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In photosynthesis, photosystem II (PSII) is the multi-subunit membrane protein

complex that catalyzes photo-oxidation of water into dioxygen through the oxygen

evolving complex (OEC). To understand the water oxidation reaction, it is

important to get structural information about the transient and intermediate states of

the OEC in the dimeric PSII core complex (dPSIIcc). In recent times, femtosecond

X-ray pulses from the free electron laser (XFEL) are being used to obtain X-ray

diffraction (XRD) data of dPSIIcc microcrystals at room temperature that are free of

radiation damage. In our experiments at the XFEL, we used an electrospun liquid

microjet setup that requires microcrystals less than 40 lm in size. In this study, we

explored various microseeding techniques to get a high yield of monodisperse

uniform-sized microcrystals. Monodisperse microcrystals of dPSIIcc of uniform

size were a key to improve the stability of the jet and the quality of XRD data

obtained at the XFEL. This was evident by an improvement of the quality of the

datasets obtained, from 6.5 Å, using crystals grown without the micro seeding

approach, to 4.5 Å using crystals generated with the new method. VC 2015 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4919741]

I. INTRODUCTION

Knowing the crystal structure of a protein is key to understand its biological function.

Many biological processes (e.g., photosynthesis, respiration, and molecular transport) depend on

membrane proteins. The prediction of membrane protein topology in many organisms shows

that between 20% and 30% of the proteome represents membrane proteins1 and about 40% of

the drug targets are membrane proteins.2 Despite the importance of this protein type, there are

less than 1900 membrane protein structures available in the protein data bank (PDB) compared

to more than 106 000 protein structures in total. This is largely due to difficulties in the purifi-

cation and crystallization process that arise from the hydrophobic nature of membrane proteins.3

Even after successful purification and crystallization, growing large crystals from a membrane

protein is an additional challenge. Large crystals are advantageous in conventional synchrotron
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X-ray crystallography, as the average diffraction intensity that can be observed from a crystal

of volume Vcrystal and unit cell volume Vcell using an X-ray beam of intensity I is approximately

proportional to I(Vcrystal/Vcell).
4

X-ray free electron lasers (XFELs) have opened the horizon for a new era of crystallogra-

phy, by offering very short X-ray pulses (<50 fs), micro-focused beams with high brilliance

and coherence.5 These features enable diffraction data collection at room temperature (RT)

before the manifestation of radiation damage and provide new approaches for time resolved

studies6,7 by the use of microcrystals. Potentially smaller crystals have lower long-range disor-

der,4 thus increasing the chances of getting high resolution diffraction data.

One of the important photosynthetic membrane protein is the dimeric photosystem II core

complex (dPSIIcc), a multi-subunit membrane protein complex that catalyzes light-activated

water oxidation in the oxygen-evolving complex (OEC).8 During the catalytic cycle, the OEC,

a cluster of l-oxo-bridged manganese and calcium ions (Mn4O5Ca), oxidizes water via five in-

termediate charge-storage or S-states, S0–S4.9,10 To unravel the mechanism of this intricate

reaction, it is imperative to obtain information about structural details of each of the intermedi-

ate states as well as the transient states. In synchrotrons, the dark-stable S1 state has so far been

studied by crystallography at cryogenic temperature. But it is known that the X-ray doses used

lead to radiation-induced damage in the Mn4O5Ca cluster even at low temperature.11,12 To

avoid this effect and collect undamaged crystal structures for all the S-states, it has been dem-

onstrated that the use of XFEL is key and one can collect data free of radiation damage even at

RT.6,13–16 Our group has demonstrated the applicability of this approach to dPSIIcc at LCLS

(Linac Coherent Light Source, SLAC, USA) using an electrospun liquid microjet.6,13,14 With

our system, we have been able to probe different intermediate states of the catalytic cycle in

dPSIIcc.6 Recently, Suga et al. reported a radiation damage free structure of the S1-state of

dPSIIcc at a resolution of 1.95 Å at cryogenic temperature by collecting still diffraction images

from several 100 lm large crystals at SACLA, Japan.16 In addition, Kupitz et al. reported

collection of RT diffraction data from dPSIIcc at 5–5.5 Å resolution using small microcrystals

in a gas focusing liquid jet system.15

There are several challenges, however, to collect crystallography data at an XFEL at RT by

Serial Femtosecond X-ray crystallography (SFX). One of them is the stable sample delivery. The

experimental setup of SFX requires a delivery system for the microcrystals to the X-ray beam.

