur cluster binding cysteines in Escherichia coli. 
The aim of this mutation was that one out of three clusters should be removed. By measuring the 
magnetic properties of this mutant we may gain more knowledge about how the clusters interact 
with each other. We succeeded in expressing the protein and it was found to be folded with the 
remaining clusters incorporated. This opens up for future studies of the properties of this mutant and
iron-sulfur clusters in hydrogenases.
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Abbreviations
E. coli Escherichia coli

EPR electron paramagnetic resonance

SDS-PAGE sodium dodecyl sulfate polyacrylamide gelelectrophoresis
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Introduction
Fossil fuels is linked to many of the problems earth is facing today.1 A big issue is global warming 
which the excessive emission of CO2 from fossil fuels has led to. In addition it affects human health
in big cities and causes conflicts because of the unevenly spread resources of oil and gas. The 
demand of energy is estimated to be twice what we use now by 2050. Today the energy coming 
from combustion of fossil fuels is about 80% of the total energy use. So in a not very distant future 
we have to exchange almost all of our current energy and twice that with environmentally friendly 
alternatives. Solar fuels have gained much interest and is a fast growing field right now. To harvest 
and store energy from the sun can be done in many different ways one of them being hydrogen gas 
produced by photosynthetic bacteria. With energy from photosynthesis they use an enzyme called 
hydrogenase to convert protons and electrons into dihydrogen. To optimize the hydrogen production
for big-scale yield we still need more basic knowledge about different hydrogenases. The aim of 
this project is to contribute to such understanding. More exactly to express and characterize a 
mutant subunit of a type of hydrogenase with electron paramagnetic resonance (EPR) spectroscopy.

Hydrogenases

Hydrogenases is a diverse group of enzymes all catalyzing the reaction H2 → 2H+ + 2e-. 2They exist 
in a variety of organisms, bacteria, archaea and some eukarya. The most common contain either a 
NiFe or a FeFe in the active site. In nature hydrogenases principally oxidize molecular hydrogen 
into protons and electrons in order to provide the organism with energy. But depending on the 
enzymes' location splitting H2 can also be used to supply electrons. The reverse reaction when 
hydrogen gas is produced can in turn be utilized to remove reducing equivalents. A majority of the 
hydrogenases are inhibited or even destroyed by molecular oxygen. The hydrogenase examined in 
this report is a NiFe hydrogenase called HupSL, S standing for small subunit and L for large 
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Fig 1B: Model of f-HupS. Reproduced 
from [4] with permission from the Royal
Society of Chemistry.

Fig 1A: Model of HupSL with the proximal 
clusters' binding motif. Reproduced from [4]with 
permission from the Royal Society of Chemistry.



subunit.3 A model of HupSL is shown in figure 1A. The NiFe hydrogenases are usually uptake 
hydrogenases which means that they take up H2 and oxidize it.2 The NiFe hydrogenases have a large
subunit of typically about 63 kDa that hold the active site. The small subunit contains three iron 
sulfur clusters and has a weight of approximately 29 kDa. The clusters are the proximal [4Fe-4S], 
medial [3Fe-4S] and the distal [4Fe-4S], named after their position in the subunit. With a distance of
about 12 Å between each cluster they form an electron transfer pathway that can be directed away 
from or towards the active site. H2 is transported to the active site through a hydrophobic gas 
channel leading from the surface of the large subunit. The pathway of the protons is not yet known. 
The hydrogenase studied in this this report is native in a type of cyanobacteria (discussed below).  

The binding motifts for the iron sulfur-clusters in cyanobacterial uptake hydrogenases have unusual 
coordinating amino acids.3 In more well studied hydrogenases from sulfur reducing bacteria the 
clusters are bound by the sulfurs on cysteine residues. In the case of cyanobacterial uptake 
hydrogenases one of the amino acids coordinating the proximal cluster is an asparagine and a 
glutamine is one of the residues binding the distal cluster.

