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OVERVIEW

1. The CCRC Philosophy.

The Complex CarbohydrateResearchCenter (CCRC) is the home of ten independent
but complementaryinterdisciplinaryresearchgroupsled by nine regular facultyand one adjunct
faculty. The researchof these groupsrepresentsa broadspectrumof interests,and they are
involvedin about90 collaborationswith theirCCRC and UGA colleaguesand with scientistsat
other institutionsandcompaniesin the U.S., Canada, Europe, Israel,and Japan.

The hallmarkof the CCRC is the collaborative,interactiveenvironmentencouraged by
its directors,faculty and long-termstaff. Newcomersto the CCRC or short-termmembers soon
learn that everyone benefitsfrom this process. The team-oriented approach in carbohydrate
sciencetranslatesintothe day-to-daygenerousgivingof one's timeand expertise to the workof
others, whether it be in sharing specialized instrumentation,participatingin the design of
experimentsand interpretationof data, providingservice to scientists outside the CCRC, or
joiningcollaborativeprojects. The CCRC is foundedon the principlethat the cross-fertilization
of ideasand know-howleadsto the synergisticadvancementof science.

2. The Role In the CCRC of the DOE-Funded Plant and Microbial Carbohydrate
Center Grant (the "Grant").

The Grant is the mostimportantcomponentof the CCRC's support, lt was the firstmulti-
investigator"center"grantawardedto the CCRC and remainsthe largestof the CCRC's grants.
Awardingof the Grant convincedthe Universityof Georgia (UGA) administrationto constructa
buildingfor the CCRC, offer attractivestart-up packages for CCRC faculty,provide matching
funds for the CCRC's equipmentpurchases,and assist financially in the constructionof an
additionto the CCRC buildingwhen the buildingwas only one year old. The Grant makes it
possible for the CCRC to afford the staff that keeps the CCRC's extensive sophisticated
equipmentoperating more efficiently and better than if the equipment were maintained by
manufacturers'service contracts(which,if purchased,would utilize nearly ali the funds in the
Grant). The Grantsupplementsthe low fees foranalyUcalservices for non-proprietaryresearch
that the CCRC providesto any scientistwho requests assistance. The Grant has provided
partial fundingfor many of the collaborativeresearch projects that have helped to make the
CCRC recognized throughoutthe world. The Grant has made it possible to invest in an
innovative, high-risk, potentially high payoff computer-based analytical project that has
generated exceptionally important results (see below). And, if this renewal application is
approved,the UGA administrationhas agreed to supporta plan to constructa second addition
to the CCRC that would increase the building'sspace by about 40% and allow the CCRC to
grow from its approved level of 10 tenure-trackfaculty to its long-heldgoal of 12 to 15 tenure-
trackfaculty.

The partialsupportof the CCRC's infrastructureprovidedby the Grant made it easier for
the animal carbohydratescientistsof the CCRC to win two multi-investigatorgrantsof theirown



-- an NIH ResourceCenter for BiomedicalCarbohydrateScience and an NIH programproject
grantto characterizethe structuresof the carbohydrateportionsof the glycoproteinsof the AIDS
virus and its physiologicalreceptor. Those grants have led to success in applicationsfor
individualinvestigatorgrants. The Grant also allowedthe CCRC to beginthe developmentof a
first-ratecomputercenter for carbohydratescience,an effortthat has since receivedsubstantial
supportfromthe DigitalEquipmentCorporationand UGA.

3. Plant and Animal Sciences ;_1the CCRC.

The more rapid progressin the field of animal carbohydratescience as compared to
plant and microbialcarbohydratescience reflectsthe far greater resourcesavailableto support
biomedicalscience. This has meant that, when the CCRC recruitsfaculty who specialize in
analytical carbohydrate science (NMR spectroscopy, mass spectrometry, computational
analysis), the best candidates study animal rather than plant or microbial carbohydrates.
Nevertheless, and despite the imbalance that exists in most biochemistry,molecularbiology,
cell biology and developmentalbiology departments, because of the Grant, the balance of
supportand positionsin the CCRC is about evenly dividedbetween animal and plant science
(see below). Indeed, the breadth of the CCRC facultyand the ability of the plant and microbial
scientiststo collaboratewith and learn techniquesfrom the animal carbohydratescientists(and
vice versa) greatly strengthens the plant and microbial science supported by the Grant.
Moreover,plantcarbohydratescientistshaveplayed an integralrole inthe CCRC's development
of the analyticaltechnologythat benefits ali carbohydratescience, includingchemicaland NMR
methods for sequencingcomplex carbohydrates,development of the Complex Carbohydrate
Structural Database (CCSD) and its operating program CarbBank, development of the
CARBOMASS computer program for assigning structuresto mass spectral ions and mass
spectral ions to carbohydratestructures,developmentof the use of artificial neural network
technologyfor the analysisof spectra(see below),and the demonstrationthat oligosaccharides
are regulatorymoleculeswith hormone-likeproperties.

4. Challenges Facing the CCRC.

The CCRC, and thus the Plant and Microbial Carbohydrate Center, is not without
problems. One of the problemsstemsin part from the very successof the CCRC as a premier
center for trainingof carbohydratescientists: we are having a difficulttime keeping our key
faculty and staff. Indeed, 1992 will see the departure of one of our senior faculty members.
Richard Cummings has been attracted by financial largess and an endowed chair to the
Universityof Oklahoma Medical School. Althoughwe plan continuedinteractionswith Richard
after he moves to Oklahoma, nevertheless, we have been made acutely aware of our
vulnerability,and thisvulnerabilityhas been accentuatedby the hiringby industryof four of the
CCRC'scarbohydratechemistsby offeringsalariesthat more than doublethose that the CCRC
can provide. This exodushas benefits for industryand our country,but it presentsa continual
challengeto the CCRC to maintainthe highqualityof itsendeavors.

Another problemthe CCRC faces is shared by most sciencedepartments: the CCRC
would benefit from applicationsfor graduate study from a greater number of United States
citizens. Towards that goal, the CCRC is planningto develop,within the UGA Biochemistry
Department,a Ph.D. trackin carbohydratescienceandthen applyfor a traininggrant to support
the trainingof a greater numberof graduate studentsand postdoctoralresearch fellowsin this
field.

Another challenge is represented by the physicalseparation of the CCRC's members.
Lackof space inthe CCRC buildingnecessitates25% of the CCRC's membersbeing located in
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the new Ufe Sciences Building (one mile from the CCRC building). The faculty and staff of the
CCRC work hard to overcome the potentially harmful effects of this separation.

5. CCRC Faculty.

Four of the eight regular CCRC faculty (excluding Cummings) are in the plant sciences
(Albersheim, Darvill, Hahn and Mohnen), and four are in the animal sciences (Meyer, Moremen,
Pierce and Van Halbeek, although Meyer and Van Halbeek can also be considered analytical
carbohydrate scientists). Ali of the faculty (except Moremen and Pierce who joined the CCRC in
1991) have made significant contributions to the Plant and Microbial Carbohydrate Center (see
below). Moremen and Pierce are already acting as techr,ical advi3ors to several projects in the
Plant and MicrobialCarbohydrateCenter, whichassuresthat they, too, will impactthe research
of the Center in the near future. The abovetenure-trackfacultyare rostered80% in the CCRC
and 20% in an academic department. Eriksson,a fifth plant scientist,is a full member of the
CCRC but is fullyfosteredin the BiochemistryDepartment.

The CCRC has three non-tenure-trackfaculty: David Smith, Research Biochemistin the
Biochemistry Department (Research Biochemist is equivalent to a non-tenure track full
Professor);RussellCarlson,TechnicalDirectorof the PlantanC MicrobialCarbohydrateCenter,
who is an Associate Research Biochemistin the BiochemistryDepartment (equivalent to
Associate Professor);and AssistantResearch BiochemistMarcia Kieliszewski. Carlson and
Kieliszewskihave independentplant science research programs;each holds an independent
competitive research grant. Smith has an independent research program in animal
carbohydrate science. The CCRC is recruiting a specialist in mass spectrometry; two
individualshave been approvedfor appointmentby the CCRC and BiochemistryDepartment.
An offer of a tenure-trackassistantprofessorshiphas been presentedto the top candidate;he
has informallyaccepted the offer. The CCRC has one remainingassuredtenure-track faculty
positionto filland has betweenthree andfive additionaltenure-trackfacultypositionstentatively
allotted. However,space has becomethe limitingfactorto growth(see below).

6. CCRC Staff.

The CCRC is blessed with a group of highlyprofessional, exceptionallycompetent, and
unusually loyal staff led by AdministrativeManager Rosemary Nuri, Business Manager Lydia
Snyder, Building Manager Carl Bergmann, and Chemical InstrumentationManager Dennis
Warrenfeltz. These individuals,their staffs,and the seniorresearch staff are a dedicated and
hardworkinggroup. They are the individualswho make the CCRC a productive unit; their
importance to the success of the Plant and Microbial Carbohydrate Center should not be
underestimated.

7. The Future.

The CCRC wishes to continueto grow in numbersof faculty, staff, and students,and in
termsof sophisticatedequipmentand facilities. Fundsfor a super computerhave been applied
for. The top mass spectrometristcandidateis talking about the acquisitionof a four magnetic
sectorinstrument,the nuclearmagneticresonancespectroscopistsare planningfor a 750-MHz
spectrometer (when it becomes available) as well as solid sample analytical capabilities. We
are ali talkingaboutaddingone or two chemicalsynthesisgroupsand of expandingour abilities
in plant and animal sciences. Most of these goals cannotbe realized withoutadditionalspace.
A formal proposalhas been made to UGA President Charles Knappto buildan additionto the
CCRC building that would add about 40% to the existing space. The request has been
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approvedin principle,and we are optimisticthat it willbe funded. Renewal of this Grant would
be a majorpositiveinfluenceon whethertheadministrationdecidesto fund theaddition.

8. Industrial Funds for Basic Researci_.

UGA provid(_sthe CCRC with nine-monthsalariesof the tenure-trackfaculty, matching
fundsfor equipment,the building,and maintenanceof the buildingand its grounds.UGA does
not provide operational funds or salaries for any of the staff. Since the CCRC is totally
dependenton competitivegrant funds for its operations,it would be desirable to diversify its
fundingbase. Industrialfunds are the most obvious alternative. However, even though the
CCRC has been enormouslyhelpful to a wide variety of corporations(see Appendix 1), the
CCRC has receivedvery littlefinancialsupportfor itsbasicresearch fromthese corporations.

The CCRC faculty and staff, giventheir other responsibilities,do not have the time and
energyto pursue,negotiate,and formalizeresearchand developmentallianceswith a variety of
industries.The CCRC, therefore,establishedrelationshipswith twoe,trepreneurs who are both
interestedin foundingcorporationsto interfacethe basic research of _heCCRC withthe applied
goalsof industry. One corporation,ANN TechnologyInc., has been formed to take advantage
of the CCRC discoveryof the useof A_ficial Neural Networks in identifyingmolecularstructures
(see below) and managing analytical data relating to molecules; a patent to protect the
proprietaryaspectsof thisdiscoveryhas beenapplied for. ANN Technologynegotiated with the
University of Georgia Research Foundation(UGARF) for the right to develop the CCRC
discoveryin exchange for support of the CCRC's basic computer science research and for
royaltiesto UGARF on ANN Technologyproducts. ANN Technologyis in the processof raising
fundsto supportthisventure.

DigitalEquipmentCorporation(DEC) was so optimisticabout the value of the CCRC's
artificialneural network technologyto increasedsales of DEC computerworkstationsthat they
providedthe CCRC with computersand computerprogramsworth$600,000 plusthesalary of a
postdoctoralresearch associate to develop further the scientificbasis of the discovery. DEC
has transferred to ANN Technologytheir rights to commercializethe CCRC neural network
technology,and DEC has indicateda willingnessto provideadditionalsupportfor thisproject.

The seconder=trepreneurwill forma corporationto develop into marketableproductsthe
basic research discoveries of the CCRC (outside the computer science area). Like ANN
Technology,this interfacecorporationwill have its own research,development,and production
facilities. Althoughthis corporationhasyet to be formed,we are optimisticthat itwillbe andthat
an arrangementwith the CCRC and UGARF similarto the arrangementsnegotiatedwith ANN
Technologywill result.

COLLABORATIVE RESEARCH HIGHLIGHTS

Thisapplicationcontainsa seriesof appendicesthat documentthe extent andbreadth of
the Plant and MicrobialCarbohydrateCenter'scontributionsto collaborativeresearch, training,
and service. Several collaborativeresearch projectsthat have received postdoctoralresearch
associate support from the Grant are highlightedbelow, as these projects are particularly
illustrativeof the wide-rangingcollaborationsthat have evolvedas a resultof this Grant and the
qualityof the sciencethat the Grant enables. Each of the projectsreceivessupport from other
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grants. In each of the four sectionsbelow,we includethe scientificbackgroundof the projects,
ouraccomplishmentsto date, andourcurrentand proposedactivities.

1. OIIgocala¢tur0nlde OIIgosaccharlns.

[Collaborators: Cervone and De Lorenzo, Universityof Rome; Guern, Mathieu, A.
Kondorosi and E. Kondorosi,CNRS, Gif sur Yvette, France; Benhamu, Laval University,
Quebec; Fluhr, Weizmann Institute, Rehovot, Israel. CCRC participants: Faculty members
Albersheim, Darvill, Hahn and Mohnen; postdoctoral research associates Bergmann and
Eidsness;graduate studentsAlba, Gelineo, Ito, Marfb, Ridley, Spiro, and Wu; staff biologist
Eberhardandstaff chemistO'Neill. Note: Alba, Ito,Wu, and Eberhardhave not receivedfunds
fromtheGrant.]

Homogalacturonan,the pectic polysaccharidecomposedof partiallymethylestedfied4-
linked(x-D-galactosyluronicacid residues,is thoughtto be an importantstructuralcomponentof
the primary cell walls of higher plants. The structuralrole of homogalacturonanmay be
enhanced by its ability to form cross-linkedgels in the presence of calciumions [1,2]. CCRC
personnel and their collaborators have been centrally involved in discovering that
deesterificationand partial depolymerizationof homogalacturonangives rise to (x-l,4-oligO-D-
galacturonidesthat exhibita variety of regulatoryeffectsin plantsincludingelicitationof defense
responses,regulationof growthand development,and inductionof rapid responsesat the cell
surface [3-5]. (Note: Methods developed for the purification of oligogalacturonidesare
describedundergraduate studentMark Spiro'sprojectinAppendix2.)

EIIcitatlon of plant defense responses by oligogalacturonldes. Many microbial
phytopathogenssecrete endopolygalacturonases(EPGs) and pectate lyases that release
oligogalacturoniclefragments from plant cell walls [6]. Dependingon the plant, the released
oligogalacturonideselicitvariousdefense responsesincludingthe accumulationof phytoalexins
[6-10], the inductionof endo-_-l,3-glucanases that degrade fungal cell walls, the inductionof
chitinasesand lysozymesthat degrade fungaland bacterialcell walls [11,12], andthe increased
deposition of lignin,which can serve as a physical barrier to fungal penetration [t3,14]. 13-
Glucan,chitin,and chitosanfragments,generatedby the endo-_-1,3-glucanasesand chitinases,
are ali elicitorsof phytoalexins. Moreover,oligogalacturonideand oligo-p-glucosideelicitorsact
synergistically,that is, the concentrationsrequiredto elicitphytoalexinswhen both elicitorsare
present are less than the concentrationrequired for each to elicit phytoalexinsindividually
[11,15].