The delivery rate should be slow enough to minimize the volume of unused sample between the

LCLS X-ray pulses (120 Hz). A homogenous microcrystal suspension is required for a good hit

rate and stable sample delivery. In addition, a homogenous distribution of crystal sizes (i.e.,

monodispersity) is ideal to ensure uniform pump laser illumination conditions for crystals that are

used to record diffraction from different photoinduced states. This was also shown in a recent

study by Tenboer et al., where the authors performed time-resolved laser-pump X-ray probe SFX

experiments on microcrystals of the photoactive yellow protein.7 From prior synchrotron experi-

ments, the authors observed that for larger crystals, the pump laser beam used did not penetrate

the crystal uniformly. Further, the laser pulses had damaging effects on the crystals, limiting the

total number of laser pulses that a crystal can tolerate. These problems were overcome by using

microcrystals. The microcrystals could be uniformly illuminated, as their average size was smaller

than that of laser beam penetration length. In addition, in the SFX experiments, each microcrystal

was illuminated only once, so that a higher laser pulsed energy could be used for achieving a

higher yield of excited state formation without photo bleaching.7

In this study, microseeding is introduced as a suitable tool to improve microcrystallization

of dPSIIcc. Seeding techniques have been used over many years to enhance crystallization of

macromolecules. Generally, seeding techniques can be divided into macroseeding and micro-

seeding.17 In macroseeding, a reasonably large crystal is washed and transferred to an equili-

brated crystallization drop to continue the crystal growth. In microseeding, a crystal suspension

is prepared from microcrystals and after serial dilutions a small volume of the seed stock is

added to a pre-equilibrated crystallization drop.18 Our motivation for exploring seeding techni-

ques was to produce microcrystals exhibiting a monodisperse, uniform size distribution in con-

trast to those obtained from earlier microcrystallization experiments13,14 without seeding,
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thereby making them better suited for our XFEL studies. In general, a uniform size distribution

of microcrystals is a necessity for time-resolved SFX studies that depend upon uniform trigger-

ing of the reaction studied, either by use of photoactivation or by mixing. In case of phototrig-

gering, the uniform microcrystals provide for uniform illumination of the sample. Whereas in

the case of chemical mixing, uniformly sized microcrystals could provide for an adequately

short diffusion time for a certain substrate to induce a uniform structural change through the

whole microcrystal.19 The method of producing a high yield of monodisperse uniform micro-

crystals presented here will be particularly useful for such experiments. Furthermore, uniform

microcrystals could reduce shot-to-shot variation in the strength of the recorded signal. This

may impact the accuracy of intensity measurements, thereby enabling various types of experi-

mental phasing for measurements where anomalous differences are important.

II. MATERIALS AND METHODS

A. Cell growth and protein purification

An automated photobioreactor (PBR) 10/20 was used to grow cells of the thermophilic cya-

nobacterium Thermosynechococcus elongatus BP-1. dPSIIcc was extracted and purified as

described previously20 using n-dodecyl-b-D-maltoside (bDM) as detergent and column chroma-

tography with a weak anion exchanger (Toyo DEAE).

B. Determination of the metastable zone

The metastable zone of the phase diagram of dPSIIcc was studied at three different protein

concentrations of 3.7, 7.6, and 20 mg/ml (corresponding to 0.37, 0.76, and 2 mM Chla) to avoid

large sample consumption. The three different protein concentrations were screened using

2.2%–6% (w/v) of polyethylene glycol (PEG) 2000 as precipitant with 0.1% steps in buffer A

containing 100 mM 1,4-Piperazinediethanesulfonic acid (PIPES) (pH 7.0) and 5 mM CaCl2. The

final bDM concentration was kept constant (0.015% (w/v)) in all crystallization setups.

Microseeding was used to differentiate between the unsaturated, metastable, and labile zones by

using three different seed concentrations, 1:10, 1:100, and 1:1000. The three different concen-

trations were used to study the effect of seed concentration on the crystal number and crystal

size. Microbatch crystallization was performed in 96 well impact plates without reservoir

(Hampton Research, CA, USA) to establish the different zones of the phase diagram for

dPSIIcc at these particular concentrations. In each well, a 5 ll protein/precipitant mixture was

added and the plate was sealed with crystal clear sealing tape (Hampton Research, CA, USA).

