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A detailed understanding of the structure and function of eukaryotic membrane proteins is essential
to the treatment and prevention of a large number of diseases as membrane proteins comprise the
majority of known and potential drug targets.  Structural studies of membrane proteins have
presented tremendous difficulties compared to soluble proteins though.  The protein needs to be
removed from the lipid bilayer and stabilized by detergent, rendering the membrane protein highly
sensitive during crystallization.  X-ray crystallography has made critical contributions to the still
minimal but increasing number of membrane protein structures solved.  Important alternative
techniques are single particle analysis [1] and electron crystallography of two-dimensional (2D)
crystals [2]. Recent methods development in electron crystallography includes critical advances in
equipment for controlled, large-scale crystallization, high-throughput screening for 2D crystals, and
image processing [3 – 7].  The 2D crystallization process most commonly involves reconstitution of
the purified and solubilized membrane protein into a phospholipid bilayer.  During this process the
detergent is usually removed completely.  This results in both an optimal membrane environment for
the protein as well as the elimination of the additional factor of a detergent contributing to the
complexity of the crystallization.  The ensuing 2D crystals in the form of proteoliposomes reveal
structural information not only by electron crystallography, but can yield further data by atomic
force microscopy (AFM) and freeze-fracture.  Additionally, 2D crystallization trials can yield
important data for 3D crystallization trials as well as for combining electron and X-ray
crystallography studies for structure-function studies.

Over-expressed and purified human leukotriene C4 synthase (LTC4S) and human vitamin K-
dependent γ-glutamyl carboxylase (GGCX) were induced to form 2D crystals by detergent removal
through dialysis for 4 and 8-14 days, respectively [8, 9].  These preparations were screened for
ordered arrays in negative stain with a JEM-1400 transmission electron microscope equipped with
Orius and Ultrascan CCD cameras as well as PASyS crystal searching software [4].  Once 2D
crystals had formed successfully, additional 2D crystallization parameters were tested to increase
size and quality of crystals as well as to examine conditions that might lead to generally applicable
2D crystallization screens in the long-term. Two-dimensional crystals were then prepared for freeze-
fracture, high-resolution data collection at 4K with a JEOL 3000 SFF electron microscope, and
AFM.  Tightly packed proteoliposomes were also used for freeze-fracture and AFM.
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The combination of microscopies allowed us to gain structural information on transmembrane α-
helices and the oligomeric arrangement as well as further insights into the 2D crystallization process.
It is hoped that findings on 2D crystal formation will eventually lead to an increase in the rate of 2D
crystallization due to a more in-depth understanding of how and why 2D crystals form, as well as
how the formation of higher quality crystals can be induced. It is expected that with additional data
these studies will contribute to overcoming the bottleneck in electron crystallography by providing
detailed general 2D crystallization guidelines, and demonstrating the importance of combining
techniques to understand the structure and function of many more membrane proteins.  Surprisingly,
the number of LTC4S subunits is not limited to the trimer that had previously been observed by both
electron and X-ray crystallography [8, 11, 12].  Structure-function studies are underway to
understand the functional implications of both the trimeric and the larger oligomeric organization of
human LTC4S.  Furthermore, the studies of these eukaryotic membrane proteins as well as data from
trials of other membrane proteins have profited from applying a range of microscopies, namely
TEM, AFM, and freeze-fracture with further benefits to 3D crystallization.
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