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Abstract

The potassium crystallographically-sited activatitvannel (KcsA) is one of the proteins found il oeémbranes
of all living organisms. It is an ion channel thidaough various physical and chemical means, alexdusively
permits the efflux of potassium ions through thié membrane at speeds approaching 100 million pmrssecond.
This protein is responsible for propagating eleefrsignals throughout the body. Though not altfioms of this
protein are currently understood, investigatiotKe$A’s known functions and characteristics hasttethe
synthesis of a physical representation construgyettie Z Corp 2406 Color 3D Printer. This model sarve as an
education and research tool because it repredentgructure and functions of the important pafthe protein in
its activated state, namely the selectivity filt@gter cavity, and stabilizing half-helices, in Buicway that the
learner can physically manipulate potassium iorswater molecules through the model. KcsA's funadiwividly
illustrate concepts in biology, chemistry, and pbysa model (or models) that can demonstrate thesgions
would be a beneficial instructional tool.

1. Background

Knowledge of the existence of ion channels candiediback to the early 1950’s, when A.L. Hodgkid &nF.
Huxley studied the squid axon, which ran from oné ef the squid’s body to the other [1]. They det@ed that
something in the cell was able to control the floweurrent after a certain threshold of electrigaiential was
reached. From this determination came the thetwizand confirmation of proteins capable of ‘chelimy’
electricity, and the concept of the action potdnrtithe wave of current that is also known as aeénpulse. Over
the years, proteins were identified that could oped close to allow the permeation of sodium, Eitas, and
calcium ions into and out of cells, and thus retguthe electrical current that resulted in nervactivity. However,
the parts of the proteins that actually controtent flow were still unknown and the majority ofdmledge about
ion channel mechanisms remained a mystery for ey years.

This situation changed in 1987, when the cloning oértain gene from tHarosophila fly resulted in the
discovery of specific functional sections of thegssium ion (K) channel protein [1]: the voltage sensor, which
detects electrical changes in the cell and actviite channel, and the ion-specific selectivitigfil Yet, the
mechanisms by which these segments actually castietheir functions required an as-of-yet unagdithree-
dimensional understanding of the protein.

In 1998, after several years of research and exjetation, Dr. Roderick MacKinnon determined the
crystal structure of the Kchannel protein (KcsA, for potassium [K] crystaltaghically sited Activation channel),
cloned from thestreptomyces lividans bacterium (Figure 1). Using X-ray crystallographg,determined the spatial
arrangement of atoms in the protein [2]. The discpwf a water-containing ‘cavity’ in the centertbé protein as
well as several important amino acids, in additmthe now-possible comprehension of the selegtfilier, led to
MacKinnon’s shared 2003 Nobel Prize in Chemistry.



Figure 1 The protein KcsA in the lipid bilayer dietcellular membrane [3]

Though much has been discovered about KcsA, maestigums and speculations still remain. The
structures of alternate states of KcsA have nobgen isolated, and its exact physical conformagicatill
unknown. Other similar potassium ion channels heffered educated hypotheses of the closed stat#igsiabut
only empirical evidence can confirm the actual ptsisconformation and mechanisms. A physical madé¢he
protein may aid in the discovery of the more elagivoperties of KcsA’s structure.

1.1. KcsA

Although there are different types of potassiumébannels with varying shapes, KcsA, whose closed
conformational structure is known (Figure 2), ie fhcus of this research. KcsA exists in the ¢aflmembranes of
organisms, with one opening inside the cell (cyaspl) and the other exposed to the extracellular@mwent. The
protein itself is composed of four identical sutisnwhich twist around each other to form the dathannel and
complete protein. Though they are not physicatikédid, the subunits are able to associate with

Figure 2 Three-dimensional view of KcsA, with eadbntical subunit shown in a different color

one another in the presence of potassium ions. &a#mimit consists of almost 400 amino acids thahfa
continuous helical chain. Several sections of thain comprise important parts of the protein: watwity, the
stabilizing half-helix, and the selectivity filteThe functions of these three parts of KcsA aqgaired in the
following sections.

1.1.1. water cavity

Potassium ions, which are positively charged ians,unstable in the absence of other ions or midscln the
environment of the cell cytoplasm, each potassiums surrounded by a shell of water. This shedliates a square
antiprism configuration (Figure 3), a twisted cudfesight water molecules enclosing the potassiuminahe

middle. In this twisted cube, the oxygen atomshefwater molecules point towards the potassiumTibe. function
of the water cavity (Figure 4) in KcsA is to actaasantechamber for the incoming potassium ionsTHé cavity’s
shape and size allows for approximately fifty males of water and one ion; X-ray crystallographg Bhown that



water in the immediate vicinity of the potassiurmfis a square antiprism, keeping it as stable asifgesn the
center of the cavity, waiting to be pushed intoggbéassium-specific selectivity filter.