The sealed plates were left in the dark at RT for 4 days. The plates were observed every day

under a standard optical microscope using dim green light.

C. Preparation of the seed stock

The dPSIIcc crystals (with 200–300 lm along the longer axis) were prepared as described

in Ref. 20. Five dPSIIcc crystals were transferred to 50 ll of 6% PEG 2000 in buffer A. A seed

tool kit (Hampton research) was used to crush these crystals by vortexing for 3 min. The mix-

ture was centrifuged at 13 000 rpm for 1 min and 10 ll from the supernatant was mixed with

90 ll of mother liquor, ML (6% PEG 2000 in buffer A and 0.03% bDM), to prepare the 1:10

seed stock, which was used for further serial dilutions to prepare the 1:100 and 1:1000 seed

stocks. 0.5 ll of the seed stock was added to 40 ll crystallization setup. The PEG 2000 concen-

tration in the ML was considered in the final concentration of every crystallization setup. These

stock solutions were used in the different seeding protocols as described in Sec. III.

D. Dynamic Light Scattering (DLS)

DLS (Zetasizer Nano ZS with 525 nm laser) was used to measure the distribution of the

hydrodynamic radii (RH) for dPSIIcc microcrystals. Each measurement was started 10 min after

mixing the crystallization setup, lasted 16 s, and was repeated 16 times. Subsequently, the
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dPSIIcc microcrystals were observed under a light microscope (Carl Zeiss, SteREO Discovery

V20) to monitor the sizes of microcrystals that were beyond the DLS measuring range.

E. Sample injection and illumination

Samples were injected into the Coherent X-Ray Imaging (CXI) instrument chamber using

an electrospun liquid microjet.21 Aliquots of 50–150 ll of sample were placed in a microcentri-

fuge tube placed inside the pressurized cell with a Pt-electrode and the end of the injector capil-

lary submerged in the sample. Pressures of 17–20 psi against the CXI chamber pressure

(10�4 Torr) and voltages of around 3000 V were applied depending on the buffer composition

and crystal concentration. A clear silica capillary with an inner diameter (ID) of 75 or 100 lm

and an outer diameter (OD) of 150 or 360 lm, respectively, was used for the injector capillary.

The flow rate was in the range of 0.25–1.0 ll/min (for the 75 lm ID capillary) and 1.2–3.5 ll/

min (for the 100 lm ID capillary) depending on the sample viscosity and the backing pressure.

To ensure that the samples were in the dark-stable S1-state before injection, all sample handling

and storage were performed in darkness or under dim green light. For visualization of the jet, an

infrared laser diode (Coherent Lasiris, 785 nm, 15 mW) was used.21 The wavelength was chosen

to be outside the absorption spectrum of PSIIcc.

F. CXI instrument and parameters

The CXI instrument of LCLS22 was used in the 1 lm focus setting with the beam being

focused to 1.5� 1.5 lm2 full width half maximum using Kirkpatrick-Baez mirrors.23 The pulse

length used was about 45 fs and the repetition rate was 120 Hz. The X-ray diffraction (XRD)

data were collected at two energies, 7.1 and �9.5 keV, with 3–6� 1011 photons/pulse. The dose

therefore varied between 50 and 300 MGray. XRD data were collected using a Cornell-SLAC

Pixel Array Detector (CSPAD).24

III. RESULTS

A. Microcrystallization of dPSIIcc

The area of the phase diagram where nucleation of crystals is induced is generally located

next to the aggregation zone (“supersaturation zone”) and is termed “labile zone.” In the case

of dPSIIcc and PEG 2000, the labile zone is narrow at low protein concentrations (see Fig. 1),

where microcrystallization occurs. This zone is generally preferred for performing

FIG. 1. A schematic diagram for the phase diagram of dPSIIcc protein against PEG 2000 as precipitant. The diagram was

established based on the three different dPSIIcc protein concentrations used for the crystallization experiments and a wide

concentration range of PEG 2000 as described in Sec. II.
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crystallization as this allows efficient usage of the protein.17 But in the case of dPSIIcc, the nar-

row labile zone increases the chance of formation of aggregates at the expense of crystal nucle-

ation as shown below in Figs. 2(I)–(L). The metastable zone, at 7.6 mg/ml (0.76 mM Chla)

dPSIIcc concentration, is in the region between 3% and 5% of PEG 2000 and the labile zone

between 5.0% and 5.5%. The edge of this region varies from preparation to preparation.