Cyanobacteria

Cyanobacteria are photosynthetic bacteria that grow in either fresh or sea water.5 Nostoc 
punctiforme is a filamentous cyanobacteria, which means that it grows in long filaments. The 
filaments are mostly made up of vegetative cells that carry out photosynthesis. The other type of 
cell is the nitrogen fixing heterocyst. The heterocysts are slightly larger than the vegetative cells and
express two enzymes that the vegetative cells do not, nitrogenase and hydrogenase. Nitrogenase 
binds inorganic nitrogen from the atmosphere by catalyzing the reaction 8H++8e-+N2+16ATP → 
2NH3+16ADP+16Pi+H2 . As shown by the formula this is a very costly process and to compensate a
little for the energy loss, H2 is oxidised by the uptake hydrogenase. Both nitrogenase and 
hydrogenase is very sensitive to oxygen, therefore the heterocyts do not performe photosynthesis 
with oxygen gas as a by-product. Instead the vegetative cells provide the heterocysts with products 
from photosynthesis. In exchange hetrocysts provide the vegetative cells with nitrogen products.

f-HupS

It is hard to characterise the small subunit, HupS, with EPR when it is bound to the large subunit 
HupL, because the NiFe spectra overlaps with the FeS spectra.3 In addition the NiFe is magnetically
coupled to the FeS clusters. Without the large subunit, HupS is not soluble which makes it 
impossible to purify. To solve this problem a protein tag known to make difficult proteins more 
soluble, Nus-Tag, is fused with HupS. When the C-terminus of Nus-Tag is fused with HupS 
approximately 50% the fusion proteins becomes soluble. To the other end of the HupS a Strep Tag 
is fused. This is to make it possible to purify with Strep-Tactin affinity chromatography. Even 
though HupS is more stable with Nus-Tag it is still very sensitive to oxygen gas. Because Nus-Tag 
have no residues that interfere with the EPR or UV/Vis spectra from the iron sulfur clusters it does 
not have to be cleaved away before analysis. f-HupS have a molecular weight of ~97 kDa. It has 
been shown that the f-HupS incorporates all iron-sulfur clusters the HupS should contain. A model 
of f-HupS is shown in figure 1B.
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Methods

Auto-induction media

To grow cells and make them express the desired protein an auto-induction media described by 
William Studier (2005) is used.6 Normally when a protein is expressed an inducer that activates the 
corresponding genes is added to the media after a time. The problem with this method is that it is 
hard to know when it is optimal for the cells to start expressing the protein. In large-scale growth, 
separate cultures may have grown to different densities. The auto-induction media described by 
Studier contains among other things glucose and lactose. The cells primarily use glucose to fuel 
growth and when the glucose runs out they instead start to absorb lactose. The genes coding for the 
target can be induced by lactose so when the cells have grown to a certain density and run out of 
glucose they start to express the protein. This makes the protein expression more gradual and by 
adjusting the glucose concentration a cell density that is wanted can be obtained.

EPR spectroscopy

An EPR spectrometer studies the energy differences from unpaired electrons interactions with a 
magnetic field.7 Because of the electrons own electric magnetic moment, µ, it places itself 
according to the magnetic field like a compass. The alignment can either be with or against the field
resulting in a higher or lower energy state. An EPR machine usually scans the magnetic field while 
the electromagnetic frequency is held constant. The g-factor is a so called fingerprint for all 
compounds since it does not change depending on at what microwave frequency the spectra is 
taken. It can be described by equation 1.

g=hν/ µB B0 (eq. 1)

hν is the energy difference between the two states and B0 is the Bohr magneton, the natural unit for 
an electrons magnetic moment. Because the g-factor is unique for each compound it is used to 
interpret an EPR spectrum. Seeing that only unpaired electrons can be detected by EPR, the 
compounds searched for have to be paramagnetic. In HupS as purified only the medial [3Fe-4S] 
cluster is paramagnetic.3 The [4Fe-4S] clusters are diamagnetic. When the sample is chemically 
reduced the spin of the [3Fe-4S] cluster changes and it is no more visible on the spectra. Instead the 
[4Fe-4S] clusters become paramagnetic and possible to detect.