Oligogalacturonides are also involved when plants, in response to insect infections,
produce proteins that inhibit insect-secreted proteases; this effect of oligogalacturonides is
localized in the cells surrounding the point of attack [16-18]. Oligogalacturonides can also
induce the production of extracellular isoperoxidases[14] and H202 in suspension-cultured cells
[19]; it has been suggested that oligogalacturonide-induced active oxygen metabolism plays a
role in early interactions of pathogenic bacteria and plants [20]. The oxidative burst induced in
plant cells by oligogalacturonides is strikingly similar to the production of activated oxygen
species by animal cells [19,20]. In animal cells, activated oxygen species cause lipid
peroxidation that can result in membrane damage and localized tissue inflammation [21].

The size range of oligogalacturonides that activate defense responses is usually quite
narrow. For example, oligogalacturonideswith DPs between 10 and 15 are generally required
to elicit plant defense responses. However, oligogalacturonideswith DPs between 2 and 20
induce proteinase inhibitor production in tomato. Although the reason for the frequently
observed size dependence of the response to oligogalacturonidesis not known, this
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requirement suggests that oligogalacturonidesneed ten or more contiguous _-l,4-1inked
galactosyluronicacidresiduesin orderto assumea biologicallyactive solutionconformation.

Ali dicotyledonousplants examined possess a polygalacturonase-inhibitingprotein
(PGIP) with broadspecificityagainstfungal EPGs [22,23]. In the presence of excessPGIP, the
rate at which fungal EPGs digest polygalacturonicacid (PGA) in vitro is reduced ~99.7%,
resultingin the accumulationof biologicallyactive oligogalacturonideswith DPs > 10 [24]. The
larger oligogalacturonideshave half-livesof hoursrather than minutesbecause of the reduced
EPG activity, lt thus appears that many plants have evolved a mechanism to regulate the
activity of pathogen-producedenzymes and thereby increase the productionof elicitor-active
oligogalacturonides.

Hypersensitiveresistance (HR) to microbial infection is characterized by plant cell
necrosisat the sites of attempted infection. Applicationof EPGs to plant tissuesthat possess
PGIP results, in at least some cases, in necrosisof the plant cells exposed to EPG. lt is
particularlyinterestingthat fungal EPGs, in the presenceof excess PGIP, are no longerable to
macerate plant tissue [25]. The possibilitythat the oligogalacturonideproductsof EPG play a
role in localized cell necrosis has been considered [26,27], but the evidence remains
inconclusive[25]. We have notbeen able to obtainevidence that bioactiveoligogalacturonides
cause necrosis. Another possible and potentially important explanation for the necrosis-
inducingeffect of EPG is that the PGIP-EPG complex is itself a functioningreceptor-ligand
complex that signalsthe plant to undergoan HR response. EPG that is boundto PGIP retains
0.3% of its catalyticactivity. Therefore, the active site of EPG must not be the same as those
partsof EPG that interactwith PGIP. Thus, we shouldbe able to use mutagenesisto separate
the catalyticand PGIP-bindingactivitiesof EPG.

We are in the processof testingthe hypothesisthat the PGIP-EPG complexfunctionsas
a receptor-ligandcomplex by attemptingto generate Fusarium solani mutants that produce
EPGs that retain their catalyticactivitybut fail to bindto (are inhibitedby) PGIP, andto produce
other F. solani mutants that produce EPGs that retaintheir ability to bind to PGIP but are no
longerable to hydrolyzepolygalacturonicacid. Our effortsto isolate such mutantsare made
easier by the fact that F. solani has only a single EPG gene (unpublishedresults of our
collaboratorsat the Universityof Rome). We are attemptingto express the cloned F. solani
EPG gene in yeast and then use site-specificand/or insertion mutagenesis technologiesto
generate the desired mutants. We are also attemptingto screen for the mutantsin F. solani
colonies derived from spores subjected to chemical mutagenesis. The two types of EPG-
modifiedmutants shouldallowus to determinewhetherit is PGIP recognitionof EPG or of the
oligogalacturonideproductsof EPG that causes the HR-like response when plant tissues are
exposedto EPG. The answer to this questionwill improveour understandingof the molecular
basisof plant-microbeinteractions.

The PGIP from true beans (Phaseolus vulgaris) [28] and the EPG from its fungal
pathogen F. so/anl (manuscript in preparation) have been cloned and sequenced by
postdoctoralresearchassociateCarl Bergmannin collaborationwith Felice Cervone and Giulia
De Lorenzoand their coworkersat the Universityof Rome. Using antibodies and DNA probes
specific for the PGIP and its mRNA, respectively,we (Bergmannand graduate studentYuki Ito)
and our collaborators(Cervoneand De Lorenzo,and NicoleBenhamuof Laval University)have
demonstratedthat substantialconstitutivelevels of PGIP are elevated some ten-fold in those
plant cells neighboringthe hyphaeof an infectingfungus. We have shown that the levels of
PGIP are also elevated by wounding. Efforts are underway to use transgenictechnologyto
determine if the expression of higher constitutivelevels of PGIP endows the plants with a
great3r abilityto resistfungalinfection.
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Induction of plant growth and development by ollgogalacturonldes. (Note: The
workdescribedin the followingtwoparagraphswas not directlysupportedby the Grant, but the
resultsare pertinentto the work describedin the remainder of this section,which did receive
direct support from the Grant.) The ability of oligogalacturonides to regulate plant
morphogenesis is another biological activity of this plant cell wall-derived oligosaccharin.
Morphogenesisis the developmentof form and specializedorganssuch as leaves, roots,and
flowers. Most undifferentiatedplant cells are totipotent,that is, each cell has the potentia_to
develop into a complete plant. The ability of plant cells to differentiate and develop into
speciaJizedorgans is controlled by a number of factors including hormones, light, and
temperature[29,30].

A tobacco thin cell-layer (TCL) explant bioassay [31,32] has been used to study the
effectsof phytohormonesand plantcell wall-derivedfragmentson plant morphogenesis[32,33].
TCL explantsare thin stripsof floral stem tissuecontainingfive to ten cell layers that, when
incubated for 24 days on culture medium containingthe phytohormonesauxin and cytokinin,
formflowers,vegetativeshoots,or roots [32]. The particularorgantype that formsdependson
the concentrationsof auxin and cytokininin the culturemedium. Oligogaiacturonideswith DPs
10 to 15 can induce flower formationand inhibitroot formationin tobacco TCLs ([32,33] and
unpublishedresults of the authors). Oligogalacturonideswith DPs between 12 and 14 are the
most active (50% active at 0.5 pg/ml; [32]). Oligogalacturonidesof the same size range can
also inhibit the formation of auxin-induced roots in tobacco leaf disks (collaborationwith
Cervone et al.).

OIIgogalacturonldes Induce rapid responses at the plasma membrane and cell
surface. Oligogalacturonidesinducea variety of rapid responsesat the plant cell surface. For
example, suspension-culturedsoybean cells produce H202 within 5 min of exposure to
oligogalacturonidemixtures[19], and tomatoleaf mesophyllcells [34] undergo depolarizationof
membrane potentialwithin 5 rain of exposure to relatively high concentrations(1 rag/ml) of
oligogalacturonidemixtures (DPs 1 to 7 and DPs 10 to 20). We (postdoctoralresearch
associateAlan Koller,graduate studentMark Spiro, and staff chemist Malcolm O'Neill) and our
collaborators(Yves Mathieu and Jean Guern of the CNRS at Gif sur Yvette, France) have
demonstratedthat lowerconcentrations(10 IJg/ml)of size-specificoligogalacturonides(DPs 12
to 15)induce, within 5 min, a transient stimulation of K+ efflux, Ca2. influx, cytoplasm
acidification,and depolarizationof the plasma membrane in suspension-culturedtobaccocells
[35]. Size-heterogeneous mixtures of oligomannuronidesand oligoguluronidesare ~400-fold
less effective in inducing K+ efflux. Furthermore, treatment of tobacco cells with an
oligoguluronidepreparation did not result in a decrease in the apparent Ca2+concentrationof
the incubationmedium. These observationsprovideevidence that oligogalacturonidesat low
concentrationscan induce rapidand specificresponsesat the plant cellsurface.

Size-specificoligogalacturonides(DPs 14 and 15) have been shown to enhance the in
vitro phosphorylationof a 34 kd protein associated with purifiedplasma membranes isolated
from potatoand tomatoleaves[36]. The phosphorylationof the 34 kd proteindoes not appear
to be directly related to the induction of proteinase inhibitor accumulation in tomato, as
oligogalacturonideswith DPs < 14 inducethe productionof these inhibitorsbut do not enhance
in vitro phosphorylationof the 34 kd protein [36]. Oligoguluronidepreparations,althoughless
effective than oligogalacturonides, induce proteinase inhibitor activity and in vitro
phosphorylationof the 34 kd proteinin tomato [36]. However,the DP and purityof the active
oligoguluronidesused in thebioassaywere not reported.

The bioactiveoligogalacturonidesand auxin have the oppositeeffects on a number of
physiologicalresponses (see, for example, [32,33,37-39]). Several types of evidence suggest
that the oligogalacturonidesare not directly interactingwith or affectingthe rate of uptake or
half-lifeof auxin. On the otherhand, indirectevidence suggeststhat the differentialeffects of
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the oligogalacturonidesand auxin may occurat the level of the plasma membrane. We have
establisheda collaborationbetween Jean Guem and Yves Mathieuand their coworkersof the
CNRS, and Michael Hahn, his graduate studentRob Alba, MalcolmO'Neill, and the Pis of the
CCRC to identify, in suspension-culturedtobacco (CNRS) and soybean (CCRC) cells,
membrane proteins whose degree of phosphorylation is "oppositely" affected by
oligogalacturonidesand auxin. We hypothesizethat differential phosphorylationof such a
proteinor proteinsis an early step inthe signaltransductionpathway by which these hormones
regulategene expression.

Divalent cations, most notably calcium, are known to play a role in the growth and
developmentof plants [40,41]. Calcium or other divalentcationsare also required for at least
some of the observed bioactivitiesof oligogalacturonides[35]. Foc example, depletion of
calciumin thegrowthmediumof tobaccocellsali but abolishesoligogalacturonide-stimulatedK*
efflux. Mg2. and Mn2. are effective,but somewhatless so than Ca2., in restoringthe K* efflux
[35]. Oligogalacturonides,but not oligoguluronides,cause a transientdecrease in the Ca2.
concentration of the growth medium. The results obtained suggest that bioactive
oligogalacturonidescause Ca2. to be taken up by the cells and that Ca2. influx results in the
decreasein the Ca2. concentrationof the medium.

Oligogalacturonidesand oligoguluronidesbind Ca2. [42-45]. Oligogaiacturonideswith a
DP > 10 are believed to form intermolecularcomplexes(dimers) in the presenceof Ca2. [42-44],
whichhas ledto the suggestionthat an interactionbetween oligogalacturonide-Ca2. complexes
andplantcellscouldinitiatelocalizedphysiologicalandmorphologicalresponses[5,46]. lt is not
knownhow suchcomplexescould interactwiththe bindingsite of a receptor,if a receptoris, in
fact, directlyinvolvedin the actionof oligogalacturonides.Furthermore,oligogalacturonideswith
DPs > 15, which also form intermolecularcomplexes with calcium [42,44], are generally not
bioactive,while oligogalacturonideswith DPs 2 to 9, which do not form intermolecularCa2+
complexes [44], are occasionally bioactive. Oligoguluronides (DPs 8 to 28), but not
oligomannuronldes, form intermolecular complexes with Ca2. [42,44]. However,
oligoguluronides,like oligomannuronides,do not appear to eiic!;,rapid membrane changes in
plants [35]. Thus, it remains to be determined whether the rapid membrane response
requirement for divalent cations is caused either by the effect of the cations on
oligogalacturonidestructureor by the requirementfor the cations for some other step in the
signalpath.

There is evidence that at least some plant cells become rapidly desensitized to
oligogalacturonides.A correlationhas been reportedbetween prolongedH* influx, K* efflux,
and the bacteria-induced HR in tobaccocells [27,47]. The bacteria-inducedHR is inhibitedby
treating tobacco cells with pectate lyase (PL) and PL-digested PGA, a treatment that also
resultsin a transient rather than a prolongedH*/K* response[27]. These transient ion fluxes
are not detected after a secondadditionof PL or PL-digestedPGA. Pre-treatmentof tobacco
leaf disks with PL-digested PGA prior to inoculationwith Pseudomonas syringae reduces but
does not block the prolongedH* influx(and presumablythe K* efflux)inducedby HR-causing
bacteria. However, the HR is inhibitedby addition of PL-digested PGA [27]. Tobacco cells
treatedwith bioactiveoligogalacturonidesto induce K+ efflux also do not respond to a second
treatmentwith the same fragments [27,35]. Furthermore, oligogalacturonide-inducedethylene
biosynthesisinculturedpear cells resultsina time-dependentdecrease in the abilityof the cells
to produceethylene in responseto a secondelicitortreatment[48]. Ali of these desensitization
effectscould be explainedby intemalizationof plasma membrane-localizedoligogalacturonide
receptors[49].

We have begun to study the question of the possible intemalizationof the bioactive
oligogalacturonidesin an extension of our collaborationwith the Guern team. Radiol=lbeled,
size-specific oligogalacturonides have been generated by sodium borotritiide reduction.
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Roughly20% of oligogalacturonideswitha DP = 13, when mixedwith tobaccocells,bindrapidly
and stronglyto the walls of those cells. We have also found that the tobaccocells secrete a
polygalacturonase into their own cell walls that more effectively cleaves bioactive
oligogalacturonides(DPs = 13) than bio-inactiveoligogalacturonides(DP = 8 and DP = 18). We
have obtained no evidence that the bicactive oligogalacturonidesare taken into the cells,
althoughwe cannotruleout that < 2% of theoligogalacturonidesare internalized. In an effortto
determine whether oligogalacturonidereceptors are present in plant cells, graduate student
Mark Spiro and the Pis are attempting to use a 12Sl-labeled tyramine derivative of
tridecagalacturonldeto identify bindingproteins (see Appendix 2). Graduate student Brent
Ridley,workingwith Debra Mohnenandthe Pis, is attemptingto synthesizea biotinderivativeof
tridecagalacturonideinorderto use its highaffinityfor avidinfor selectinga bindingproteingene
clonedina systemthat sxpressesthe encodedproteinsextracellularly(see Appendix2).

Graduate student Ivana Gelineo is usingthe abilityof the bioactiveoligogalacturonides
to evaluate the hypothesisof ourcollaboratorRobert Fluhr (Weizmann Institute,Rehovot, Israel)
that the general perturbation of a cell's membranes causes abnormal protein folding and
abnormal N-linkedcarbohydrateside chainsynthesis,resultinginincreasedtotallevelsof a BiP-
like chaperonethat bindsto incorrectlyfolded proteinswhiledepleting the level of the unbound
chaperone. In this hypothesis,it is the reduced concentration of unbound chaperone that
triggersresistanceresponsesin plant cells,includingthe HR.

Fluhrhas obtained evidence of increasedaccumulationof a BiP-likechaperonein cells
undergoinga defense response. Fluhr tested his hypothesisthat abnormalglycoproteinside
chainslead to activationof defense responsesby treatingcellswith severalchemicalsknownto
alter carbohydrateside chainsynthesis;each of these chemicalsincreasedthe total chaperone
levels,andeach activated knowndefense responses(unpublishedresults).

To furthertest the hypothesisthat elicitorsalter glycoproteinside chainsynthesis,Fluhr
has introducedintotobaccoplants a chloramphenicolacetyl transferase (CAT) gene containing
a prepeptidesignalsequence that causes the CAT protein to be N-glycosylatedand secreted
into the cell wall. Graduate studentGelineo and the Pis are tryingto determine if treating the
transgenictobacco cells with agents that disturbthe cell's membranes or that cause an HR
response (examples are oligogalacturonides,endo-13-1,4-xylanase,and EPG) also alter the
structureof the N-linked oligosacchaddeattachedto the CAT protein. In otherwords, we are
attempting to use carbohydrate structure analysis to assess the effect of these bioactive
molecules on the activities of the endoplasmic reticulum- and Golgi-located N-linked
carbohydrate synthesis and processing enzymes. Such studies of the effects of
oligogalacturonide-inducedmembrane responseswill increase our understandingof the first
stepsin the oligogalacturonide-inducedsignaltransductionpathways.