However, microcrystallization with seeding at 4.8% PEG 2000 consistently gave microcrys-

tals with every dPSIIcc preparation. After establishing the border between the labile and met-

astable zones, we investigated the use of three techniques for producing microcrystals from

our dPSIIcc preparation.

B. Microcrystals of dPSIIcc at XFEL

Initially, microcrystallization of dPSIIcc was performed at a higher concentration of PEG

2000 (�5.5%), which resulted in occasional formation of aggregates. One critical disadvantage

was the polydispersity of the dPSIIcc microcrystals that were obtained. Generally, the electro-

spun liquid microjet set up can only inject microcrystals of less than 30 lm length (or 40 lm

for the 100 lm ID capillary) in the longest dimension. The high PEG 2000 concentration

FIG. 2. Three crystallization setups showing the effect of seed concentration on crystal size and crystal number. The

dPSIIcc protein concentration was 7.6 mg/ml (0.76 mM Chla) in all. A, B, C, and D—the PEG 2000 concentration was

3.1%. E, F, G, and H—the PEG concentration was 3.4%. I, J, K, and L—the PEG 2000 concentration was 5.3%. A, E, and

I were made without adding any seeds. B, F, J seed stock 1:1000 was used, C, G, seed stock 1:100 was used, and D, H, L

seed stock 1:10 was used. In J, precipitations start to appear, while in J and K, there are many microcrystals besides precipi-

tations. L shows a closer look at K to show the microcrystals and the precipitations. The scale bar is 500 lm for A–H and

125 lm for L.
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protocol of dPSIIcc microcrystallization results in a wide range of microcrystal sizes, some of

them larger than 40 lm, see Fig. 3. In many cases, additional sedimentation or centrifugation

steps were necessary to remove the larger crystals.13,14 The polydispersity of the microcrystal

suspension also hampered the jet stability, thereby decreasing the hit rate. Another drawback of

the high PEG microcrystallization protocol is the yield, as in this case only 5%–10% of the

dPSIIcc starting material transformed to microcrystals.25 This type of microcrystals will be

referred to as unseeded microcrystals.

In order to improve the yield and monodispersity of microcrystals, we tried three seeding

microcrystallization protocols: (i) multiple seeding, (ii) in situ multiple seeding, and (iii) double

seeding. The details of each method are described below.

1. Multiple seeding

Crystallization was set up in polymerase chain reaction (PCR) tubes in a total volume of

40 ll. 32 ll of the 1:100 seed stock was mixed with 8 ll of dPSIIcc of 40 mg/ml (4 mM Chla).

The crystallization setup was left for 1–2 h until the crystals reach �20 lm in length. The

microcrystals were collected afterwards by centrifugation at 3000 rpm for 10 min (Fig. 4). The

supernatant was collected and seeded again by adding 2 ll of the 1:10 seed stock (10% PEG

2000 in buffer A and 0.013% bDM was used to prepare the seed stock instead of 6% PEG

2000). In some cases, this elevation in the PEG 2000 concentration was not enough, so the

PEG 2000 concentration was increased carefully by addition of 1 ll of 16% PEG 2000 in buffer

FIG. 3. Seeded vs unseeded microcrystals. (a) dPSIIcc microcrystals produced by double seeding protocol. (b) dPSIIcc

microcrystal produced without seeding. (c) Histogram showing the size distribution of the microcrystals (red bars represent

unseeded and blue bars seeded microcrystals). The scale bar is 30 lm.

041705-6 Ibrahim et al. Struct. Dyn. 2, 041705 (2015)



A with 0.013% bDM. The setup was incubated at RT for 2 h until a second wave of dPSIIcc

microcrystals grew. This process was repeated to grow a third wave of microcrystals.

2. In situ multiple seeding

In this protocol, the centrifugation step in the multiple seeding protocol was replaced by

phase separation using Fluorinert (Hampton Research, CA, USA). Once the microcrystals were

grown to the desired size range, Fluorinert was added to the crystallization setup. The high den-

sity of Fluorinert (75% greater than water) resulted in the settling of the crystals in the crystalli-

zation tube, see Fig. 4 for illustration and Fig. 5. Once the crystals moved downwards to the

high-density Fluorinert phase, growth stopped and crystals were stable. PEG 2000 was added to

the remaining protein-containing supernatant, as described for the multiple seeding protocol.

Increased precipitant concentration compensated for the reduced protein concentration, thereby

inducing the formation of the next wave of microcrystals.