Studied protein: CLGA f-HupS mutant 

The medial cluster is believed to be bound by three cysteine residues, Cys240, Cys258 and Cys 261 
In this experiment the medial cluster is removed by exchanging the third cysteine with an alanine. 
This is denoted C261A mutation or can be shown as C...CxxA. Because the amino acids between 
the second cysteine and the alanine is leucine and glycine the mutant is called CLGA. By deleting 
the medial cluster there should only be EPR signals from the distal and proximal cluster. The aim of
this project is to express the CLGA mutant in E. coli (Escherishia coli) and then isolate the protein. 
E. coli is chosen for expression because it is a very well studied bacteria that grows very fast. The 
mutant protein is then characterized with EPR spectroscopy so see if it incorporates any iron-sulfur 
clusters. The reason why the medial cluster is removed is to be able to study the other two clusters 
without interference of the medial. It is possible that they could be magnetically coupled to each 
other and this mutation would show if that is the case. 
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Experimental
All tools and solutions used working with whole cells are sterilized both before and after use. All 
solutions can be seen in appendix. Two preps with the wild-type f-HupS were made for comparison.
Three preps with the CLGA mutant were performed. 

Transforming competent E. coli cells

Three eppendorf tubes with 20 µl each of competent E. coli BL21(DE3) are prepared. 1 µl of a 
recombinant plasmid with the CLGA mutant is added to one tube with E. coli. As a negative and 
positive control, 1 µl sterilized water is added to the second and a plasmid with ampicillin resistance
is added to the third tube. The tubes were put 30 minutes on ice and then heat shocked in a 42oC 
water bath for 45 s. The tubes were then cooled again for 2 minutes on ice. 80 µl LB broth was 
added. The tubes were then incubated for 30 minutes at 37oC in a water bath. The content of the 
eppendorf tubes were spread on plates with LB/agar 50 µg/ml ampicillin (Sigma). The plates were 
put in a bag and colonies were grown over night at 37oC.

Growing cultures

Two colonies from the CLGA mutant plate were moved to a pre-culture of 100 ml LB growing 
media containing 50µg/ml ampicillin. The pre culture was put on shaker at 37oC over night. 9 L 
ZYP-5052 auto-induction culture media is prepared in 6 flasks with 1.5 L in each (see appendix). 
Ampicillin is added to a final concentration of 50µg/ml.

The cells are grown for 4 hours at 37oC under shaking. The temperature is then lowered to 20oC ~15
hours. The content of the flasks was poured into centrifuge bottles and centrifuged at 4000 g at 4oC 
for 15 minutes. The supernatant was discarded and the procedure was repeated until all cells had 
been accumulated in the bottles. The pellets were suspended in as little Buffer W (see appendix) as 
possible. And transferred to 50ml falcon tubes. The tubes were centrifuged in a swing-out rotor at 
4500 g at 4oC for 30 minutes. The supernatant was discarded and the cells were stored at -20oC. 

Protein purification

The cells were weighed and 1 ml Buffer W was added per gram of cell mass. To this the following  
were added per 100 ml cell suspension: 1 protease inhibitor tablet (Roche), 900 µl 20% (w/v) 
glucose (Sigma), 16.7 µl  3000U glucose oxidase(Sigma), ~0.005mg catalase (Sigma). The 
suspension was sonicated 10 minutes (10 sec pulse, 10 sec rest) until all cells had been lysed. After 
the sonication the following were added: 2 ml 50mM MgCl2 (Sigma-Aldrich), 2 mg Dnase (Sigma), 
4 mg Rnase (Sigma) and 4.5mg avidin (Prospec). A sample denoted crude extract is taken from the 
suspension for protein quantification and SDS-PAGE. The suspension was centrifuged in the ultra-
centrifuge at 184 000 g for 1 hour. The supernatant is decanted into airtight bottles and put under 
nitrogen gas flow. The pH is adjusted to 7 with NaOH (Acros). The pellet is dissolved in a few ml 
Buffer W and a sample each is taken from the soluble and insoluble extract.

The following solutions were made: Buffer W + 5mM desthiobiotin (Sigma), Buffer W + avidin 
(Prospec) (a few mg/10ml).  All solutions were flushed with nitrogen gas. The next steps were made
under anaerobic conditions in a glove box. A 2 ml Strep-Tactin superflow column was equilibrated 
with 10 ml Buffer W. The column was then washed with ~5 times the column volume Buffer + 
avidin. The protein extract was applied to the column and the flow through was collected. The 
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protein was eluated with 8-10ml Buffer W+ 5mM desthiobiotin into eppendorf tubes, approximately
1 ml in each. A sample from the flow through and each of the protein fractions is taken. The 
purified protein was stored at -80oC. The column was regenerated with buffer W + 1mM HABA and
washed with buffer W. All samples from protein extracts and purified protein are stored at -20oC. A 
flowchart of the purification with all saved protein fractions can be seen in figure 2.