Are bioactlve ollgogalacturonldes present In vivo? Detecting free bioactive
oligogalacturonidesinplants wouldprovideadditionalevidencethat these fragmentsplay a role
in vivo. Preliminaryevidence has been obtainedthat bioactiveoU_ogalacturonldesare present
in the growthmedium of suspension-culturedsycamorecells (unpublishedresultsof graduate
studentsVictoriaMarl8 and Mark Spiroand the Pis). We propose to confirmtheseobservations
and to ascertainwhether bioactiveoligogalacturonldesexist in the walls or cells of intactplants.
The possibilitythat bioactiveoligogalacturonidesexist in plant tissues is strengthenedby the
demonstrationthat a number of differentpectic-degradingenzymes present in plant tissues
have the potential to generate oligogalacturonidesby deesterificationof pectic methyl esters
and cleavageof homogalacturonides.PostdoctoralresearchassociateMarlyEidsness,working
with the Pis, is attemptingto clone a polygalacturonasethat she ,:lemonstratedis present inthe
flower stems of tobacco, which is the source of the tobacco TCL explants that
oligogalacturonidesinduce to flower. GraduatestudentYeong-TongWu, with assistancefrom
Russell Pressey (of the USDA's RichardRussellResearch Center in Athens)and postdoctoral
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research associate Eidsness, is attempting to clone the pectin methylesterase he has
demonstratedto be presentin thesame tissue.

Finally, Jean Guern and his colleagues have found that bioactive oligogalacturonides
have dramaticeffectson legumeroot hair plasmamembranes(personalcommunication). This
suggeststhat Rhizobium species, when they infect roots,may secrete an EPG that generates
bioactiveoltgogalacturonides.Others have triedto demonstratethe abilityof Rhizobium species
to secrete this enzyme withoutsuccess,but there is new evidence of a gene encodingan EPG
in Agrobacterium tumafaciens [50,51], a member of the Rhizobiaceae that is verycloselyrelated
to Rhizobium meliloti. Marly Eidsnessand the Pis, in collaborationwith Adam Kondorosiand
his colleagues(of the CNRS-ISV in Gif sur Yvette, France) are attempting to identifythe R.
meliloU EPG gene and, if it is present, to express the gene and then to generate R. meliloti
isolatesthat lack the functioninggene. Once we have generated an EPG- R. meliloti mutant,
Kondorosiwilldeterminewhether it retainsits normalabilityto infectalfalfa root hairs.

The studies of oligogalacturonidesand their biological effects is perhaps the best
exampleof how the Grant enables the plant and microbialcarbohydratescientistsof the CCRC
to form, with scientists located in a variety of institutions,in-depth collaborationsaimed at
solvingfundamentalproblemsinvolvingoligosaccharins.

2. DeveloPment of a C0mputer-Based Method for Determining the Structure of
ComDlex Carl_ohydrate=i=.

[InternalCCRC/UGA collaborationbetween the groupsof faculty membersAlbersheim,
Darvill, Meyer and Van Halbeek, includingseniorstaff sdentJstsRadomski,Sellers, Thomsen
andYork, and graduatestudentHansen(UGA ArtificialIntelligenceProgram). Note: Radomski
has notreceivedfundsfrom theGrant.]

Roughly 80% of asparagine-linked oligosaccharides that are being structurally
characterizedhave had their structuresdelineated at an earlier date, but analystsare unaware
of this fact, as they have no way to know the identity of the oligosaccharidesthey are
characterizinguntil they delineate the complete structures of the oligosaccharidesand then
compare those structures to the structures listed in the Complex Carbohydrate Structural
Database. To delineate the structureof a complexcarbohydratecan take anywhere from a
week to six monthsof a skilled carbohydratechemist'stime and extensive use of expensive
instruments. We reasoned that one of the most importantcontributionsthe CCRC couldmake
to carbohydratescience would be to developa methodto reduce or eliminatethese duplicate
effortsand their associated expense. We further reasoned that such a projectcould best be
undertaken by a center like the CCRC with its broad range of expertise, sophisticated
instrumentation,and collaborative, interactiveenvironment. Moreover,since Dr. Robert Rabson
(the DOE administratorof the Grant) encouraged the Pis to invest some funds in risky,
potentiallyhigh pay-off research,we decidedto make a limited investmentin a project that, if
successful,would eliminatemuch of the duplicationof structuralstudies. The results so far
portend far greater rewards than we had imagined, for the discoveries emanating from this
projectshowpromise to increasethe efficiencyof a variety of analyticalendeavorscarded outin
non-academicandacademiclaboratories.

We decidedto tryto developa methodto identifycomplexcarbohydratesfrom theirone-
dimensional(l-D) lH-NMR spectra, as these spectra require only about 10 nmols of sample.
The initialvision,formulated in 1985, was to use pattern recognitiontechniquesto "recognize"
molecular spectra. We knew that pattem recognition had been developed to a rather
sophisticatedlevel by the needs of the military,and Dr. Charles Bender, an expert in this field,
had just joined UGA as head of UGA's Advanced ComputationalMethods Center. Bender
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encouragedus to begin these studiesand, in 1986, providedsome of the initialfunding for the
endeavor. We hiredpostdoctoralresearchassociateJan Thomsento initiatethe project, lt was
Thomsen who decided to use an artificial neural network program (rather than the more
classicalpattern recognitionprogramwith whichBenderwas expert) in an attemptto recognize
spectraof carbohydrates. Jan spent aboutthree-fourthsof his postdoctoralyear (1987) writing
the CCRC's first artificial neural network program, lt was at about this time that Bernd Meyer
joinedthe CCRC facultywith his extensivecomputerexperiencegained while writingthe force
field-basedGESA program thatpredictsthe favored solutionconformationsof oligosaccharides.
Meyer and Thomsen formed a close collaboration;it was Meyer who convinced Thomsen to
apply his neural network program to the identificationof the 1-D lH-NMR spectra of simple
alditols(reducedmonosaccharides);the effortwas a success: the network could be trained to
recognizethe differentalditols[52].

We hired informationsystems manager Jeff Sellers to replace Thomsen when he
returnedto Denmark. Meyer took over leadershipof the projectand attractedgraduate student
Torben Hansen (UGA Artificial IntelligenceProgram) to work with them, in collaborationwith
WilliamYork and the Pis. The abilityof software-emulatedneural networksto distinguishthe
mass spectra of partiallv methygatedalditol acetates (PMAAs) (that had been prepared for
studiesof plant cell wall _,loglucans)was demonstratednext [53]. Indeed, the neural network
could even be trained to distinguishthe mass spectra of the PMAAs of stereoisomers,
somethingeven the most accomplishedchemistscould not do. This was perhaps the first of
many times that we found neural networks can recognize spectra far better than we had
_;xpected[53].

We next demonstratedthat neuralnetworks couldbe trainedto distinguishthe 1-D lH-
NMR spectraof a closelyrelated and structurallyredundantset of xyloglucanoligosaccharides
containingup to 20 glycosylresidues. These results,which were publishedin Science [54],
have increasedinterestin this technology.These studiesincludedexperimentsto establishth&_
neural networks can deal with the normal imprecisionsof lH-NMR spectra, includingthose
resultingfrom differences in chemical shifts due to concentrationor temperature variations,
different signal-to-noise (S/N) ratios, variable absolute signal intensities, and different line
widths. Anothervery importantfeature of neuralnetworks,which became apparent from these
studies,is their abilityto identifythe spectra of those moleculesin the database that are most
closelyrelated to the molecule from whichthe unknownlH-NMR spectrumbeing presentedto
the neural networkwas obtained, when the spectrum of the unknownmolecule had not been
includedin the neuralnet trainingset.

Our experienceswith neuralnetworkswere convincingus that theycouldbe effectivefor
structuralanalysis under normal laboratoryconditions. We had established that an artificial
neural network can distinguishbetween the lH-NMR spectra of oligosaccharidesthat differby
onlyone glycosylresidueout of 20. Since _e architectureof the neural network used had not
been optimized and since we had not yet met any significantobstacles,we realized that we
wouldbe able to findways to trainartificialneural networksto recognize the lH-NMR spectraof
mostcomplex carbohydrates. These veryproductiveearly results led us to begin a majoreffort
to develop the use of neural networksto identifythe lH-NMR spectra of the asparagine-linked
(N-linked)oUgosaccharideside chainsof glycoproteins.

N-linked oligosaccharides. Meyer's postdoctoralresearch associate Jan Radomski
obtained 107 spectra of N-linked oligosaccharideside chains of glycoproteinsfrom Van
Halbeek's collection of -500 such spectra. Ninety-five of the spectra came from different
molecules,while12 spectrawere duplicatesgeneratedfrom N-linkedoligosaccharidesattached
to differentpositionsof either the same or differentproteins. The neural network was asked to
identifythe chemical structureof each carbohydratechain when its spectrumwas presentedto
the inputlayerof the neural network. To testwhetherthe neuralnetwork could do this, the set
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of 107 spectrawas divided intotwo sets of about equal size. The neural network was trained
with about 53 unique spectra in about 10 hours of CPU time on a DECsystem 5500. The
trained neural network was able to recognizeeach of the 12 spectra for which duplicates had
been includedin the trainingset. The otherspectraof the test set were not knownto the neural
network but the neural network couldidentifyclose structuralrelatives. For example, when a
spectrum of a tetraantennaryglycopeptidewith three fucosyl residues at the non-reducing
termini was presented, the neural network identified, as the closest relative, the same
tetraantennarystructurewith a differentpointof substitutionof a fucosylresidue and a different
peptide. In another instance,the presentationof the spectrumof a mixture of two biantennary
N-linkedoligosaccharides(one containinga 2,3-1inkedsialic acidand one witha 2,6-1inkedsialic
acid) gave, as the closest relative, the spectrumof the same biantennary structure with the
combined sialylationpattern of the two compounds but lacking one of the two glucosamine
residuesin the core region. Althoughthe lH-NMR spectra used for thiswork were of varying
quality, they were perfectly usable by the neural network. Therefore, we believe that, with
sufficientcomputerpower, thisapproachcanbe used to train a neural networkto identifyali 1-D
lH-NMR spectraof N-lilli_edoligosaccharidesidechains.

The abilityof neural networks to identify the spectra of the molecu!es most closely
relatedto the spectra of moleculesnot =. iudod in the database is very useful, but it is not, by
itself,sufficientto identifythe structure_of new molecules. However, thestructureof molecules
notincludedin the database couldoftenbe deducedfrom this "closestrelative"informationif Me
investigatoralso knew the buildingblockcompositionof the polysaccharide(i.e., the identitiesof
thecomponentglycosylresiduestogetherwith theirpointsof attachmentto neighboringGlycosyl
residues). An example of a buildingblockwouldbe a 3- and 6-1inkedmannosylresiduethat is
attachedthoughan o_-1,4-linkageto anotherglycosylresidue.

Realizing that knowledge of closelyrelated structures together with the building block
composition of oligosaccharidesmight allow us to use ne_,ral networks to determine the
structuresof oligosaccharidesthat had notbeen characterizedpreviously,Meyer and Radomski
investigatedwhether neural networkscould be trained to recognize the buildingblocks of the
oligosaccharidesfrom their 1-D lH-NMR spectra. A neural network was successfullytrained
that had 57 targetneuronscorrespondingto 57 differentbuildir,q blocks, In preliminary results,
the trained neural network can correctly identify -90% ot _e test substructures in the
oligosaccharidespresented to it. Those buildingblocks that were missed resulted,as far as
could be ascertained, from the failure to include in the training set a sufficientnumber of
examples of oligosaccharidespectra containingthose building blocks. In other words, the
networkneedsmore examplesto be fully trained. We anticipatethat the network can be trained
to recognizeali buildingblockswhen a larger,more diverse trainingset is available. No other
rapid analyticalprocedure can simultaneouslyprovide the substructures(buildingblocks) and
anomericconfigurationsof oligosaccharides.

Radomsldand Meyer have recentlydiscovereda new attributeof neural networks of
great importance. They have found that artificialneural networks can recognizethe spectraof
samples so dilute that the scientist, lookingat the 1-D lH-NMR spectrum, cannot see the
spectrumover the backgroundnoise. Thus, neural networkscan identify the oligosaccharide
side chains of glycoprwteinswith lH-NMR spectra obtained with from 0.01 to 1 p.g of
carbohydratesample; the exact limit of this procedure has not yet been ascertained. This
method may require for structuralanalysis as liffie as 100 times less sample than the Kobata
method. (The laborious but highly effective and widely used Kobata method, based on
sequentiai glycosidase digestion and gel-permeation chromatographies of Radiolabeled
oligosaccharides, is the most sensitive method now available for sequencing the
oligosaccharideside chains of glycoproteins. Akira Kobata is so impressed by the neural
network results that he has offered to be the PI of a collaborativeHuman FrontiersScience
Programgrantproposalthat willcombine hislaboratory'sability to separate oligosaccharidesby

_
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serial lectinchromatographywith the CCRC's applicationof combined1-D lH-NMR and neural
networkanalysis.)

The research into the use of neural networks to recognize 1-D 1HmNMRand mass
spectrais continuingwith fundsfrom thisgrantas well as othergrants includinga DOE grant to
Darvill(one of the Grant's Pis) for studiesof plant cell wall structures(DE-FG09-85ER13426).
The major researchgoalsof our impendingstudiesinclude: (i) optimizationof a neural network
structure so that it will be applicable to a large number of lH-NMR spectra of complex
molecules;(ii) determinationof the factors limitingthe use of neural networks in recognizing
lH-NMR spectra; (iii) optimization of neural networks for substructure elucidation and
characterizationof unknownstructures;and (iv) using artificialneural networksto extract new,
usefulparametersfrom spectra, includingdecipheringthe 3-dimensionalstructuresof molecules
fromtheir 1-D and 2-D NMR spectra.

We conclude that computer-based neural networks can form the core of a pattern
recognitionsystemfor complexspectraof ali typesobtainedfrom ali types of molecules. Unlike
traditionalrule-based expert systems, neural networks discriminatebetween spectra without
requiringthe researcher to "hard-code"a set of rules. Teaching new spectra to the network
simplyinvolvesaddingthe new spectrato the leamingset and repeating the leamingprocess.
Furthermore,neural network-baseddatabase search routinesare likelyto replace those search
methods currentlyused, as neural network pattern-matchingis more sensitive,more versatile,
faster, and more tolerantof experimentalvariablesthat occurduringdata acquisition.

Our work is limitednow by computertime and manpower. We have great need for a
massively parallel computer with the ability to allow us to optimize the neural network
architecturefor spectral recognitionand to train large data sets. However, even our present
resultshave enabled UGARF to apply for a patent on the use of artificial neural networks to
recognizespectra and an entrepreneurialcompany (ANN Technology)to be organizedthat will
develop neural network-based products for the pharmaceutical,chemical, agrochemical, food
processing,and biotechnologyindustries,and that are likely to be used in ali laboratoriesthat
analyze the structuresof molecules.

