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9.7: Harvesting the Photons- Photosystem |

Having already generated the proton gradient used for ATP generation, what is there left to do?

Remember back to that high school biology class when you first saw the equation for photosynthesis.
6 CO2(g) +6 Hzo(l) — CGH1206(S) +6 Oz(g)
We can break that into two half reactions. The first is the oxidation of water.
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The other half is the reduction of carbon dioxide.

6 COy(y) +24 H@q) — 24 e, — CgH 04 +6H, O

Although these two half-reactions are physically separated from each other, the electrons must still get from one to the other in
order to complete the full reaction. We have already accomplished the first reaction and now have electrons in hand to carry out the
second. We are going to need a biological reducing agent, like NADH, to carry out the second. In this case, we will use a closely-
related compound, NADPH.
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Figure 9.7.1: Comparative structures of two related electron carriers: NADH and NADPH.

In both of the drawings above, the purple portion of the compound is where the electrons are accepted. The black portion is sugar,
the blue is a purine base, and the red is the phosphate part.

? Exercise 9.7.1

Because NADH and NADPH are electron carriers, it is important to recognise both reduced and oxidised forms. Given the
reduced forms of NADH and NADPH shown above, draw the oxidised forms, and show where the :H" is incorporated in the
molecule in the reduced form.

Answer

https://chem.libretexts.org/@go/page/190064



https://libretexts.org/
https://creativecommons.org/licenses/by-nc/3.0/
https://chem.libretexts.org/@go/page/190064?pdf
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book%3A_Structure_and_Reactivity_in_Organic_Biological_and_Inorganic_Chemistry_(Schaller)/V%3A__Reactivity_in_Organic_Biological_and_Inorganic_Chemistry_3/09%3A_Photosynthesis/9.07%3A_Harvesting_the_Photons-_Photosystem_I

LibreTexts-

NADP+ NADPH

The problem is, NADPH is a relatively high-energy electron carrier -- remember, NADH was at the uphill end of the electron
transport chain in oxidative phosphorylation -- and our electrons have just ridden their sled to the bottom of the hill. If we are going
to make NADPH, we will need to tug the electrons back uphill again. That's essentially the job of photosystem I, shown below.

Figure 9.7.2: Results from an X-ray crystal structure of photosystem I in the marine cyanobacterium Synechococcus elongatus.

The ligand-only view of the crystal structure reveals a picture that should be somewhat familar now: a host of antennae molecules
forming a light-harvesting complex. Once again, the antennae molecules include mostly chlorophylls, as well as carotenoids such
as carotene and lycopene, plus a few xanthins like violaxanthin; the exact molecules vary depending on whether we are looking at
plants, algae, or bacteria.
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Figure 9.7.3: Ligand-only view of an X-ray crystal structure of photosystem I.

Also visible in the ligand-only view is a group of FeS clusters. These clusters play a role in the electron-transport chain of
photosystem I, conducting the electron toward the stroma, where they will be used to reduce NADP+ to NADPH. That biological
reducing agent, closely related to NADH, will be used to help reduce carbon dioxide.

Let's pause for a moment. Most of the X-ray crystal structures we have seen have come from bacteria. Of course, we are much
more familiar with the idea of photosynthesis in plants. Are the proteins and processes involved in photosynthesis in one anything
like the other? For comparison, here is photosystem I from a spinach plant.

Figure 9.7.4: Results from an X-ray crystal structure of photosystem I in spinach.2

It is roughly similar, although not identical, to the one from the bacterium. There is a broad swath of alpha helices through the
middle, topped with a bundle of beta sheets. If anything, the protein from the spinach looks superficially a little simpler than the
one from the bacterium. The ligand-only view, below, is strikingly similar, showing a spray of chromophores and a series of iron-
sulfur clusters.
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Figure 9.7.5: Ligands-only view from an X-ray crystal structure of photosystem I in spinach.

Let's pick up the story where we left off when we were discussing cytochrome bgf. A single electron was being transported by the
soluble, mobile electron carrier, plastocyanin. That single electron is delivered directly to the reaction centre of photosystem I. That
reaction centre is quite similar to the one in photosystem II, although it absorbs photons of a slightly longer wavelength, 700 nm.
The P700 centre contains an excitonic dimer, a closely-spaced pair of chlorophyll molecules that absorb the photon and undergo
electron / hole separation on the two different molecules.

Just as in P680, the P700* excited state can accept an electron onto the chlorphyll partner that has the hole, Py, *. That's where the
plastocyanin delivers its electron.

Meanwhile, the part of the dimer with the extra electron, Pp;™*, passes the electron on to another station on the electron transport
chain. Part of the goal here is to get the electrons back to the stroma where the NADP+ is waiting. If you think about it, the
electrons started out in the lumen, on a water molecule. They traveled across the thylakoid membrane in photosystem II until they
joined a plastoquinone and picked up a couple of protons; those protons came from the stroma. The plastoquinones travelled back
across the membrane, a stealth migration of polar H" in the form on nonpolar PQH2, and delivered their protons to the lumen. The
side-kick electrons skipped along the edge of the lumen in a plastocyanin carrier, and are now traveling back toward the stroma to
that waiting NADP+. The NADPH will be produced in the stroma because that's where it will be needed for CO, capture.