The protein was anaerobically concentrated using Viva spin 500, 30 000 MWCO PES columns 
according to the manufacturers instructions.

Protein analysis

Protein quantification

Absorption was measured at 595 nm in a micro-assay 96 well plate. All protein extracts and 
purification fractions were mixed in equal parts sample and Bradford reagent (Thermo Scientific). A
calibration curve was made with bovine serum albumin(Thermo Scientific). 

SDS-PAGE

SDS-PAGE (sodium dodecyl sulphate polyacrylamide gelelectrophoresis) gels were prepared 
according to the table in appendix. The samples were mixed with sample buffer (see appendix) and 
heated for 10 minutes until the proteins had denaturated. As reference 5 µl of a protein ladder from 
Thermo scientific (#26619) is loaded to the gel together with 10 µl of the samples. Approximately 
55 mg protein is loaded from the protein extracts and about 5 mg from the purified protein. The gel 
is run at 15 mA per gel and 200 V with running buffer (see appendix). The gel is stained with 
comassie blue (Thermo Scientific) according to the manufacturers instructions and washed with 
water.

9

Fig 2: Flowchart of the purification. Dark blue: saved extract, 
light blue: discarded extract



EPR spectroscopy

150 or 200 µl concentrated protein was loaded into an EPR tube inside the glove box and frozen 
with liquid nitrogen. After the protein as is had been measured with EPR, dithionite (Riedel-de 
Haën) to a final concentration of 2 mM was added under flow of argon gas. The sample was put at 
room temperature to incubate for 30 minutes and then frozen again.

X-band EPR measurements was performed on a Bruker ELEXYS E500 spectrometer with a SHQ 
9810 resonator and a ER049X superX microwave bridge. Liquid helium was used as coolant in a 
continuous flow Oxford Instruments cryostat with a ITC 503 temperature controller. This is the 
same instruments except for the cavity as published by Raleiras et. al (2013)2 Spectra were taken at 
7-15K

Results and Discussion

Wild -type f-HupS

The expression of the wild-type did not work because the cells did not over express the protein. By 
just looking at the cells you could tell that they seemed to be partly lysed. This may be because of 
oxidative stress in the cells or other unknown factors. This is a common problem when growing 
cells. Different brands of the same kind of growth media can cause various amounts of oxidative 
stress on the cells.8 We therefore changed brand on the tryptone after both of our preps of the wild-
type failed before trying with the CLGA mutant again.

CLGA mutant f-HupS

The growth of the CLGA mutant was much better than those of the wild-type even though the first 
prep of the mutant used the same growth media as the wild-type cultures. This made it possible to 
purify the protein.

Protein quantification and SDS-PAGE

From the protein quantification the total amount of protein that had been purified was about 1 mg 
the first and second time the CLGA mutant was purified. Figure 3A shows the purification of the 
second CLGA prep. From the SDS-PAGE we can see a thick band at ~100 kDa in the crude extract 
that corresponds well to the weight of f-HupS, ~97 kDa. We can therefore say that the protein was 
over expressed in the cells. But we can also by comparing the insoluble lane with that for the 
soluble state that most of the protein stayed in the insoluble fraction instead of being soluble. That 
was the case for all preps even though the difference between the insoluble and soluble fraction was
not as big in the other two preps as that shown here. This is not good because that means that it is 
not possible to purify the protein. Maybe the solubility can be increased by changing the growth 
factors.