3. Complex Carbohydrates have Important Functions In Rhizobium-Legume
Symbioses.

[Collaborators: Brewin, John Innes Research Institute, Norwich, England;
HoUingsworth,MichiganState University;Kondorosiand Putnoky,CNRS, Gif sur Yvette, France
and Hungarian Academy of Sciences, Szeged; Long, Stanford University; Noel, Marquette
University;Spaink and LL_gtenberg,Universityof Leiden; Stacey, University of Tennessee;
postdoctoralresearch associateKannenberg(withBrewin)and graduate studentAtkinson(with
Long). CCRC participants: Faculty members Albersheim,Darvill,and Carlson;postdoctoral
research associates Bhat, Glushka, and Puvanesarajah;senior staff member York; graduate
studentReuhs;and technicianBhagyalakshmi.]

An excellent example of the CCRC's contrib,tionsto plant carbohydrate science and
molecular biology is provided by its many collaborativeprojects in the area of Rhizobium-
legume interactions. The establishmentof a nitrogen-fixingsymbiosisbetween a Rhizobium
and its legumehost involvesa complex "infection"process. This process requiresan exchange
of signal moleculesbetween the bacterium and the cells of its eukaryote host that results in
coordinatedregulationof gene expressionin boththe Rhizobium and the legume. The resultof
the infectionprocess is a root nodule containingbacteroids,that are modified nitrogen-fixing
rhizobia.
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The infectionprocess leadingto nitrogen-fixingnodules is host-symbiont-specific.For
example, Rhizobium leguminosarurn biovar trifolii infectsclover but not alfalfa, while Rhizobium
me/iloti infects alfalfa but not clover. Rhizobium biovar-specificand legume species-specific
signal molecules determine host-symbiont-specificrecognition and regulate differentiation
processes in both the host (e.g., nodule formation)and symbiont (e.g., bacteroid formation).
Many of the signal moleculeshave been identified. Species-specificflavones or isoflavones
secreted by the host legume activate symbiont Rhizobium genes (nod genes) required for
nodulation[55-58].

RussellCarlson and postdoctoralresearchassociateV. Puvanesarajah, in collaboration
withGary Stacey'steam at the Universityof Tennessee, have contributedto the flavonoidstory
in their studiesof Bradyrhizobium japonicum, the symbiontof soybean. The nod genes are
activatedby isoflavone moleculessecreted by the legume. In addition to the isoflavones,
activationof nod genes requiresthe productof nodD, oneof the nod genes.

Some rhizobia contain more than a single nodD gene; B. japonicum has two nodD
genes. One of these, nodDl, was found to be essentialfor flavonoidinductionof the othernod
genes (e.g., nodYABC). In contrastto other rhizobia, the nodD1 gene is also inducible. The
isoflavonesgenistein and daidzein are good inducersof ali the B. japonicum nod genes,
includingnodD1. Carlson and his coworkers discovered that soybean seeds also excrete
compoundsthat are not inducersof the nodYABCSUIJ genes, but enhance inductionof this
operonin the presence of a sub-optimumgenisteinconcentration. These compounds,which
were purifiedand shown to be isoflavonederivatives,are specific inducersof nodD 1 but not of
the nodYABCSUU operon. The active isoflavones were shown to be malonylglucosyl
derivatives of genistein (6"-malonylgenistin), daidzein (6"-malonyldaidzin) and glycitein
(6"-malonylglycitin)[59].

Rhizobium nod genes consist of those that are common to ali Rhizobium species (the
nodABCD genes) as well as thosethatdeterminehost specificityand are, therefore, uniqueto a
particularRhizobium biovar or species. Some of the common and host-specificnod genes
encode enzymes (or regulatory proteins) required for the synthesis of lipooligosaccharide
oligosacchadns(called nodulationfactorsor simplynod factors) that specificallyinduce, in their
host legumes, root hair deformationand cortical cell division (and, indeed, nodules in the
legume hosts of the fast-growingrhizobia;[60-64]; G. Stacey et al., unpublishedresults; R.
Carlson et al., unpublishedresults). Root hair deformation and cortical cell divisioncan be
inducedby nod factor concentrationsas low as 10-12M and 10-8 M, respectively ([62-64]; G.
Stacey et al., unpublishedresults;R. Carlson et al., unpublishedresults). We considerthe
lipooligosaccharidenod factorsto be a familyof oligosaccharins.
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Figure 1: Rhizobium nodulatlon factors.

Structurmzof the nod factom. The isolationand structuralcharacterization(see Figure
1) of the firstnodfactors were reportedby Lerougeet al. in April 1990 [60]. The initialreport of
the alfalfa-specificnod factors secreted by R. meliioti further stimulated the already great
interestin elucidatingthe nod factorssecreted by other Rhizobium biovars. The CCRC was
contactedby three groupsto assist in determiningthe sVucturesof nod factors that they were
studying. Even though these groups were, in some ways, competing with one another, they
were able to avail themselvesof the CCRC's expertise,because we informedeach groupof our
involvementwith the other groups and because we did not divulge one group's resultsto the
others.

Senior postdoctoral research associate John Glushka and graduate student and
managerof the mass spectrometryfacilityWilliamYork of the CCRC assistedHerman Spalnk
and BenLugtenbergand theircoworkersof the Universityof Leiden by identifyingthe structures
of the nod factorssecretedby R. leguminosarum biovar v_ciae,the symblontof pea. The most
active of these nod factors has an unusualfatty acyl substituentcontainingfour double bonds
(see Figure 1), the analysisof whichhad contributedto the problemsof previousworkers trying
to elucidate these structures. Glushka and York are co-authors of a full-lengtharticlepublished
in Nature [63]. This effort was also acknowledgedby the followingletter:

Apdl 26, 1991

Dear Peter,

Your Center and its people are great. You did what Harvard could not do!
Thanks to everybody.

Warm regards,

(signature)

Ben Lugtenberg
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John GlushkaassistedAdam Kondorosiand hisgroup (CNRS in Gif sur Yvette, France)
in identifyingthe structuresof previouslyunidentifiedR. meliloti nod factors(see Figure 1) with
host specificitiesthat differ from those describedby Lerouge and D6nad_ and coworkers[60].
Again, the Kondorositeam spent nearly a year beingfrustratedby the inabilityof their analytical
collaboratorsto identifythe nod factorsbefore they asked the CCRC for assistance. Glushka is
co-authorof a PNAS articledescribingtheseresults[64].

RussellCarlson,TechnicalDirectorfor the Grant, has a collaborationwith Gary Stacey
and his coworkersat the Universityof Tennessee to purifyand structurallycharacterize the nod
factorssecreted by B. japonicum, the symbiontof soybean. This work has led to nod factors
with novelstructures(see Figure 1). A manuscriptdescribingthiswork has been submittedfor
publication,and anothermanuscriptisin preparation.

The structural features of the Rhizobium nod factors that determine host
speclflc!ty. Knowledgeof the structuresof a variety of nod factors has provideda great deal of
informationabout the structuralattributesof the factors that determine host specificity. The
structuralfeatures of the R. meliloti factorsthat endowthem withspecificity for their host legume
are the sulfateat C-6 of the reducingGIcNAcresidueand, in the case of the most active factor,
the C16:2A2.9N-fatty acyl residue (as opposedto a different N-fatty acyl residue) on the non-
reducingterminal GIcN residue [60-62,64]. Removalof the sulfate group or reductionof the
doublebonds of the unsaturatedfatty acyl componentcompletely eliminatesthe host-specific
biologicalactivity of these factors[62]. Mutationsin the R. meliloti host specificitygenes nodP
and nodQ, which code proteins that have ATP sulfurylaseactivity [65], result in R. me/i/oti
factors that lack the sulfate group [60,65]. Relativelyhigh concentrationsof the nod factor
lackingsulfate can induceroot hair deformationand nodule formationin pea, but not in alfalfa,
the normal host of R. meliloti [60,62]. Thus, the presence of sulfate is crucial for the host-
specificbiologicalactivityof the R. meliloti factors.

Other structuralfeatures of the Romeliloti nod factorshave more subtleeffects. These
were detected because R. meliloti also synthesizessmalleramountsof nod factorsthat contain
five rather than four GIcN residues,as well as nod factors withfive and four GIcN residuesthat
have an N-fatty acyl substituentwith three double bonds (C16:3A2,4,9)[64]. Ali of these nod
factorsare bioactive,but only at higher concentrationsthan are required for factors with the
C16:2 N-fattyacylsubstituent[64].

The host-specificstructural features of the R. leguminosarum by. viciae nod factors
reside in the natureof the N-fattyacyl substituentand in the presence of an O-acetyl group at
C-6 of the non-reducingterminal GIcNAcylresidue. The fatty acyl substituentof the major nod
factor responsiblefor host-specificbiologicalactivity is highly unsaturated C18:4z_i,,t,s,11[63].
The R. leguminosarum host specificity genes nodL, nodE and nodF are responsiblefor O-
acetylationand the nature of the N-fatty acyl group[63]. Both the O-acetyl group at C-6 of the
non-reducing terminal GIcNAcyl residue and the C18:4 fatty acyl substituent appear to be
essentialfor host-specificbiologicalactivity. Tetrasaccharideversionsof R. leguminosarum bv.
viciae factorsare alsosynthesizedinsmalleramoub'_*,s[63].

B. japonicum strains are nitrogen-fixingsymbionts of a broader host range than R.
meliloti or the R. leguminosarum biovars. B. japonicum strains also have a larger number of
nod genes involved in determininghost specificitythan do R. meliloti or the R. legurninosarum
biovars[66-70]. The structuresof B. japonicum nod factorsare characterizedby the required
presenceforbiologicalactivityof a terminal2-O-methylfucosylresidueglycosidicallylinkedto C-
6 of the r(_,<lucingGIcNAcresidue(see Figure 1). A B. Japonicum nodZ mutant that lacks the
abilityto nodulatesoybeanalsolacksthe 2-O-methylfucosylresidue.
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The nodABC genes alsoencodeenzymes requiredfor the productionof nod factors,but
the productsof these genes are required for the synthesisof nod factors of ali the Rhizobium
biovars. This suggests that the nodABC genes are involved in the synthesis of the
oligoglucosaminebackbone of the nod factors. Sharon Long of Stanford Universityand her
graduate studentMorreyAtkinsonhave synthesizedin vitro putative nod factors whose in vitro
synthesis requires the productsof the nodABC genes. The amount of product they can
synthesizeisvery limited. We (the Pis) have agreedto collaboratewith Longby assistinginthe
purificationandcharacterizationof these in vitro-synthesizedproducts.

The structure and function of Rhizobium IIp_polysaccharides. The collaborationof
Carlson and Stacey has shown that a Tn5-insertion mutant of B. japonicum that failed to
nodulatesoybeanhas a lipopolysaccharidelackingits @antigen polysaccharide[71]. Further
analysis of the lipopoiysacchaddefrom the mutantdivulgedthe structureof the core regionof
the lipopolysaccharideand establishedthe syntheticstepthatwas defective in the mutant[72].

-Complete lipopolysaccharides are required for symbiosis. Carlson and
postdoctoral research associate U. Ramadas Bhat have collaborated with Dale Noel of
Marquette University on the structural characterization of the lipopolysaccharidesfrom R.
leguminosarum bv. phaseoli, the symbiontof bean. Noel was the first to discoverthat certain
Rhizobium mutants defective in nodule development had defective lipopolysaccharide
structures. Tt,e collaboratorsestablishedthat the altered polysaccharideslackedthe @antigen
polysaccharides. Structural analysis of several of these mutants established that the
lipopolysaccharideshaddefectivecore oligosaccharides[73]. These investigatorstogetherwith
thosein other laboratorieshave establishedthat, in every Rhizobium-legume symbiosisstudied
for thistrait,a completelipopolysaccharideis requiredforsymbiosis.

-The structures of the lipopolysaccharides of bacteroids are not the same as the
structures of the lipopolysaccharides of the parent bacterium. Noel, using
lipopolysaccharide-specificmonoclonal antibodies, found that a structural epitope of the
lipopolysaccharidechangesin the nodule at the time the bacteria differentiateinto bacteroids.
He alsoshowedthat at leastone of these changesdependson the presence in the Rhizobium
of the symbioticplasmidand on conditionsthat inducethe expression of the nod genes. These
epitopechangescan be induced,at leastin part, by growingthe rhizobiaat pH 5 (ratherthanpH
7). Bhat and Carlson found that the major change in the lipopolysaccharideresultingfrom
growth at pH 5 was the disappearance in the @antigen polysaccharide of 2,3,4-tri-O-
methylfucoseand the appearance of 2,3-di-O-methylfucose[74]. Furthercharacterizationof the
symbioticallydefective mutantswith altered lipopolysaccharidesis in progress. This research
willbe expeditedwhile Dale Noel spendsa six-months__bbaticalat the CCRC startingin June
1992.

-Lipopolysaccharides have different functions In determinant and Indetermlnant
nodules. Nick Brewinof the John Innes Research Institute(Norwich,England)was the firstto
use monoclonal antibodies to demonstrato that Rhizobium lipopolysaccharides undergo
structuralchangesduringsymbioticinfection. His observationsare similarto those of Noel,and,
in fact, the two laboratories are now collaborating on studies of the biology of the R.
leguminosarum bv. phaseoli-bean symbiosis. ':Jrewinhas also been studying the R.
leguminosarum bv. viciae-pea symbiosis. The bea,1 nodulesare morphologicallydeterminant
(have a defined size), while the pea nodules are indeterminant. The Rhizobium
lipopolysaccharides appear to serve different functions in these systems, as the
lipopolysaccharideis required for infection thread development in the determinant nodules
(bean), while the lipopolysacchaddeis required for release of the bacteria in the root cortical
cells and does not appear to be required for development of the infection threads in the
indeterminantnodules (pea). Understandingthe lipopolysacoharidestructuralrequirementsfor
these phenomenais the goal of research that will be carried out this summerwhen Brewin's
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postdoctoralresearch associate, Elmar Kannenberg joins Carlson and Noel at the CCRC
beginningin June 1992. Carlson'spostdoctoralresearchassociateTong-Bin Chen (hiredwith
NIH grant funds)willalso participatein thisproject.

-A Kdo-rlch polysaccharide can, In certain rhizobla, be substituted for the
extracellular polysaccharide as an essantlal component of the symbiosis. Carlson and his
graduatestudentBrad Reuhs are collaboratingwith Adam Kondorosiand Peter Putnokyof the
CNRS (Gif sur Yvette, France) and the HungarianAcademyof Sciences(Szeged) in studiesof
R. meliloti strains that synthesize a novel polysaccharidewhich can be substituted for the
essentialsymbiosisfunctionsof the acidicpolysaccharidenormallysecretedby thissymbiontof
alfalfa. Most R. me/i/oY mutants that cannot synthesizeand secrete an acidic polysaccharide
(usuallyreferredto as an extracellularpolysaccharideor EPS) also cannotform a nitrogen-fixing
symbiosis. However, Kondorosi(and, independently,Ethan Signer of MIT) obtainedmutants of
R. me/i/oti that did not synthesize or secrete the acidic polysaccharidebut, nevertheless, still
formedeffectivenitrogen-fixingnodulesin alfalfa.

Reuhs and Carlson looked for other polysaccharidessynthesizedby the single mutant
that does not secrete the acidicpolysaccharidebut stillforms an effectivesymbiosis,and they
also lookedfor polysaccharidessynthesizedby a doublemutant that neithersecretes an acidic
polysaccharidenor forms an effectivesymbiosis. Kondorosigenerated the double mutant from
the singlemutantthat does not secrete the acidicpolysaccharidebut is stillsymbiotic. Reuhs
and Carlson found that the single mutantsynthesizesa hitherto unobserved, high molecular
weight3-deoxy-D-manno-2-octulosonicacid (Kdo)-richpolysaccharide,and they found that this
Kdo-richpolysaccharidewas missingin thedouble mutant. Genetic analysisby Kondorosiand
his collaboratorsfound that the gene responsiblefor the double mutant is located in the f/,_23
regionof the R. meliloti chromosome. DNA homologystudies showed that this and related
genes in the R. meliloti fi_3 region are similar to genes involvedin the synthesis of E. coli
K-antigens;many K-antigens consist of Kdo-rich polysaccharides. A paper describingthe
geneticsand initialchemical characterizationof the Kdo-richpolysaccharidesynthesizedby R.
meliloti has been submitted to the EMBO Journal. Reuhs and Carlson have purified the
polysaccharideand are generatingand purifyingitsrepeatingunit. Structuralcharacterizationis
planned. A sample of the purifiedpolysaccharidehas been sent to Kondorosito see if it can
restore the symbioticcapacity of the double mutant. The collaborators'unpublishedresults
demonstrate that other R. meliloti fix23 mutants show alterations in their Kdo-rich
polysaccharide. Carlson is interested in determiningthe structural basis for these altered
genotypes.