Figure 3 Square antiprism configuration of the psitam ion. The coordinating oxygen atoms of waterdacated at
the vertices of the antiprism [5]

The water cavity serves a secondary purpose asralboy, barring the ingress of most large molecates
ions [6].

Figure 4 KcsA with the front subunit removed. Thatev cavity is the area enclosed by the black loop.

1.1.2. stabilizing half-helix

The twisted helical shape of each subunit contebgreatly to the ability of the water cavity taétion. The
stabilizing half-helix, named for its short lengthative to the other parts of the chain, pointectly at the water
cavity (Figures 5). This chain of amino acids litaies an electrically hydrophobic (water-fearirgivironment for
the molecules lining the cavity. This hydrophobljigitevents water from bonding with KcsA so thatah
coordinate and stabilize the potassium ion in trder of the cavity [6].

Figure 5 Side (1 subunit removed) and top viewkasfA, with half-helices colored green.

1.1.3. selectivity filter

The most important part of KcsA, the selectivityefi is a highly discriminating chain of amino agidhat allows the
passage of potassium ions and prevents the pasbpggicles smaller than the'kon. The selectivity filter forms
the narrowest part of the trans-protein channel,iarthe active state of KcsA, assumes a rigidgisfieed
conformation that exclusively permits potassium sment (Figure 6). It is the selectivity filter tHas been
preserved through evolution in potassium ion chienmehere other sections of the protein may hawanghd [2].



The exclusivity of the filter can be attributedthe presence of carbonyl oxygen atoms (oxygen atoms
connected to carbon with a double bond) juttingiota the channel. Each subunit distributes sixg@xyatoms
along the lining of the channel in a distinct shapgh that potassium is coordinated in a squarpresm
configuration as it moves through. The oxygen atanespositioned at precisely the correct distancstabilize an
ion the size of potassium. Thus potassium ionshke to move from the cytoplasm to the water catityough the
selectivity filter, and into the aqueous extradelitenvironment retaining a similar electrical agergetic
configuration throughout each phase of the procdss. accounts for the high selectivity of KcsArgar particles
cannot fit into the channel, and particles smahan potassium (such as sodium ions, which areeptés the
cellular environment) are unable to coordinateexily; only potassium ions can flow from insideotat without the
expenditure of energy [6].

Figure 6 KcsA with the front subunit removed. Tledestivity filter is enclosed in black, with theabilizing oxygen
atoms colored bright red.

2. Research goal

KcsA is a complex protein; as such, the most apmtgoway of representing its mechanisms and fanstis
through a physical model. However, a physical medel only demonstrate a limited number of mechasisnwas
determined that a model should express the furalityrof the selectivity filter, water cavity, stidiking half-
helices, and coordinated potassium ions in ordeetmeaningful. In addition, the connection of thaseas with
biology, chemistry, and physics must be established

For such a representation, the following critegaahto be filled to accurately illustrate the fumeality of
KcsA:

1. Size-scale allowing it to be used in conjunctiotiwvthe already existingDMD Water Kit™

2. Color scheme enhancing functional parts of the mode

3. Magnetically active lining of the water cavity dgised to repel water molecules, to demonstrate the
exclusive bonding to potassium ions
A magnetically active potassium ion, with coordingtsites arranged for square antiprism coordinatio
Removable sections of the cylindrical model, tchlight various protein areas/mechanisms
The ability to demonstrate why other particles adriravel as easily through KcsA
Inclusion of several separate molecules which blmtkvity of KcsA to illustrate how some diseased a
toxins prevent nervous function

No ok

3. Z Corp 2406 Color 3D Printer

The Z Corp 3D Printer, one of the Solid Freeforrriation machines at MSOE’s Rapid Prototyping @enwas
selected to create a representative model of Kedaulse of its ability to print in color, speed, aade of use.
Models can be generated on a timescale of seveuashFurthermore, the necessity to have diffepants of the
KcsA model in different colors created a constraimtwhat printer to use — no other RP machine lis tabcreate
models in color. Finally, most molecular modelste@mopen areas not easily exposed to the surfatte anodel,



as well as various cavities and complex structtoes/hich post-process cleaning becomes difficlitte Z Corp
printer, however, uses powder as its building nialteaind any leftover powder can simply be airbagshway.
These features make the Z Corp printer the natin@ice for creating models of KcsA.

4. Model creation process

4.1. overview

Designing a model involves several steps spanrangws computer programs. RP-RasMol is first usedew
KcsA and modify such characteristics as color,,sirgplay type, and structural support lines (mamiines). After
such modifications, the file is exported to RP Magind SolidWorks. These programs are used toecvesls,
holes for magnets, and tunnels for wires, as veetbacorrect design flaws. Finally, the file is¢akio the Z Corp
machine, where it is actually built.

4.2. pre-process design

The pdb file of KcsA (the file format used by RPsR&ol) was found at www.pdb.org, a database welsgitmsored
by the Research Collaboratory for Structural Bioinfatics (RCSB).