The first prep was purified over two days instead of one as the other two. Thus the protein was kept 
at room temperature for a longer amount of time and it may also have been exposed to more 
oxygen. Both a high temperature and oxygen can degrade the protein. But this does not explain why
there actually were better protein from the first prep than the second.
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The third time the CLGA mutant was grown the amount of protein was almost 4 mg. But as 
mentioned before most of the protein was insoluble this time as well. One possible explanation for 
the increase in amount of protein is that the tip of the sonicator was changed. The one that had been 
before was damaged and very porous. This may have affected the result of the sonication for the 
first two CLGA mutant preps so not all cells was lysed or the suspension warmed too much. That in 
turn could make it harder to purify the protein or even degrade it. Otherwise there were no changes 
in growth conditions from the second to the third prep. The tip of the sonicator could have been 
worse damaged during the ~3weeks between when the second prep was sonicated compared to the 
first because it is frequently used by others. That could be an explanation of why the quality of the 
protein was worse the second prep compared to the first.
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Fig 3A: SDS-PAGE from purification extracts. ~55µg protein/lane

Fig 3B: SDS-PAGE from elution fractions. >5µg protein/lane



Figure 3B shows the elution fractions from the second CLGA mutant purification. From this figure 
we can see that the protein is almost pure. It presents one thicker band at around 100kDa and two 
fainter beneath it. The weaker bands are always visible under the band of the protein. They could 
either be degraded target-protein or contamination.

EPR spectroscopy

To be able to get any EPR signal the protein had to be concentrated. We could only get EPR spectra 
from the first mutant prep. The second prep did not have enough iron-sulfur clusters to show an 
EPR signal. The third prep shows a yellow colour which is promising because iron-sulfur clusters 
have a yellow colour, but that sample have not been measured with EPR yet.

From the EPR spectra of the protein as purified (figure 4A), a distinct peak with g = 2.02 was 
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Fig 4A: EPR spectrum of [3Fe-4S] cluster. Applied microwave power 2mW, temperature 9K

Fig 4B: EPR spectrum of [4Fe-4S]. Applied microwave power 2mW, temperature 11K



visible. This is a typical signature of the [3Fe-4S] cluster. With the mutation performed in CLGA it 
should be impossible for the protein to incorporate the medial cluster, why this peak is not expected.
Since we have a signal from a [3Fe-4S] cluster we can not say for sure that the medial cluster is 
really gone. An other explanation is that some of the [4Fe-4S] clusters have been degraded to [3Fe-
4S] clusters.9 When [4Fe-4S] clusters are exposed to oxygen or other very oxidative species like 
hydrogen peroxide or superoxide it can be oxidized to [4Fe-4S]3+ which is highly unstable and very 
likely to push out Fe3+ to become [3Fe-4S]. This happens for iron-sulfur clusters in other proteins.

After reduction with dithionite the signal of the [3Fe-4S] cluster disappears as expected. Instead we 
can see the typical pattern of the two [4Fe-4S] clusters (figure 4B). The g-values for the signals is 
g=1.94, g=1.92 and g=1.88. That is 0.01 more than the result published before for f-HupS2, but that 
can be explained by a change of cavity and is nothing abnormal. By comparing peak area from the 
spectrum with no addition and the spectrum with reduced sample at the same temperature we can 
make a very rough estimate that 37% of the clusters is [4Fe-4S] and 67% [3Fe-4S]. 

There is also a signal from some contamination from manganese or copper in the reduced sample. 
This is hard to avoid and a common problem when working with proteins. Because we have a very 
weak signal from the clusters this contamination looks very big in comparison with the signal from 
the clusters. We can also see a signal with g=2.05 which have not been observed before. This signal 
could be from the clusters, a g-factor that is lost when the [4Fe-4S] clusters are interacting with the 
[3Fe-4S] cluster in the wild-type, but it could just as likely be a contamination. To establish what 
this is exactly it requires more investigation and more protein to get a stronger signal.  

A summary of the result can be seen in table 1.

Conclusion
From the analysis of the protein extracts and the fractions from the purification we could see that 
protein of the expected size had been expressed. This result by itself is hopeful for future studies. If 
one of the cluster from the protein has been removed that is a big change in the structure that could 
just have the consequence that the whole protein falls apart. The EPR spectra shows that the protein 
have incorporated iron-sulfur clusters which makes it even more promising. More studies have to be
done to see if the CLGA mutant actually incorporates the medial cluster. The aim with this protein 
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was to look at how the two [4Fe-4S] clusters is shown on the EPR without the medial cluster but if 
the medial cluster is not gone that would change the purpose of this mutant. 