-Lipid A studies. Carlson'sown research,which is supportedby the Grant as well as
by funds from the NIH, centers on structural studies of the lipid portion of Rhizobium
lipopolysaccharides.The lipid portionof ali previouslycharacterizedlipopolysaccharides,which
is called lipidA, is a disaccharidehighlysubstituted with fatty acyl groups. The lipid As of
enterobacteriaare classicallyreferred to as endotoxinsbecause of their profoundtoxiceffects
in animals. Carlsonand his postdoctoralresearchassociateBhat have foundthat the lipidA of
Rhizobium is even more structurallycomplex and very different from the lipid A of the
Enterobacteriaceae. The lipid A of R. leguminosarum bv. phaseoli (see Figure 2) containsa
galactosyluronicacid residue o¢-l,4-1inkedto a glucosaminylresidue that, itself, is apparently
13-1inkedto a 2-deoxy-2-aminogluconicacid. This appears to be the first lipid A based on a
trisaccharidethat has been characterized. The core region of the lipopolysaccharide is
attached,via the ketosidic linkage of a Kdo residue, to 0-6 of the glucosaminylresidue of the
lipidA (see Figure2).
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Figure 2: R. legumlnosarum blovar phaseoli lipid A

Compositionalanalysis of the lipid As from rhizobia, in collaboration with Rawle
Hollingsworthof MichiganState University,led to the discovery of the presence of the never-
before-isolated27-hydroxyoctacosanoicacid [75] and a demonstrationof its presence in the
lipidAs of various Rhizobium, Bradyrhizobium and Agrobacterium species [76]. The lipidAs
from ali of these speciescontained thischaracteristicfatty acid, but analyses of the sugarsof
the lipidAs revealedthree classes: those containingonlyglucosamine (as in R. meliloUand R.
fredil), those containinggalacturonic acid and glucosamine (as in R. leguminosarum bvs.
phaseoli, trifolii, and viciae), and those containing2,3-diamino-2,3-dideoxyglucoseeither alone
or in combinationwith glucosamine[as in B. japonicum and a Bradyrhizobium sp. (Lupinus);FS]].

The developmentby Carlson of proceduresto characterize amide-linked hydroxy fatty
acids(paper submittedto Glycobiology) led to the demonstrationthat several differenthydroxy
fatty acids are N-linkedto the lipidA glucosaminylresidue including3-OH-C14:0, 3-OH-C16:0,
and 3-OH-C18:0, while 3-OH-C14:0 and the 27-OH-C28:0 hydroxyoctacosanoicacid are found
ester-linkedto the glucosaminylresidue. The hydroxyoctacosanoicacid is ester- and probably
also N-linked to the 2-deoxy-2-aminogluconicacidresidueof lipidA.

-The degree of esterification and points of substitution by O-acetyl and 0-(3-
hydroxybutanoyl) groups in the acidic polysaccharides secreted by R. legumlnosarum
blovara vlclse, trlfolll, and phaseoll are not ralated to host range. This statement was the
conclusion of a paper published by Michael McNeil and the Pis in 1986 [77]. Philip-
Hollingsworthet ai. publishedtwo papers in 1989 contradictingthose findings[78,79]. We were
confident of our results,so we repeated and extended our findingsby demonstrating that the
above statementwas trueeven when the Rhizobium strainswere grown in the presence of nod
gene-inducing flavonoids. Our findingswere confirmedby the joint effortsof groupsin Holland
and Australia. Two papers, confirmingand extending the results of McNeil et al. and refuting
the principal conclusionsof Philip-Hollingsworthet al. were published consecutivelyin 1991 in
theJournal of Biologic,al Chemistry [80,81].

4. Other (;ollaboratlons.

CCRC personnelare involvedin a variety of other collaborationsthat receive financial
assistance from the Grant. We willbrieflydescribefour of these. In 1989, Bernard Fdtigand
coworkersat the CNRS in SVasbourgcollaborated with the Pis in demonstratingthat a fungal
glucan activates an unknownbut potent viral defense in Nicotianae [82]. Fdtig'sgroup has,
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withoutsuccess, tried to identifya defense response-relatedenzyme or other proteinwhose
activity or concentrationis increased by spraying the fungal glucan on tobacco plants.
Postdoctoralresearch associate Kevin Brady, workingwith the Pis, has looked to see if the
concentrationsof defense-relatedmRNAs associatedare increasedby sprayingwiththe glucan.
Of a dozen such mRNAs examined, the concentrationof only one, a glycine-rich protein,
increasesrapidlyfollowingexposure to the glucan. Its concentrationincreases about ten-fold
over abouttwo hours. Suchglycine-richproteinshave been proposedto be involvedin defense
responses [83,84]. Brady has cloned the tobacco glycine-richprotein gene (manuscript in
preparation),and is usingthe gene's promoterregionto make a constructinwhichthe promoter
regulatesa 13-glucuronidasereporter gene. This constructwill be used to make transgenic
tobacco plants that will be used to assay for the ability of the fungal glucan to activate
expression of the _-glucuronidase. In this way, the smallest active glucan fragment that
activatesthe I]_glucuronidasecan be generated, purifiedand sb'ucturallycharacterized. After
each major purificationstep, the glucan fragmentswill be assayed by Fdtig'sgroup for their
ability to protect Nicotianae againstvirus infection. The fungal glucan that elicitsthe defense
responsecontains,withinits covalentstructure,the well-characterizedhepta-I_-glucosideelicitor
of soybean phytoalexins,but that hepta-13-glucosidedoes not activate Nicotianae against viral
infection.

VisitingscientistNoboruYamazald, postdoctoralresearch associate Stephen Fry, and
the Pisdemonstratedin 1983 [85] thatfragments generatedfrom suspension-culturedsycamore
cell wails inhibitthe ability of the cells to incorporate[14C]leucineinto proteins. This was
followed by the demonstration by graduate student Steven Doares, postdoctoral research
associatePeter Bucheli,and the Pis that enzymes secretedby Magnaporthe gdsea, the fungus
that causes riceblast,generatesfragmentsof plantcell walls that killor inhibitprotein synthesis
in suspension-culturedmaize cells [86,87]. Later, postdoctoral research associate Serge
Kauffmannpurifiedtwo enzymesfrom the M. grisea culturefiltratethat were requiredto release,
from maize cell walls, the fragments that inhibit protein synthesis in maize cells. These
enzymes,which were purifiedto homogeneity, turned out to be an endo-_-1,4-D-xylanaseand
an ¢x-L-arabinofuranosidase(manuscriptin preparation). Separately, Doares characterized the
wall fragments released by the M. gnsea culture-fluidenzymes and showed that they were
arabinoxylan fragmentswith ferulic acid esters, and that esters were required for inhibitory
activity (manuscriptin preparation). These two lines of research have providedevidence that
endo-_-l,4-D-xylanase is an importantvirulence factor of the rice blast pathogenand that the
endoxylanase might participate in eliciting the hypersensitive defense response (rapid cell
death) in non-hosts. To test this hypothesis,we decided to clone the two endoxylanases of M.
grisea and then, by replacement genetics, see if one or both of the endoxylanases is required
for virulence on a susceptible rice host and for elicitation of the HR on non-hosts. Senior
postdoctoral research associate Sheng-Cheng Wu has purified to homogeneity and cloned the
gene of the 22 kD endoxylanase and is planning to clone the gene of the 32 kD endoxylanase
(the one purified by Kauffmann). Our collaborator, Barbara Valent of DuPont, is using our clone
to map the gene of the 22 kD endoxylanase and will learn if it is associated with any known
virulence or avirulence genes. Valent, who is providing us with the M. grisea strains and rice
cultivars needed for the replacement genetics,will assistus in ali aspects of this project.

The technicaldirectorsof the Plant and MicrobialCarbohydrate Center (Carlson) and of
the BiomedicalCarbohydrateResource Center (Roberta Merkle) have on occasion received
collaborationrequeststhat couldbest be handledby the other technicaldirector. For example,
Merkle and her postdoctoral research associate, Izabella Poppe, are obtaining interesting
results ina collaborationwitha group in Belgiumto characterizethe oligosaccharideside chains
of three S-allele glycoproteinsfrom petuniathat are involved in determiningself-incompatibility
of the pollen. Russell Carlson, on the other hand, has used his exper'dse in bacterial
polysaccharidestructureanalysisand Herman van Halbeek's and John Glushka'sproficiencyin
NMR analysis to assist Frederick Cassels of the Walter Reed Army Instituteof Research
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(Washington,DC) by elucidatingthe structureof a Streptococcus sangui H1 polysaccharide
involvedin dental plague formation. The polysaccharidehas a six-glycosylresidue repeating
unitwith a glycerolphosphateattached througha phosphodiesterbond to 0-6 of the 3-1inked
(x-galactopyranosylresidueof the polysaccharide([86], and manuscriptin preparation).

Collaborationswith industry can lead to challenging_,'ojectswith interesting results.
Texaco scientistswere interestedin two highly viscous polysaccharides with propertiesthat
suggestedthe polysaccharidesmightbe of value in enhanced oil recovery. Peter Robisonand
KechiaJ. Chou of the Texaco Research Center in Beacon, NY, purified the polysaccharides,
and MalcolmO'Neill and the Pis determinedtheir structures. The first polysaccharide,from a
Xanthobacter sp., turned out to have a novel structurerelated to a series of polysaccharides
secretedby Alcaligenes and Pseudomonas species [89]. The second polysaccharide,which is
secreted by Agrobacterium radiobacter, was an enormous challenge. We obtained strong
evidencethat thisacidicpolysaccharidehas a heptadecasacchariderepeatingunit,which make
itby far the largestrepeating unitof a bacterialpolysaccharideyet characterized. [The prev:,,us
recordfor a bacterial polysaccharidehas an undecasacchariderepeatingunit; it is synthesized
by a R. leguminosarum bv. phaseoli strain [g0], which, like A. radiobacter, is a member of the
Rhizobiaceae.] Our resultssupportingthe 17 glycosyl-residuerepeating unitwere so extensive
thatthey required24 pages in Carbohydrate Research to reportthe data [91].

EPILOGUE

The CCRC's carbohydratescienceexpertiseand technologyhas attracted and enabled
most of the collaborationsdescribed above as well as the CCRC's m_ny other ongoing
collaborations(listed in Appendix2) that could not be describ_ because of space limitations.
The collabor_',tionsin plant and microbial carbohydratescience are evidence that the Grant
enablesthe ¢'unterto be widely recognized for its state-of-the-arttechnologyand expertise and
that CCRC personnelhave taken advantageof the opportunitiespresentedto them. Our goal
for the next five years is to continue and extend the collaborations,the graduate student
researchprojects(Appendix2), and the service (Appendices3 and 6) and training(Appendices
2, 3 and5), and to tryto improveon qualityin every facet of ourendeavors.
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Appendlx 1" CCRC Chronology, Advlsers, Vlsltors and Interactlon$

CHRONOLOGY OF THE CCRC, 1985-APRIL 1992

[Current positions of staff given In parentheses]

198__5

September Dr. Peter Albersheim (Research Professor and Co-Director) and Dr.
Alan Darvill (Professor and Co-Director) move with 16 of their group
from the University of Colorado (Boulder) to found the Complex
CarbohydrateResearchCenter at the Universityof Georgia. Thegroup
occupies approximately10,000 sq.ft, of laboratory and office space
rented by the Universityof Georgia from the USDA in the Richard
RussellResearchCenter inAthens.

September Dr. RichardCummings(Professorof Biochemistry),who was alreadya
UGA BiochemistryDepartmentfacultymember, joinsCCRC faculty.

February Dr. Hermanvan Halbeek(AssociateProfessorof Biochemistry)joins
CCRC faculty

March LydiaSnyder(BusinessManager) joinsCCRC

April -RosemaryNuri (AdministrativeManager)joinsCCRC
-250-MHz nuclearmagneticresonancespectrometerdeliveredto
CCRC (NSF and CCRC start-upfunds)

May DennisWarrenfeltz(ChemicalInstrumentationManager) joinsCCRC

July 500-MHz nuclearmagneticresonancespectrometerdeliveredto CCRC
(NSF and CCRC start-upfunds)

August DOE-fundedworkshopattended by 36 leading carbohydrate scientists
and database designand implementationspecialistsselect the CCRC
to develop the Complex Carbohydrate Structural Database and its
managementprogramCarbBank,to implementand directthe database
and as theoperationalsite forthe project

October Dr. Carl Bergmann (CCRC Building Manager and Postdoctoral
ResearchAssociate)joinsCCRC

198_.__.Z

Summer Constructionbeginson $5 million,40,000 sq.ft. CCRC buildingon
RiverbendRoad

September CCRC wins five-yeargrant funded by the DOE (as partof the
USDA/DOE/NSF PlantScienceCentersprogram)for the Center for
Plant and MicrobialComplexCarbohydrates

19_

March Dr. Bemd Meyer(AssociateProfessorof Biochemistry)joinsCCRC
faculty



May Dr. Russell Carlson (Associate Research Biochemistand Technical
Director- Plantand MicrobialCarbohydrates)joinsCCRC

September -Dr. Michael Hahn (AssistantProfessorof Botany)joins CCRC faculty
(July 1988-September 1988 Assistant Research Scientist at the
CCRC)

-CCRC wins five-year NIH program project grant to characterize the
carbohydrate portions ,3fthe glycoproteins on the surface of the AIDS
virus

November Do.KarI-Edk Edksson(Professorof Biochemistryand EminentScholar
of Biotechnology)joinsUC__and CCRC faculty

198......_99

June CCRC movesintonew buildingon RiverbendRoad

July DigitalEquipmentCorporationawardscontractfor thedevelopmentof
a laboratoryresearchinformationsystem

September CCRC winsfive-year grant from NIH for a ResourceCemer for
Bion:JedicalComplexCarbohydrates

October -Dr. Roberta Merkle (Technical Director - BiomedicalCarbohydrates)
joinsCCRC (November1987-September 1989 PostdoctoralResearch
Associatewith Dr. RichardCummings)

-Firstdistributionof CCSD/CarbBankto subscribers

19___90_90

May Formaldedicationof CCRC buildingand open house

September Dr. Debra Mohnen(AssistantProfessorof Biochemistry)joinsCCRC
faculty

August Constructionbeginson 5,000 sq.ft,extensionto the CCRC buildingto
house NMR and computerlabs

December Constructioncompletedon CCRC buildingextension

199___j.1

January 600-MHz nuclearmagneticresonancespectrometerdeliveredto the
CCRC (NIH and UGA funds)

April Dr. MichaelPierce (AssociateProfessorof Biochemistry)joinsCCRC
faculty

May Dr. Kelley Moremen(AssistantProfessorof Biochemistry)joinsCCRC
faculty

December -SCIEX triplequadrupoleelectrospraymassspectrometerdeliveredto
CCRC (NIH and UGA funds)