For the first two generations of models (wheredbmplete protein was represented), RP-RasMol wad us
to modify several aspects of the protein includimgremoval of one subunit, the specified colotmgighlight
important components, and the relative size ofitbens and bonds.

Creating these whole-protein models was straigivdiod. The pdb files can be moved from RP-RasMol to
the Z Corp printer in one step. The printer is thbte to create the models, in color, within a (Fgure 8). These
models offered useful information on many subjeittaas established that in order to make uselafger scale
model, major portions of the protein would havédéocut away to focus on the central area of theeprowhere
most of the functional activity occurred. In addiitj a color scheme that highlighted these areasdvadso be very
helpful.

The following generation of models created, thamféocused on the selectivity filter and waterigg\not
the whole protein. In addition, holes for magnetsvell as a supporting wall needed to be creatbid. rEquired the
use of RP Magics, a polygon modification progrand &olidWorks, which can create the alterationessary for
this model.

RP Magics was used to section away the outer lafeate protein, leaving only the cylindrical canethe
middle. In addition, a section of the protein, esponding to one subunit, was separated from tle madel so as
to be detachable (Figure 10).

Figure 8 Side and back views of the complete Kce#qin.

At this point, two options were explored in refererio the best representation of the functionalitshe
selectivity filter. The first option was to credtansparent oxygen atoms, on a separate SFF madtfatevould be
placed into the positions of the Z Corp oxygen aamthe selectivity filter. Each individual atonould contain an
electromagnetic LED (light-emitting diode) circtlitat would switch on when in close proximity to agnetic
potassium ion. Thus, oxygen atoms currently coatilig a potassium ion would shine bright red tadate that
they are in use.



Figure 10 Test model of KcsA selectivity filter. &sodium ion and water molecules are included for
reference

It was decided, however, that a simple magnetitesyswithout LED’s, would be sufficient to demoradr
the coordination of potassium ions. The final chdmmore model, therefore, was designed to incotpdhas

magnetic system (Figure 11).

Figure 11 Front and top view of the channel corel@hocomposed of the selectivity filter and watavity (made in
RP Magics). Note the bright red oxygen atoms offilter; the holes in each one are designed formatgy

4.3 KcsA’s potassium ion and representation

Because potassium is coordinated in a square esmtionfiguration, the magnets in its ionic modeistrbe placed
specifically to reflect this quality. SolidWorks wased to design the potassium ion model so thaiutd be able



to coordinate correctly with water molecules, a8l @& oxygen atoms in the selectivity filter (Figut2a).

The ion model was also designed to slide on gtaced through KcsA’s channel, to represent the
protein’s ability to restrict potassium movemenatstraight line through the channel (Figure 12b).

This, however, presented a problem due to therémtidault of creating solid spheres to represéns;
real atoms are not solid, but rather nuclei surdednby a ‘cloud’ of electrons. When illustrating timteraction of
potassium ions with oxygen atoms in the selectifiitgr, where spatial and electrical factors péagnajor
mechanistic role, the classic guidelines for phisisodeling cannot be used. Therefore, the decismsimade to
reduce the sizes of the potassium ions and codnainaxygen atoms with respect to the rest of ttatgin. This
permitted a more applicable physical representation

Figure 12 SolidWorks design of potassium ion. AJeSiiew of ion. B) lon placed on rod, which is gimgied in the
central axis of the channel. The ion can slide ngh down, but will be held in place by oxygen atoms.

5. Considerations for Future Work

Though this research aims to model the most fundéah&nctions of KcsA’s open state, many additiaonadels
are possible. All contribute to the understandifithis important protein, and would be a great uese to both high
school and college instructors. Some possible éutomdels might include:
- Incorporation of active circuits with LED’s thatrtuon when the selectivity filter is being occuplad
potassium ions
- A moveable model of the entire KcsA protein dematstg the differences in conformation of the open,
closed, and inactivated states
- the voltage gate mechanism
- other gate types
- other types of potassium ion channels, such as Mikka comparison to KcsA
- the protein-FAB complex (locking KcsA in its opeate) used by R. MacKinnon to obtain a crystal
- of the lipid bilayer incorporating sodium, potassiltand calcium ion channels demonstrating the goce
of generating and propagating an action potential
- molecules that block K transport

6. Conclusion

Though much investigation is still required in arde fully understand KcsA, current literature offea
comprehensive understanding of the basic functidnise protein. Two models of KcsA were createchwiite
purpose of modeling these mechanisms and functidrescomplete protein model makes use of cololfustrate
the 3-dimensional structure of KcsA: its symmetmyd the layout of the channel and selectivity filiehe channel
core model highlights the individual passage ofpsium ions and their energetically favorable cimatibn by
oxygen atoms in the selectivity filter. These madektus on the protein’s features that are instnied¢o the
understanding of not only KcsA, but also to thedrainderstanding of biology and chemistry in gaher
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