Because we only have one EPR spectra so far it is too early to say anything about magnetic 
characteristics of the CLGA mutant iron-sulfur clusters with certainty. To tell if the unknown g-
component actually comes from the clusters or is a contamination we have to measure on more 
preps and more concentrated protein since the spectra shown in this report have a very weak signal. 
Hopefully the third prep has incorporated iron-sulfur clusters and may show a better EPR signal. 

To obtain more protein out of each growth we have to optimize the preparations. It would be 
interesting to know if we always would have as much protein as the last time with the new tip of the
sonicator. More work could also be done in finding the best growth media for this protein. 

Other things that is going to be investigated is the unusual binding motif of the clusters. What 
property does these amino acid give the protein that hydrogenases in other bacteria have not? 
Maybe if we after studying the CLGA mutant are sure that it incorporates the medial cluster can 
look at how it is bound in the protein, if some other amino acid assists the two cysteines.

I think this study have been successful. I have shown that the CLGA mutant can be expressed and 
studied with EPR spectroscopy and that opens up for more studies of this protein.
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Appendix
Solutions and concentrations
Agar/LB growth media for petri- dishes

Added

LB (Sigma/Merck) 5g Autoclaved in 121oC. Warm 
solution is distributed in petri-
dishes and stored at 4oC

Agar (Merck) 3.7g

H2O 250ml

NaCl (optional) (Sigma) 1.25g

LB growth media

Added

LB (Sigma/Merck) 2 g Autoclaved at 121oC. 
Ampicillin added to a final 
concentration of 50µg/ml.

H2O 100 ml

NaCl (optional) (Sigma) 0.5 g

20x P-salts

Final concentration

Na2HPO4  (Emsure) 1M Autoclaved at 121oC.

KH2PO4 (Emsure) 1M

(NH4)2SO4 0.5M

MgSO4

Final concentration

MgSO4 .7H2O (Emsure) 1M Autoclaved at 121oC

1000x trace metals

Final concentration

CaCl2 (Sigma) 20 mM

MnCl2 (Acros organics) 10 mM

ZnSO4 (Merck) 10 mM

CoCl2 ( 2 mM

CuSO4 (Merck) 2 mM

NiCl2 (Sigma) 2 mM

Na2MoO4 (Sigma) 2 mM

H3BO3 (Merck) 2 mM

Na2SeO3 (Sigma) 2 mM
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FeSO4 (Sigma) (in 1% (v/v) HCl 
(Sigma))

50 mM

50x 5052

Final concentration

Glycerol (Sigma) 25% Filter sterilized.

Glucose (Sigma) 2.5%

Α-lactose monohydrate (Sigma) 10%

ZYP-5052 auto-induction culture media

Added

Tryptone (VWR/Bacto) 15g Autoclaved at 121oC

Yeast extract (Amresco/Bacto) 7.5g

H2O 1390 ml

20x P salts 75 ml

MgSO4 3 ml

1000x trace metals 1.5 ml

50x 5052 30 ml

Pre-culture 10 ml

Buffer W, pH 7.5

Final concentration

Tris (Amresco) 100 mM The pH is adjusted to 7.5with 
HCl.NaCl (Sigma) 150 mM

SDS-PAGE gel

Added

Separating gel 10%

30% acrylamide, 10.8% bisacrylamide (Sigma) 1.67ml

1.5 M Tris-HCl pH 8.8 (Amresco-Sigma) 1.25ml

10% SDS 25µl

H2O 2.08ml

10% APS 17µl

TEMED (Sigma) 3.3µl

Stacking gel
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30% acrylamide 10.8% bisacrylamide (Sigma) 325µl

0.5M Tris-HCl pH 6.8 (Amresco-Sigma) 625µl

10% SDS 25µl

H2O 1.5ml

10% APS 12.5µl

TEMED (Sigma) 2.5µl

4x sample buffer for SDS-PAGE

Added

Tris-HCl 1M pH 6.8 1.25 ml Dilute with H2O to 4.6ml

SDS 0.4 g

Glycerol 2 ml

Bromophenol Blue 20 mg

Mercaptoethanol 80 µl/ml

10x running buffer for SDS-PAGE

Added

Tris 30.2 g

Glycine 144 g

SDS 10 g
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