-Dr. MarciaKieliszewski(AssistantResearch Biochemist)joinsCCRC

199____22

January CCRC opens CCSD/CarbBankoffice in Bellingham,WA



Appendix 1: CCRC Chronology, Advisers, Visitors & Interactions

Plant Science Center Board of Advisers

The Plant Science Center Board of Advisers met in June, 1988, September,
1989, and April, 1991. The advisers and their addresses are as follows:

Dr. Gerald O. Aspinall
Department of Chemistry
York University
4700 Keele Street
North York, Ontario M3J 1P3
Canada

Dr, Alan D. Elbein
Dapartment of Biochemistry &
Molecular Biology

Slot 516
4301 West Markham
Little Rock, AR 72205-7199

Dr. Jack Preiss
Department of Biochemistry
Michigan State University
E. Lansing, MI 48824

Dr. James Prestegard
Department of Chemistry
Yale University
New Haven, CT 06520



Appendix 1. CCRC Chronology, Advisers, Visitors, and Interactions

Visitors to the CCRC, 1985 - May 1992

December 1985 Ole Hindsgaul Universityof Alberta, Canada

February 1986 Tom Jacobs StanfordUniversity
MichaelHahn The Salk Institute
RitaColwell Universityof Maryland

March 1986 SubramaniamSabesan DuPont,Wilmington,DE
DavidSmith VPI andState University
James C. Paulson UCLA MedicalSchool
JosephEcker StanfordUniversity
K.C. Nicolau Universityof Pennsylvania
BemdMeyer University_f Oldenburg,Germany

May 1986 DebbieDelmer ARCO PlantCell Research Institute,CA
NancyLeClairStults JohnsHopkinsUniversity

June 1986 AkiraKobata Universityof Tokyo

July 1986 KieremFleming UnitedKingdom
KiemTranThanh Van CNRS, Gif sur Yvette, France
Robert Rabson Departmentof Energy,Washington,DC
MenaroFukuda La JollaCancer ResearchFoundation
Tsune Kosuge Universityof California,Davis
PeterQuail Universityof Wisconsin
Vemon Reinhold HarvardMedical School
L.O. Sillerud LosAlamosNational Laboratory

August 1986 KlausBock TechnicalUniversityof Denmark
Osamu Kodama IbarakiUniversity,Japan
RobertSelvendran AFRC Instituteof FoodResearch,UK
Jan Williams MedicalResearchCouncil,UK

September 1986 Peter Doemer Universityof Oldenburg,Germany
Bemd Meyer Universityof Oldenburg,Germany
LuAnnAquino UniversK7of Illinois,Collegeof Medicine
AndreaVasell Universityof Zurich
Sam Nunn U.S. Sen_te, Washington,DC

October 1986 James Lau Hewlett-Packard,NJ
Allan Bradbury General Foods
JasonSalsbury Georgia Instituteof Technology
RonaldHighsmith AlliedSignal
ArchieDavis C&S Bank,Atlanta, GA
FredGreer C&S Bank,Atlanta, GA
ChuckWilliams C&S Bank, Atlanta,GA
DunbarHarrison C&S Bank,Athens, GA
BillLoftin C&S Bank, Athens,GA

January 1987 AdrienneClark Universityof Melbourne,Australia
Ed Clark Duke University,Durham, NC
V. Puvanesarajah Universityof Tennessee, Knoxville
BurtFraser-Reid DukeUniversity,Durhamn,NC
BernardDurand Universityof Orl(_ans,France



February 1987 Klaus Bock TechnicalUniversityof Denmark
Martin Peter Universityof Bonn,Germany
Jasna Peter-Katalinic Universityof Bonn,Germany

March 1987 RussellCarlson Eastem IllinoisUniversity,Charleston,IL
H. Kalembasa Eastern IllinoisUniversity
S.J. Kalembasa Poland
Gerald .=.spinall York University,Toronto,Canada
Thomas Peters NationalResearchCouncil,Canada

April 1987 Chris Lamb The Salk Institute
KarI-ErikEriksson SwedishPulpand Paper Institute,

Stockholm
MargueriteRinando CERMAV, Grenoble,France
Ian Sussex Yale University
Sacco de Vries AgriculturalUniversity,Wageningen, The

Netherlands

June 1987 Robert Forrest ScottishCrop ResearchInstitute
Jean Negrutiu Instituteof MolecularBiology,Brussels,

Belgium
Tomoya Ogawa RIKEN Institute,Saitama, Japan

September 1987 Kei Matsuzaki ShinshuUniversity,Japan
YasuyukiKoie Emeryville,CA
Alfred M. Mayer HebrewUniversity,Jerusalem, Israel

October 1987 Kiem Tran ThanhVan CNRS, Gif surYvette, France
RussellCarlson Eastern IllinoisUniversity,Charleston,IL

November 1987 Bo Nilsson BioCarb,Lund,Sweden
Hans van Etten Comeli University,NY
Michael Spellman Genentech, Inc.,San Francisco,CA
Serge Perez INRA, Nantes,France
Anne Imberty CERMAV, CNRS, Grenoble,France
Donald P. Miller Clemson University,Clemson,SC
Steven Levery BiomembraneInstitute,Seattle, WA

December 1987 John R. Yates D.ep..aJ_.ent of Chemistry,Universityof
varg=n=a

Robert Cherniak GeorgiaState University
CarlosA. Stortz DePartmentof Chemistry,GeorgiaState

University

January 1988 Bruce Wasserman Departmentof FoodScience,Rutgers
University,New Brunswick,NJ

February 1988 Ned Friedman Department of Botany,The Universityof
ueorgia

KeithDavis MassachusettsGeneral Hospital,Boston
Amd Sturm Universityof California,San Diego

March 1988 Jack Paxton Universityof Illinois,Urbana, IL
Brent Ridley Okemos, MI
Arthur Galston Departmentof Biology,Yal_ University
Mark Spiro Amherst,MA

April 1988 Fred Meins FMI, Basel,Switzerland
Kevin Brady IndianaUniversity,Bloomington,IN
Borre Robertson Universityof Troms_, Norway
Jan Ra_ Universityof Tromse, Norway
Ray Lemieux Universityof Alberta, Canada



June 1988 Jack Priess Departmentof Biochemistry,Michigan
State University

AlanElbein Departmentof Biochemistry,Universityof
I exas

Gerald Aspinall York University, Canada
James Prestegard Department of Chemistry,Yale University
Amnon Erez VolcaniCenter, Bet-Dagan, Israel
Ronald Damiani Nordstown,PA

July 1988 DerekHorton DePartmentof Chemistry,Ohio State
University

ByronBossenbrock ChemicalAbstracts,Columbus,OH
JosephMockus ChemicalAbstracts,Columbus,OH

September 1988 Avi Nachmias Gilat ExperimentStation,Negev, Israel
HarukiYamada Japan
Stanvan Boeckel Orgarion Int.,Oss, The Netherlands
V. Poszgay NRCC, Ottawa, Canada

October 1988 Peter M. Gresshoff Plant MolecularGenetics,Universityof
Tennessee

November 1988 Carl Schnaitman Departmentof Microbiology,Universityof
Virginia

James Campbell Departmentof Biology,Deakin University,
Australia

December 1988 Peter Roone Texas

January 1989 BruceStone LaTrobe University,Australia
JefferySellers Perkin-Elmer,Atlanta, GA

March 1989 MichaelJanus HarvardMedicalSchool
AkiraHasegawa AppliedBioorganicChemistry,Gifu

University,Japan

April 1989 Hans Paulsen Universityof Hamburg, Germany
Thomas Peters Universityof Frankfurt,Germany

May 1989 GerhardFranz Universityof Regensburg,Germany

June 1989 VictorJ. Morris AFRC Instituteof Food Research,
Norwich,England

July 1989 Sabine Koepper Universityof California,San Clemente
BarbaraLanger Philadelphia,PA

August 1989 LaurieMelton Universityof Otago, New Zealand

October 1989 Louise9risson ConcordiaUniversity
Dale Noel Marquette University,WI

November 1989 NaotoShibuya NationalFood Research Institute,
Tsukuba, Ibaraki,Japan

MichaelMcNeil ColoradoState University,Ft. Collins
DianneBowles Universityof Leeds, UK
DaotianFu Iowa State University,Ames, lA

December 1989 Barry McCleary MegaZyme,Australia
ZhenbiaoYang VPI & State University,Blacksburg,VA

March 1990 CarelWuffelmans Leiden,The Netherlands



April 1990 MichaelPierce Universityof MiamiSchoolof Medicine
RobertSpiro HarvardMedical School,Boston,MA
MaryJane Spiro Boston,MA
C.A. Ryan WashingtonState University,Pullman,WA

May 1990 HannelieWitsenboer Genetics,Free University,Amsterdam,
The Netherlands

MichaelWalter InstitutefOrPflanzenphysiologie,Germany
KelleyMoremen MIT, Cambridge,MA
MichelBergh Genzyme, Belmont,MA
BruceStone LaTrobe University,Australia
PhillipHarris La Trobe University,Australia
DemitriusParis Georgia Instituteof Technology
LowellGreenbaum MedicalCollegeof Georgia
DebbieBell Georgia Instituteof Technology
CladeAirington GeorgiaState University
HaskinPounds Boardof Regents, UniversitySystemof

Georgia,Atlanta,GA
CharleneR. Black GeorgiaSouthern
DennisPiszkiewicz BaxterHealthcareCorporation,Duarte, CA
Hans Marquardt Oncogen,Seattle, WA
Ellen Berg Stanford UniversityMedicalSchool,Palo

Alto, CA
Therese Simmons BaylorCollegeof Medicine,Houston,TX
DavidZarley Lederle-PraxisBiologicals,Pearl River, NY
Michael Dumas Miles, Inc., Berkeley,CA
Sam Dasgupta MedicalUniversityof SouthCarolina
EdwardYeh HarvardMedicaISchool, Boston,MA
IbrahimBarsoum VanderbiltUniversitySchoolof Medicine,

Nashville,TN
Jamie De Stefano Universityof CincinnatiMedical School
Sen-itirohHakomori Universityof Washington,Seattle, WA
J.H. Prestegard Yale University
DavidBundle NationalResearchCouncil,Canada
GeraldW. Hart JohnsHopkinsUniversity
A.L. Burlingame Universityof California,San Francisco
AjitVarki Universityof Califomia, San Diego
AkiraKobata Universityof Tokyo
Leena Rasemen Universityof Helsinki
HamdiZahran Egypt
BettyYan Eli Ully & Co., Indianapolis,IN
Rajan Nalr Universityof MichiganMedicalCenter
Nate Wardrip Universityof California,Davis
PaulAeed The UpjohnCompany,Kalamazoo,MI
Bdan O'Connell Universityof RochesterMedicalSchool

June 1990 Pat Schuller Universityof Colorado
Rawle Hollingsworth MichiganState University

,JL:!y1990 Made Devins ForsythCountyHigh School
MasonHill Galnesville,GA
Dawn Jen Galnesville,GA
LynnVerdery Baldwin,GA
NancyCrittendon Hartwell,GA
MiriamNeal Gainesville,GA
DebbieSommer BlairsviUe,GA
MelissaKelley Blairsville,GA
JenniGregory Blairsville,GA
Teresa Thomason Blairsville,GA
JackieRuds Clarkesville,GA
VickieWashington Clarkesville,GA
Gwen Fry Clarkesville,GA
BethCrawford Clarkesville,GA



Jane Shetaker Clarkesville, GA
Mary Butehilder Clarkesville,GA
JoiCampbell Clarkesville,GA
Ella Baldwin Toccoa, GA
Sandra Payne Toccoa, GA
Jane LeMaster Toccoa, GA
Wanda Carpenter Toccoa,GA
AmeliaCochran Toccoa, GA
BeverlyPatterson Toccoa, GA
JudyCarter Toccoa, GA
DeborahWinsor Toccoa, GA
Sandra Thurman Royston,GA
Rachel Schneider USDA ForestService
Eddie Bennett Pioneer RESA, Cleveland,GA

August 1990 Steven Levery BiomembraneInst.,Universityof
Washington,Pullman,WA

AndrewMort DePt. of Biochemistry,Oklahoma State
University

Joe Vamer Dept. of Biology,WashingtonUniversity,
St. Louis,MO

Anne Datko USDA, Beltsville,MD
Machi Dilworth NationalScienceFoundation,Washington,

DC
Robert Rabson Departmentof Energy,Washington,DC
Herman Spaink Leiden University,Le=den,The

Netherlands

September 1990 Hakon Leffler Dept.of Psychiatry,Universityof
California,San Francisco,CA

October 1990 BenLugtenberg Leiden University,Leiden,The
Netherlands

Tom Stevenson Universityof Montana, Missoula,MT
Jon M. Case Centocor,Malvem, PA
Rod McEver Centocor,Malvem, PA
Nicole Benhamou Laval University,Quebec, Canada
James Gray AustralianNationalUniversity
W. Goodenough WashingtonUniversity,St. Louis,MO

November 1990 Herman Spaink Leiden University,Leiden,The
Netherlands

ChrisSomerville MSU/DOE PlantResearchLaboratory,
East Lansing,Ml

JohnGlushka The RockefellerUniversity,New York,NY
BernardBrau Rhone Merieux,France
Remy Bayle Rhone Merieux,France
D. MarkKeister Rhone Merieux,Athens,GA
R.L. Highland Rhone Merieux,Athens,GA

December 1990 Jaap J. Boon FOM Institutefor Atomicand Molecular
Physics,Amsterdam,The Netherlands

Don Scott Alko Biotechnology,Schaumburg,IL
Brian Larkins Universityof Arizona, Tucson,AZ

January 1991 WidmarTanner Universit_tRe_lensburg,Germany
RonaldJ. Alain NALCO Chem=calCompany, Naperville,IL
Robert L.Wetegrove NALCO ChemicalCompany, Naperville,IL
Robert Linhardt Universityof Iowa,Ames, lA
T.E. Conners Instituteof PaperScience and

Technology,Atlanta,Georgia
R.J. Dinus Instituteof PaperScienceand

Technology,Atlanta,Georgia



D.A.I. Goring Universityof Toronto,Canada
R. MalcolmBrown Universityof Texas, Austin,TX
RobertBlanchette Universityof Minnesota,Minneapolis/St.