Again, just as in P680, the first electron acceptor after P700 is a single chlorophyll. This chlorophyll anion that forms is slightly
downhill in energy from the one in the dimer, Pp;™*. From there, the electron passes to a phylloquinone, which is just another
variation on the familar quinone family.

7\

phylloquinone
Figure 9.7.6: The structure of phylloquinone
The phylloquinone sends the electron into that series of three FeS clusters visible in the crystal structure. From there, the electron
leaves photosystem I and is deposited on a ferredoxin, a small protein that binds another iron sulfur cluster. The ferredoxin is
located in the stroma, where it can bind with an enzyme called ferredoxin NADP+ reductase. Like most enzymes, the name says
exactly what it does: it catalyses the reaction in which ferredoxin reduces NADP+, resulting in NADPH.

The crystal structure of a ferredoxin is shown below. This particular one is not from photosystem I (it is found in a nitrogen-fixing
bacterium), but it gives you the idea. The protein is simple enough that you can see that it is a dimer; the top half is the same as the
bottom half, flipped over. You can also clearly see a 2Fe2S cluster at the edge of each subunit. The location of that FeS cluster near
the edge of the protein is probably important in facilitating electron transfer with another protein.
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Figure 9.7.7: X-ray crystal structure of a ferredoxin, a small protein containing a FeS cluster, from Azotobacter vinelandii.3

The ferredoxin is an electron carrier protein. Its job is to deliver electrons to the ferredoxin NADP+ reductase in the stroma, which
will then use the electrons to make NADPH. NADPH is a biological source of hydride ion (formally, H-, or a proton plus two
electrons) that in this context will be used to help reduce carbon dioxide into carbohydrate. Below, we can see an example. This is
another dimeric protein with rotational symmetry: the left side is the same as the right, but turned over.

Figure 9.7.8: X-ray crystal structure of a ferredoxin NADP+ reductase from Bacillus subtilis.*

If we look inside, we can see the NADP+ molecules waiting at either end of the structure, at both the far left and the far right. In
addition, there is a pair of molecules that look vaguely related to NADP+ toward the middle of the picture. Those are two FAD
molecules. The FAD molecules are there to conduct electrons from the ferredoxin t the NADP+.

Figure 9.7.9: Ligand-only view of the X-ray crystal structure of a ferredoxin NADP+ reductase.

In the picture below, the purple part of the molecule is the redox-active region. It is able to accept electrons. The black part is sugar,
the blue is a purine base, and the red is phosphate.
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Figure 9.7.10: The structure of the electron carrier, FAD.

? Exercise 9.7.2

Show the reduced form of FAD. Remember, the reduced form is called FADH2.

Answer

? Exercise 9.7.3

What role do you think the FAD plays in ferredoxin NADP+ reductase? Why doesn't the ferredoxin reduce the NADP+
directly?

Answer

Remember, NADP+, like NAD+, is solely a 2-electron oxidising agent. It can only receive a pair of electrons associated
with a hydride. Ferredoxin, via an FeS cluster, can only give one electron at a time. An adapter is needed between these two
carriers. FAD can accept either 1 or 2 electrons, proceeding to either FADH: radical (stabilised via extensive resonance
delocalisation) or to FADH2.

? Exercise 9.7.4

Because photosystem II and photosystem I are part of the same electron transport chain, it is important that the reaction centre
in one is getting excited just as often as the reaction centre in the other. Regulation is partly accomplished via covalent
modification. For example, insufficient activity at photosystem I results in activation of a kinase, which results in release of
some of the antennae molecules from the light harvesting complex in photosystem II.

a. How would this situation help to remedy the lack of parity in activity between photosystem I and photosystem II?

b. Explain how the kinase would achieve this result.

c. Suppose the opposite situation occurred: insufficient activity at photosystem II. What enzyme would probably be activated
to remedy the situation?

Answer a
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a) Releasing antennae molecules from the light harvesting complex in photosystem II would decrease both the number of
photons captured and the number of electrons sent into the electron transport chain. Conversely, in a "chromophore pool"
model, releasing these molecules from photosystem II would make them more available for uptake by photosystem I,
resulting in greater absorption of photons there, and greater capacity to accept incoming electrons. If regulated, these two
systems should be able to level out at an identical rate of photon absorption.

Answer b

b) Kinases phosphorylate the hydroxy side chains in serine residues (and sometimes threonines and tyrosines). That
covalent modification results in a change in the charge of the side chain from neutral to anionic. Significant conformational
changes in the protein can be expected to result. It is likely that this conformational change results in looser binding of the
antennae molecules in the light harvesting complex of photosystem II.

Furthermore, kinase appears to promote tighter binding of antennae molecules at photosystem I, presumable through a
conformational change there. The result is a shift of these molecules from the available pool, such that additional
chromophores become available in photosystem I and fewer are retained in photosystem II, until photon absorption at the
two sites is equal.

Answer ¢

¢) In fact, phosphatase, which is the complementary enzyme to kinase, is activated when photosystem I has high activity
compared to photosystem I. Phosphatases remove phosphate groups from serines and related residues. The result would be
tighter binding of antennae molecules at photosystem I and looser binding of antennae molecules at photosystem II, so that
light absorption could be evened out between the two sites.

The use of phosphatases and kinases to effect opposite objectives in regulation is common in a number of biochemical
systems.

We can summarize with a sketch of photosystem I:
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Figure 9.7.11: Sketch of photosystem I.
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