FIG. 4. A schematic representation of three different seeding protocols. I: Multiple seeding: A. Mixing the seed stock with

protein. B. After 1–2 h. C. Centrifuging the crystal suspension at 3000 rpm for 10 min and collecting the supernatant to a

new tube. D. After adding the 1:10 seed stock (that has 10% PEG 2000 in buffer A with 0.013% bDM). E and F are repeat-

ing C and D to get another wave of dPSIIcc microcrystals. II: In situ multiple seeding: A. The crystallization setup. B.

After 1–2 h. C. After addition of Fluorinert to separate the microcrystals from the next wave. D. After addition of seeding

stock and increasing the concentration of PEG 2000. E and F. Repeating the same procedure as C and D for the subsequent

dPSIIcc microcrystals waves. III: Double seeding: A and B are the same as A and B for multiple seeding. C. The microcrys-

tals from B were collected and crushed using seed bead kit from Hampton research. D. The crushed crystals were used to

prepare a 500 ll seed stock. D. 408 ll of this seed stock was mixed with 96 ll of dPSIIcc protein solution of concentration

40 mg/ml (4 mM Chla).
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3. Double seeding

In this procedure, first the entire amount of microcrystals formed in a 40 ll crystallization

setup (produced as in the initial step of the multiple seeding method by adding a seeding stock

to the protein precipitant mixture) was used to produce a highly concentrated seed stock. For

this purpose, a seed bead kit was used to crush the microcrystals, as described in Sec. II. This

secondary seed stock was then mixed directly with the protein stock solution. For larger scale

crystallization setups, such as used at LCLS in Ref. 6, 408 ll of this seed stock was mixed with

96 ll of dPSIIcc protein solution of concentration of 40 mg/ml (4 mM Chla) (Fig. 4).

The yield of microcrystals from each method was determined to compare the efficiency.

After performing crystallization by following each of the three methods, the microcrystals were

collected and dissolved in buffer A (with 0.03% bDM) to determine the amount of dPSIIcc pro-

tein that has transformed to microcrystals. To calculate the dPSIIcc protein in the microcrystals,

the concentration of the protein obtained from the dissolved microcrystals, Cxtal, was deter-

mined as well as their volume Vxtal. The yield was calculated as follows:

Y ¼ Vxtal � Cxtal

Vprotein � Cprotein

: (1)

Here, Vxtal is the volume of the microcrystals, Cxtal is the protein concentration in the dissolved

microcrystals (the dilution of the microcrystals by the buffer was taken into account in the cal-

culations), Vprotein is the volume of the protein used for crystallization, and Cprotein is the con-

centration of this protein. The protein concentration was determined by measuring the Chla
concentration using the extinction coefficient of protein-bound Chla (1 mM Chla is about

10 mg/ml).26 To estimate Vxtal, after crystallization, the crystal suspension was centrifuged at

4000 rpm for 10 min and the supernatant was removed. A defined volume of buffer A (with

0.03% bDM) was added to dissolve the crystals.

All three microcrystallization protocols improved the yield of dPSIIcc microcrystal to a

great extent. In the case of double seeding, the yield reached about 60% (compared to the ini-

tial yield of �10% without seeding, as shown in Fig. 6). In addition, the size problem was

largely avoided in the seeded microcrystallization protocols to a great extent (Figs. 2, 3, and 7).

The monodispersity of the dPSIIcc microcrystals resulted in a stable jet with a uniform flow

rate. It allowed achieving homogeneous flash illumination of samples also, resulting in higher

overall turnover of the catalytic center. The multiple seeding protocol, however, did not prove

to be a good candidate for high yield generation of high diffraction quality microcrystals of

dPSIIcc. The water content of dPSIIcc crystals is about 60%,27,28 which makes them mechani-

cally fragile, so the diffraction quality was negatively affected by centrifugation. The in situ
multiple seeding protocol did circumvent the problem of mechanical damage due to

FIG. 5. Photograph of an in-situ multiple seeding setup.
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centrifugation but it was challenging to remove the Fluorinert from the microcrystals leading to

a reduction of the crystal yield as shown in Fig. 6. In contrast, the double seeding protocol did

not employ centrifugation of the final microcrystals and recovery of the microcrystals by gravi-

tational settling occurred in high yields. Therefore, this protocol was best suited for use in our

XFEL SFX experiments at the LCLS.