Paul, MN

February 1991 Joe Modelevsky Digital,Atlanta, GA
JonathanArnold Digital,Atlanta, GA
James L. Van Etten PlantPathology,Universityof Nebraska,

Lincoln,NE
Ann Matthyssee Universityof North Carolina,Chapel Hill
JinhuaAn OklahomaState University
Bob Barker Comell University, Ithaca,NY
MichaelGold Oregon Graduate Institute,Beaverton,OR
JonathanSeals Cambridge Biotech,Worcester,MA
De,shPal Verma Ohio State University,Columbus,OH
Sasha Djelineo Universityof Belgrade,Yugoslavia

April 1991 Ellen KerrWarren Kimberly-Clark,Roswell,GA
Kenneth R. Smith Kimberly-Clark,Roswell,GA
ElliottMeyerowitz Caltech, Pasadena, CA
Gary Stacey Dept.of Microbiology,Universityof

Tennessee, Knoxville,TN
Herman Spa/nk Leiden University,Leiden,The

Netherlands
GregoryPayne Chapmanand Hall, New York,NY
Tomoya_O(j.awa RIKEN Institute,Japan
BemardFntig IBMP-CNRS, Strasbourg,France
Felice Cervone Universityof Rome, Italy
Hans Forsburg SwedishAcademyof Engineers,

Stockholm,Sweden
Jean Guem CNRS, Gif Sur Yvette, France
ToshioShimizu AlokaCo. Ltd.,Japan
ShumjiNakamura AlokaCo. Ltd.,Japan
Osamu Hasegawa NisshinboInd.,Japan
FernandoDavu OxfordGlycosystems,NY
Jack Preiss MichiganStateUniversity, East Lansing
James Prestegard Yale University,New Haven, CT
Alan Elbein Universityof Arkansas,LittleRock,AR
GeraldO. Aspinall York University,Ontario,Canada
GeorgeWhitney Boston,MA

May 1991 GermainPuzo CNRS, Toulouse, France
Wolf-DieterReiter MSU/DOE Plant ResearchLaboratory,

East Lansing,MI
Robert Rosenzweig Presidentof the AmericanAssociationof

Universities
KilianDiii Dept.of Chemistry,ClemsonUniversity,

Clemson,SC
Olle Alsholm SwedishPulp and Paper Institute,

Stockholm,Sweden
Carol Amosti WoodsHole Oceanographic Institute,

Woods, Hole, MA
SheilahAsher Arngen,Inc., Thousrnd Oaks, CA
PaulG. James GI!/comed, Inc.,Alameda, CA
LudmilaNovik Miles, Inc.,Cutter Biologicals,Berkeley, CA
Mark Plucinsky Centocor,Malvem, PA
MarylineSharp WashingtonUniversitySchoolof Medicine,

St. Louis,MO
JosephAndrade BaxterHyland, Duarte, CA
AlexisEberendu CarringtonLabs, Inc.,Dallas, TX
SylviaHarwig UCLACenter for Health Sciences,

LosAngeles,CA
David Hawke AppliedBiosystems,FosterCity, CA

_



Rebecca Robbins Universityof California,LosAngeles,CA
Gary Rogers Amgen, Inc.,ThousandOaks, CA
Dave Sertl RossLaboratories,Columbus,OH
P.K. Tsai MerckSharp & Dohme,West Point,PA
KerstinSkoog Universityof Lund,Sweden
UsbethOlson Universityof Lund,Sweden
Sarah Hake USDA, Plant Gene ExpressionLaboratory,

Albany,CA
MichaelSpellman Genentech,Inc., San Fransisco,CA
Gerald Hart The JohnsHopkinsUniversitySchoolof

Medicine,Baltimore,MD
James Prestegard Yale University,New Haven,CT
A.L. Burlingame Universityof California,San Francisco,CA
David Bundle NationalResearchCouncilof Canada,

Ottawa, Canada

June 1991 GeorgeWhitney Boston,MA
Peter Doerner The Salk Institutefor BiologicalStudies,

La Jolla,CA
Marcia Kieliszewski MSU-DOE Plant ResearchLaboratory,East

Lansing,MI

July 1991 MyronWilliams ICGEB, New Delhi, India
SeijiSanoke Osaka University,Japan
KoichiMezuno Osaka University,Japan
Zhu Cheng Departmentof Biology,PekingUniversity

August 1991 DeborahDelmer HebrewUniversity,Israel
Vera Lozovaya USSR Academyof Sciences
GeorgeH. Whitney Boston,MA

September 1991 LarryGriffing Texas A&M University

October 1991 FonsVoragen WageningenAgriculturalUniversity,The
Netherlands

Phil Enriquez AdvancedMagnetics,Cambridge,MA
AtsushiKomamine TohokuUniversity,Sendai,Japan
Isaolshida KirinBrewery Company, Gunma, Japan
JOrgenEbel Albert-LudwigsUniversity,Freiburg,Germany
BilIPhillips Kodak,Kingsport,TN
GeorgeWhitney Boston,MA
Charles E. Hess Universityof California,Davis
YongzhengHui Shanghai Instituteof OrganicChemistry,

ChineseAcademyof Sciences
YulinWu Shanghai Instituteof OrganicChemistry,

ChineseAcademy of Sciences
GuanghuiWang ShanghaiInstituteof OrganicChemistry,

ChineseAcademy of Sciences
XiuwenHan DaLianInstituteof ChemicalPhysics,China

December 1991 G.P. Kaushal Universityof Arkansas
VarshaKaushal Universityof Arkansas

January 1992 PhilipFloersheim Sandoz Pharma Ag, Basel,Switzerland
Dante Marciani CambridgeBiotech,MA
Don Eastman Vice PresidentforDevelopment,Universityof

Georgia

February 1992 AndersSonnesson Chemical Center, Universityof Lund,Sweden
LihuaHuang Clemson University,SouthCarolina
Robert Goldberg ThinkingMachines,Chevy Chase, MD



YoshifumiJigami NationalChemicalLaboratoryfor Industry,
Agencyof IndustrialScienceand
Technology,MITI, Japan

Tetsuo Hitouji AsahiChemicalIndustryCo., Ltd.,Japan
Tadashi Makino Mitsui-ToatsuChemicals, Inc.,Japan
HiroshiIkenaga KidnBreweryCo., Ltd., Japan
MakotoTakeuchi KirinBreweryCo., Ltd.,Japan
KatsumiAjisaka MeijiMilk ProductsCo., Ltd.,Japan
TadayoshiKawasaki PharmaciaBiosystemsK.K., Japan
Ake Danielsson PharmaciaLKB Biotechnology,Sweden
ErnstRietschel BorstelResearch Institute,Germany

March 1992 Zamas Lam DuPont,Wilmington,DE
PaulJohnson Universityof NorthDakota, Grand Forks,ND
Ron Lou Doong Universityof Florida

April 1992 Ron Orlando SuntoryInstitutefor BioorganicResearch,
Osat_, Japan

James Prestegard Yale U_iversity
James Paulson CytelCorporation,San Diego,CA
Ole Hindsgaul Universityof Alberta, Edmonton,Canada
DavidBundle NationalResearchCouncil,Canada
AldraKobata Universityof Tokyo
AjitVarki Universityof CaUfomia,San Diego
GeraldHart JohnsHopkinsUniversity
David Puett Universityof Miami
F. RobertTabita Departmentof Microbiology,Ohio State

_ University
John Magnani Gaithersburg,MD
DanteMarciani CambridgeBiotech,Cambridge,MA

May 1992 TakayoshiHiguchi WoodResearch Institute,KyotoUniversity,
Japan



Appendix 1. CCRC Chronology, Advisers, Visitors, and Interactions

Center-Wide Weekly Research Seminar Speakers, 1991 - 1992

October 16, 1991
WilliamS. York1 Structuraland ConformationalAnalysisof Xyloglucans

MichaelPierce9 Cloningof GnT-V

October 23, 1991
Kelley Moremene Purificationand Cloningof GlycoproteinProcessingEnzymes

Jamie De Stefanolo The Characterizationof theCyst Wallof Pneumocystis carinii

October 31, 1991
RichardCummings3 GMP140: A LectinInvolvedinNeutrofilAdhesion

J_rg Puhlmanns Characterizationof EpitopesRecognizedby Monoclonal
AntibodiesAgainstCell Wall Polysaccharides

November 6, 1991
Raja Sterjiades4 Isolationand Characterizationof LaccasefromSycamoreCell

Cultures

RussellCarlson2 Characterizationof NodulationFactors in NitrogenFixation

November 13, 1991
MarianneZsiska6 ConformationalCalculationsof the N-TerminalSequence of

GlycophorinA

MalcolmO'Neill1 Analysisof BioactiveOligosaccharidesand Plant Cell Wall
Polysaccharidesby High PerformanceAnion-Exchange
ChromatographywithPulsedAmperometricDetection(HPAE-
FAO)

November 20, 1991
RobertaMerkle3 Biosynthesisof the HIV EnvelopeGlycoproteinsgp160, gp120

and gp41

DebraMohnen7 TobaccoThinCell Layer (TCL) Morphogenesis:A Model
OrganogenesisSystem

December 4, 1991
J.-J. Cheongs Elicitor-BindingProteins

MichaelPierce9 Studieson Fucosyltransferase

January 15, 1992
Hermanvan Halbeeklo Glycobiologyand Drug Design

January 22, 1992
Carl Bergmannl Investigationof the Interactionof PGIP with EPG as a Model

Systemfor Plant Defense AgainstPathogens



January 29, 1992
Karl-HeinzOtte The SVuctureand Dynamicsof the LeuAOperatorAnalyzed

by NMR Measurementsand MolecularDynamicsCalculations

February 5, 1992
Debra Mohnen7 Biosynthesisof Polygalacturonldes:Synthesisof UDP

GalacturonicAcid

February 12, 1992
Jeff Dean4 LigninBiosynthesisin VascularPlants

February 19, 1992
KelleyMoremene MolecularBiologyof ProcessingMannosidases

February 26, 1992
Daotian Fulo StructuralCharacterizationStudiesof gp120, the Envelope

Glycoproteinof HIV-1

March 4, 1992
Kevin Brady1 The PossibleRoleof Glycine-RichProteinsin the Protectionof

TobaccoAgainstTMV

March 11, 1992
PhilipBuckhaults9 OncogenesandOligosaccharides

March 18, 1992
PeterAlbersheiml New Evidence that Oligogalacturonidesare Important as

BiologicalRegulators

April 1, 1992

FrancoisC6t_s FunctionalCloningof the Gene for a SoybeanElicitor-Binding
Protein

April 15, 1992
RamaclasBhat2 RhizobiumLJpopolysacchaddeStructure:Evidence for a Role

in Symbiosis

April 27, 1992
John Magnani The Tumor Markers Sialyl Lea and Sialyl Lex Function as

Ligands in Cell Adhesion

Albersheim/Darvillgroup
2Carlsongroup
3Cummingsgroup
4Erikssongroup
5Hahngroup
6Meyergroup
7Mohnengroup
eMoremengroup
9Piercegroup
lovan Halbeekgroup



Appendix 1. CCRC Chronology, Advisers, Visitors, and Interactions

CCRC industrial Interactions

Training Course participants have come from:
AMGEN, Inc.
AppliedBiosystems
BaxterHealthcareCorporation(HylandDivision)
CarringtonLabs, lhc
Centocor,Inc.
Eli Ully
Glycomed, Inc.
Lederle-Praxis Biologicals
Merck Sharp & Dohme
Miles, Inc. (Cutter Biological Division)
Oncogen
Ross Laboratories
The Upjohn Company

Collaborations:
AMGEN, Inc.
CambridgeBiotech(formerlyCambridgeBioScience)
DuPont
Eli Lilly
GenencorInternational
Genentech
Sandoz
Texaco

Analytical services (DOE Center):
ABC Labs, Inc.
AdvancedMagnetics, Inc.
Cambridge Biotech
EastmanChemicalCompany
ESCA Genetics Corp.
ImmunsineCorporation(Orinda,CA)
ImmunsineCorporation(San Leandro,CA)
Interchem
Merrill-Dow
Noramco, Inc.
PathoGene
RossLaboratories
WRRC

Analytical services (Resource Center):
BerlexBiosciences
Biogen,Inc.
Centocor,Inc.
StolleResearch& DevelopmentCorp.



Samples/protocols sent to outslde Investlgators at:
BayerAG
CarlsbergResearchCenter
Sandoz

CCRC.trslned students and postdoca hired by:
AlphaBetaTechnology
AnalyticalBiochemistryLaboratories,Inc.
AppliedBiosystems
BASFAG
CambridgeNeuroscience
Cytel Corporation
DuPont
Eli lilly
GenencorInternational
Glycogen
HewlettPackardCorporation
MilesLaboratories,Inc.
NestleResearchCentre
PhilipMorris
ShellOil Company

CarbBank users located at:
A.E. Staley (USA)
AgricultureCanada (Canada)
AjinomotoCo., Inc.
AllelixBiopharrnaceuticals(Canada)
AmericanType CultureCollection
Amgen(USA)
AnalyticalBiochemicalLabs (USA)
AnverBioscienceDesign
Apple Investments
AppliedBiosystems
BASF(Germany)
BASFAG (Germany)
BaxterHealthcare(USA)
BayerAG (Germany)
BayerYakuhinLtd. (Japan)
Beckman(USA)
BectonDickinson(USA)
BeechamWulfing(Germany)
BioCarbTechnologyAB (Sweden)
BiochemischesInst. (Germany)
BioengineeringNews (USA)
Bio-lnformatics(Switzerland)
BioGen(USA)
BiogeneSource Ltd.(Philippines)
Biostructure(France)
BiostructuresUnit (Italy)
BlosymTechnologies(USA)
BiotechnologyResearch Institute(Canada)
BoehdngerMannheim GmbH (Germany & USA)
BristolMyers(USA)
BritishBio-technologyLtd.(U.K.)



CA Pharmaceutic'Js(Greece)
Ca;ringtonLabs(USA)
ChemicalAbstractsService(USA)
Ciba-Geigy(U.K.)
CID SCIC (Spain)
CSIRO (Australia)
Cyte;(USA)
Cytogen(USA)
DIAMED (USA)
Dionex(USA)
DNASTAR
E.Merck(Germany)
Eli Lilly
ENZON (USA)
EnimontAmerica, Inc. (USA)
Eumbio(France)
EuropeanPatentOffice (The Netherlands)
FMC Corp. (USA)
FundacionCampomar (Argentina)
GenBank(USA.)
Genentech(USA)
General Foods USA (USA)
Genzyme (USA)
Glycomed
HealthScientificWest (USA)
HoffmannLaRoche(Switzerland)
Hollister-StierLab (USA)
ICI Amedcus(USA)
IketonFarmaceutical(Italy)
InterbioLimited(Isle of Man)
Irdex(Sweden)
JIPID (Japan)
JPL (USA)
Japan ImmunoresearchLabs(Japan)
Kelco (USA)
KyowaHakko KogyoCo. (JapaJ;_
Lab Bioche,._ic_lStructurale(France)
LabCassenne(France)
LabGoemar (France)
MakorChemicalsLtd.(Israel)
MartekCorp. (USA)
MasterChu Foods(USA)
MerrelI-DowResearchInstitution
Metsa-SedaOy (Finland)
MicroCarb
MilesCutter Lab(USA)
MitsubishiKasei(Japan)
MolecularDesignLimited(USA)
Monsanto(USA)
Nature (U.K.)
Nestle(Switzerland)
NovoNoclisk
Nutrasweet(U_A)
OMEC International(USA)
Oncogen(USA)
Oxfo_ G!y_t__systems(!,_.K.)

=-



PFI (Norway)
Pfizer, Inc. (USA)
PhilipMorris
PLIVA (Yugoslavia)
Polybios(Trieste, Italy)
RousselUclaf (France)
Sales ConsultantsofTucson (USA)
SandozAgroAG
SchwarzPharma
Science (USA)
SmithLine& FrenchLabs(USA)
SquibbInst (USA)
SRI International
Styrechale(U.K.)
SymbicomAB (Sweden)
Taisho PharmaceuticalCo.
Takara Shuzo
TNO, Inc.
Tranel(USA)
Tripos(USA)
The UpjohnCompany
UnionChemical Labs(Taiwan)
UNIVAX Biologics(USA)
UOP (USA)
UWCC (U.K.)
Wellcome Research Labs (U.K.)

_-rants/contmcts from:
uigital EquipmentCorporation
Gold Kist
SandozLtd.