In order to characterize the size distribution of the obtained microcrystals, we used DLS

measurements in the early stages of crystallization. Due to Brownian motion of the particles,

the position in a suspension will change. The change in the particle position depends on the dif-

fusion of each particle, which is inversely proportional to the hydrodynamic radius (RH) of the

particle. DLS measures the change in the intensity of the scattered light from the suspension of

macromolecules over time and DLS can be measured for microcrystals, too. The DLS results of

the dPSIIcc microcrystals for the double seeding protocol showed a uniform size distribution.

In the DLS data measured 10 min after mixing the protein with the seed stock, two peaks were

detected, the dominant peak centered at RH¼ 1 lm and a small one at �7 nm. The dominant

peak at 1 lm originated from the growing dPSIIcc microcrystals and showed a range of

0.6–2.5 lm (Fig. 7). The 7 nm peak is close to the theoretical and the measured RH values for

dPSIIcc (6.23 and 7.8 nm, respectively).19,29,30 The microcrystallization set up was incubated

and checked every 10 min under the microscope to monitor the size. Once the size reached

10–20 lm, 8% PEG 2000 in buffer A was added to stop the crystal growth. When comparing

FIG. 6. Average crystallization yield obtained from different seeding techniques.

FIG. 7. Size distribution from the DLS measurements for dPSIIcc microcrystals from the double seeding protocol that are

measured 10 min after initiating crystallization by seeding. The small peak represents the dPSIIcc protein in solution that

did not yet get incorporated in the crystals.

041705-9 Ibrahim et al. Struct. Dyn. 2, 041705 (2015)



the size distribution of the seeded (double seeding protocol) and unseeded microcrystals, we

observed a uniform size distribution in the seeded microcrystals (Fig. 3). Thus, establishing that

the double seeding protocol produced monodisperse microcrystals.

By using the double seeding protocol, a high yield of monodisperse microcrystals was

obtained. This lead to improvements of various aspects of the SFX experiments. First, it was

possible to achieve a stable jet, leading to an increased number of crystal hits in the SFX

experiment. When comparing the performance of seeded and unseeded microcrystals, it occurs

that the number of hits increased considerably. While for the unseeded microcrystals, �4500

crystal hits were measured in a span of 3 h,14 for seeded microcrystals �17000 usable crystal

hits were obtained in the same measurement time.6 Second, improving the jet led to improved

illumination conditions. This was necessary to study the different S-states in the catalytic cycle

of dPSIIcc. With the seeded microcrystals, we were successful in getting XRD data for several

S-states, namely, S1, S3 (2F), S3’ (3F þ 250 ls), and S0 (3F).6 The experimental details of for-

mation of each S-state can be found in Ref. 6. Briefly, O2 detection via membrane-inlet mass

spectrometry (MIMS) was used for optimizing the S-state turnover in the capillary flow sample

delivery system. The required light intensity for efficient turnover was determined from this

experiment. Simultaneous collection of X ray emission spectroscopy (XES) and XRD data pro-

vided information about the electronic and geometric structure of the active site.6 Third, we

also observed an improvement in the quality of the XRD data we collected. Microcrystals from

the unseeded protocol resulted in maximum diffraction spots recorded out to 4.1 Å, but due to

the large heterogeneity and overall lower hit rates, the collected datasets were only complete to

a resolution of 5.7 Å for the S1 and 5.9 Å for the 1F (S2) state.14 Although the maximum resolu-

tion of the observed Bragg spots was similar when using the seeded microcrystals (clear spots

observed to a resolution of �4.1 Å, with thermal diffuse scattering extending well to �3.0 Å),

the overall diffraction quality and the distribution of diffraction spots were shifted towards

higher resolution. This allowed to collect data sets of different states with improved resolution,

S1 at 4.9 Å, S3 (2F) at 4.5 Å, S3’ (3Fþ 250 ls) at 5.2 Å, and S0 (3F) at 4.6 Å in dPSIIcc, in

roughly the same measurement time as was needed for the lower quality data sets collected

from the unseeded crystals.6

IV. SUMMARY

In this study, microseeding is introduced to improve microcrystallization of the dimeric

PSII core complex. Several different seeding techniques were evaluated for their potential to

improve the yield and quality of dPSIIcc microcrystals. The double seeding protocol, using two

subsequent microseeding steps, proved to be the best suited protocol. As a result of a high yield

of monodisperse microcrystals, there were marked improvements in the stability of the jet and

the resolution of the XRD data.
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