The Center for Plant and Microbial Complex Carbohydrates at the
University of Georgia Complex Carbohydrate Research Center

Ii'

1987-92 Five-Year Report and 1993-97 Renewal Application

Appendix 2: Research Accomplishments 1987-April 1992

CollaborativeProjectsat theCCRC

PublicationsandAbstractsCitingthePlantScienceCenter Grant

GraduateStudentResearchProjectsSupportedbythe
PlantScienceCenter Grant

FacultyResearch Interests

May 1992

A-2



Appendix 2. Research Accomplishments, 1987- April 1992

Total Collaborative Projects at the Complex Carbohydrate Research Center
t

[ indicates projects sponsored by the Plant Science Center Grant]

Collaborations within the CCRC:

*Collaboration between Michael Hahn, Peter Albershelm, and Alan Darviih Generation of
monoclonalantibodiesthat recognizeplantcell wallpolysaccharidesand characterizationof the
epitopesrecognizedbythose antibodies. (Ongoing)

*Collaboration between Michael Hahn, Herman van Halbeek, and Bemd Meyer. Studiesof
the solutionconformation(s)of the hepta-13-glucosideelicitor using theoretical conformation
calculationsand high-fieldNMR spectroscopicmethods. (Ongoing)

Collaboration between Bernd Meyer and Herman van Halbeek. The three-dimensional
structureof sialyloligosaccharides.(Ongoing)

Collaboration between Bernd Meyer and Herman van Halbeek. Infraredspectroscopyand
artificialneuralnetworksfor the identificationof sulfategroupsin oligosaccharides.(Ongoing)

Collaboration between Bernd Meyer and Herman van Halbeek. Artificialneural networksfor
interpretationof the lH-NMR spectraof glycoproteincarbohydratechains. (Ongoing)
t

Collaboration between Bernd Meyer, William York, and Jan Thomsen. Applicationsof
clusteranalysisto the interpretationof MetropolisMonte Carlo calculations. (Ongoing)
t

Collaboration between Bemd Meyer, William York, Jan Thomsen, and Leszek Poppe.
Studies of the conformationalpropertiesof cyclic 13-1,2-glucansby conformational energy
calculationsand NMR spectroscopy. (Ongoing)

*Collaboration between Debra Mohnen, Alan Darvlll, and Peter Albershelm (Joint
graduate student - Brent Rldley). Labelbiologicallyactive oligogalacturonidesand use these
labeled oligogalacturonidesto identify oligogalacturonide-bindingproteins (i.e., putative
receptors)and theircorrespondinggenes. (Ongoing)

*Collaboration between Debra Mohnen, Stefan Eberhard, Alan Darvlll, and Peter
Albershelm. Developmentalcommitmentof tobacco TCLs for organogenesisin response to
plant hormonaland (x-l,4-1inkedoligogalacturonides.(Ongoing)

Collaboration between Kelley Moremen and Michael Pierce. Regulationof metastasis by
cell-surfaceglycosylation.(Ongoing)

Collaboration between Michael Pierce and Richard Cummings. Expression of
polylactosamineand carbohydrate-bindingproteinson cell surfaces. (Ongoing)

Collaboration between Michael Pierce and Herman van Halbeek. Structures of
glycopeptides. (Ongoing)
t

Collaboration between Herman van Halbeek, Peter Albersheim, Alan Darvill, and Richard
Cummings. The structuresof HIV and CD4 carbohydrates. (Ongoing)



Collaboration between Herman van Halbeek and Richard Cummings. The interactionof
sialyllactoseand MAL (Maackia amurensis lectin)studiedby NMR spectroscopy.(Ongoing)

*Collaboration between Herman van Halbeek and Russell Carlson. Structure of a
streptococcaladhesioncarbohydratereceptor. (Completed)

*Collaboration between Herman van Halbeek and Russell Carlson. NMR of rhizobia
lipopolysaccharides.(Completed)

*Collaboration between Herman van Halbeek, Peter Albershelm, William York, and Alan
Darvill. The structureof plant cellwall xyloglucanpolysaccharides.(Completed)

Collaborations with Investlae_ors from The University of G(_)rala:

Collaboration between Richard Cummings and Milton J. Cormler (Department of
Biochemistry, The Unlveralty of Georgia). Enhanced detection of glycoconjugatesand
glycosyltransferaseactivitiesusing recombinantbioluminescentproteinsas detectinglabels in
ELISA-typeassays. (Ongoing)

Collaboration between KarI-Erlk Erikseon, Jeff Dean, and Melvin Fuller (Department of
Botany, The University of Georgia). Goldlabelingof enzymes and monoclonalantibodiesfor
detectionof enzymesandwoodcomponents. (Ongoing)

Collaboration between KarI-Erlk Eriksson and David Whltmlre (Department of Agricultural
Engineering, The University of Georgia). To model, design,construct,and operatea process
forxylanase-aidedpulpbleaching. (Ongoing)

Collaboration between KarI-Erlk Erlksson and Jim Rice (School of Forest Resources, The
University of Georgia). Developmentof a gluefor fiberboardsfromwaste lignins. (Ongoing)

Collaboration between Michael Pierce and David F. Smith (Department of Biochemistry
and CCRC Adjunct Faculty, The University of Georgia). Expression of novel
glycosyltransferaseactivitiesin CHO andCOS cells. (Ongoing)

Collaboration between Herman van Halbeek and Richard Fayrer-Hoskln (College of
Veterinary Medicine, The University of Georgia). Analysisof glycosaminoglycancontentof
equineoviductalfluidand itsrole insperm-egginteraction. (Ongoing)

Collaboration between Herman van Halbeek, E. Will Taylor and David C.K. Chu
(Department of Medicinal Chemistry, The University of Georgia). NMR spectroscopic
studiesof the conformationof AZT analogsandotherpotentialanti-AIDSdrugs. (Ongoing)

Collaboration between Herman van Halbeek and James Travls (Department of
Biochemistry, The University of Georgia). The structure and function of the neutrophil
proteinaseselastaseand cathepsinG involvedinlungemphysema. (Ongoing)

Collaboration between Herman van Halbeek and Barney Whitman (Department of
Microbiology, The University of Georgia). Structural analysis of leucine and isoleucine
metabolitesin Methanococcus vottae. (Ongoing)

*Collaboration between Peter Albershelm, Alan Darvlll, Bemd Meyer, William York and
Jeffrey Sellers, and Torben Hansen and Donald Nute (Artificial Intelligence Program, The
University of C-,eorgla). Identificationof the lH-NMR spectra of complexoligosaccharideswith
artificialneuralnetworks. (Ongoing)



Collaboration between Herman van Haibeek and Richard Hill (Department of Chemistry,
The University of Georgia). Structuralanalysis of camphor oxime fragmentationproducts.
(Completed)

Collaboration between Herman van Halbeek and Irv Honlgberg (College of Pharmacy, The
University of Georgia). NMR studieson selectivityin associationof albuteroland ractopamine
with_- and131-adrenergicpeptidesequences. (Completed)

Collaboration between Herman van Halbeek and Lars LJungdahl (Department of
Biochemistry, The University of Georgia). Structural analysis of a menaquinane from
Clostridium thermoautotrophicum and Clostridium thermoaceticum. (Completed)

Collaboration between Herman van Halbeek and Charles Stammer (Department of
Chemistry, The University of Georgia). NMR and conformationalanalysis of biologically
activepeptides. (Completed)

Collaboration between Herman van Halbeek and David F. Smith (Department of
Biochemistry and CCRC Adjunct Faculty, The University of Georgia). Structuralanalysisof
a novelsialyl-hexasaccharidefrom humanmilk. (Completed)

Collab0ratlons with Outside Investlaators:

Peter Albershelm and Alan Darvlll
t

Collaboration between Peter Alberahelm, Alan Darvlll, Roberta K. Merkle and Izabella
Poppe, and Wlm J. Broothaerts (Laboratory of Plant Pathology, Katholleke Unlversltelt,
Leuven, Belgium). Characterizationof the self-incompatibilityglycoproteinsfrom Petunia
hybrida. (Ongoing)
1l

Collaboration between Peter Albersheim, Alan Darvlll and Carl Bergmann, and Fellce
Cervone and Glulla De Lorenzo (University of Rome, Italy). Studies on the
polygalacturonase-inhibitingproteins and their effect on pectic enzymes from microbes and
plants. (Ongoing)

"Collaboration between Peter Albersheim, Alan Darvlll, and Bernard Frltlg (CNRS-IBMP,
University of Strasbourg, France). Characterizationof the glucan elicitorof the GRP gene in
Nicotianae. (Ongoing)

*Collaboration between Peter Albersheim, Alan Darvlll, Malcolm O'Neill and Mark Spiro,
and Jean Guem (CNRS Plant Science institute, GIf sur Yvette, France). OligogaJacturonide
uptakein culturedtobaccocells. (Ongoing)

*Collaboration between Peter Albersheim, Alan Darvlll, and Jean Guern (CNRS Plant
Science Institute, GIf sur Yvette, France). Structuralrequirementsof the oligogalacturonide
for K* efflux to establish whether oligogalacturonidesare intemaJizedand what effect this
processhas on plasma membranepotential. (Ongoing)

*Collaboration between Peter Albersheim, Nan Darvlll, Bemd Meyer, Ralner Stuike-Prlll
and William York, and Samuel Levy and L. Andrew Staehelln (University of Colorado,
Boulder). Three-dimensionalstructureof xyloglucans;mechanism of binding to cellulose.
(Ongoing)

*Collaboration between Peter Albershelm, Alan Darvlll, and Ben Lugtenberg (University of
Leiden, The Netherlands). Studiesof Rhizobium extracellularpolysaccharides. (Ongoing)



*Collaboration between Peter Albershelm, Alan Darvill, Carl Bergmann, William Friedman
(Department of Botany, The University of Georgia), and Felice Cervone and Giulla De
Lorenzo (University of Rome, Italy). Investigationof the molecularbasis of a plant defense
response. (Ongoing)

Collaboration between Peter Albemheim, Alan Darvill and Chris Somerville (MSU-DOE
Plant Research Laboratory, Michigan State University, E. Lansing). Characterizationof
Arabidopsis cell wall mutants. (Ongoing)

Collaboration between Peter Albershelm, Alan Darvlll, Michael Hahn, and L. Andrew
Staehelln (Unlvemlty of Colorado, Boulder). Immunolocalizationof epitopes recognizedby
rhamnogalacturonanI-specificand xyloglucan-specificmonoclonalantibodies. (Ongoing)

*Collaboration between Peter Albersheim, Alan Darvill, Sheng-Cheng Wu, and Barbara
Valent (E.I. DuPont de Nemours & Company, Wilmington, Delaware). Studies of _-
xylanases in host-pathogen interactions. Mapping the M. grisea 22kd xylanase gene.
(Ongoing)

*Collaboration between Peter Albersheim, Alan Darvlll, John Giushka and William S.
York, and Adam Kondorosl (CNRS Plant Science Institute, GIf sur Yvette, France).
Studiesof rhizobianodfactors. (Ongoing)

°Collaboration between Peter Albershelm, Alan Darvill, Marly Eidsness, and Adam
Kondorosi (CNRS Plant Science Institute, Gif sur Yvette, France). Studies of
endopolygalacturonasesin rhizobia. (Ongoing)

Collaboration between Peter Albersheim, Alan Darvill, Carl Bergmann, and Dlerk Scheel
(Max-Planck Institute, K61n,Germany). Studiesof endopolygalacturonasesin host-pathogen
interactions.(Ongoing)

*Collaboration between Peter Albershelm, Alan Darvill, and Michael McNeil and Cecil
Stushnoff (Department of Microbiology, Colorado State University, Fort Col,ns). Effects
of oligosaccharideson coldhardeningof planttissues. (Ongoing)

Collaboration between William S. York, John Glushka, and Herman Spalnk and Ben
Lugtenberg (University of Leiden, The Netherlands). Determinationof the structureof the
biologically active lipooligosaccharidefrom Rhizobium leguminosarum by spectroscopic
methods. (Ongoing)
t

Collaboration between Peter Albershelm, Alan Darvlli and Christopher Augur, and Nlcole
Benhamou (Unlverslt6 Laval, Qugbec, Canada). Localizationof o¢-fucosidasein pea tissues.
(Ongoing)

Collaboratlon between Peter Albershelm, Alan Darvlll, Carl Bergmann and Yukl Ito, and
Nlcole Benhamou (Unlversltd Laval, Qu6bec, Canada). Localizationof polygalacturonase-
inhibitingprotein(PGIP) in bean tissues. (Ongoing)

Collaboratlon between Peter Albershelm, Alan Darvlll and Chrlstopher Augur, and
Tomoya Ogawa (RIKEN Institute, Japan) and Plerre Slna9 (Ecole Normale Sup_rleure,
France). Investigation of the structure/functionactivities of xyloglucan oligosaccharides.
(Ongoing)

Collaboratlon between Peter Albershelm, Alan Darvlll, and Texaco, Inc. (Beacon, New
York). Study of the structuresof two bacterial polysaccharideswith interesting rheological
properties. (Completed)



Russell W. Carlson
t

Collaboratlon between Russell Carlson and Nlck Brewln (John Innes Research Instltute,
Norwlch, Unlted Klngdom). Structuralcharacterizationof an LPS epitope that is specificin
Rhizobium leguminosarum by. viciae bacteroids. (Ongoing)
t

Collaboration between Russell Carlson and Adam Kondorosl (CNRS Plant Science
Institute, Gif sur Yvette, France). Analysisof the LPSs and a novel capsularpolysaccharide
from R. melilo_ mutantsthatare symbioticallydefective(fix23 mutants). (Ongoing)
t

Collaboration between Russell Carlson and Dale Noel (Department of Biology, Marquette
University, Milwaukee). Characterizationof the lipopolysaccharidesfrom symbioticmutantsof
R. leguminosarum bv. phaseoli. (Ongoing)
t

Collaboration between Russell Carlson and Gary Stacey (Department of Microbiology,
University of Tennessee, Knoxvllle)o Characterizationof the lipopolysaccharidefrom a
symbioticallydefectivemutantof Bradyrhizobium japonicum. (Ongoing)

Collaboration between Russell Carlson, V. PuvanesaraJah(formerly with the CCRC), and
Gary Stacey (Department of Microbiology, University of Tennessee, KnoxvUle). Structural
determinationof flavonoidglycosidesfrom soybeanwhichdifferentiallyactivatenod genes from
B. japonicum. (Completed)
t

Collaboration between Russell Carlson and Gary Stacey (Department of Microbiology,
University of Tennessee, Knoxville). Structuraldeterminationof nodulationfactorsproduced
by B. japonicum. (Ongoing)
t

Collaboration between Russell Carlson and John Streeter (Department of Agronomy,
The Ohio State University, Columbus). Structural analysis of a novel polysaccharide
producedby B. japonicum bacteroidsinsoybeannodules. (Ongoing)

Collaboration between Russell Carlson and Hubert Mayer (Max-Planck Institute,
Frelburg, Germany). Analysisof bacteriallipidAs. (Ongoing)

Collaboration between Russell Carlson, Malcolm O'Neill, and Joyce Czop (Harvard
Medical School, Boston). Structuralcharacterization of a yeast glucan which activates the
complementsystem. (Completed)

Richard Cummlnas

Collaboration between Richard Curnmlngs and Caroline Enns (Syracuse University, New
York). Glycosylationof the human transferrinreceptor. (Ongoing)

Collaboration between Richard Cummings and David F. Smith, and John Lowe (Howard
Hughes Medical Institute, Ann Arbor). Regulationof glycoproteinand glycolipidexpression:
characterization of glycoconjugates synthesized by Chinese hamster ovary cell lines
permanentlyexpressingclonedhumanglycosyltransferases.(Ongoing)

Collaboration between Richard Cummings, Roberta K. Merkle, and William Haseltlne
(Dana Farber Cancer Institute, Cambridge). Analysisof the carbohydratesof HIV and its
receptor. (Ongoing)



Collaboration between Richard Cummings, Roberta K. Merkle and Izabella Poppe, and
Marvin Tanzer, University of Connecticut Health Center, Farmlngton). Structuralanalyses
of oligosaccharidesof bioactive laminin glycopeptidesisolated from mouse EHS laminin.
(Ongoing)

Collaboration between Richard Cummings and Rodger McEver (Oklahoma Medical
Research Foundation, Oklahoma City). Structure/functionof glycoconjugateligandsfor the
endothelialselectinGMP-140. (Ongoing)

Collaboration between Richard Cummings and Caroline Enns (Department of Biology,
Syracuse Unlveralty, New York). Separation of animal cell-derived oligosaccharides.
(Completed)

Collaboration between Richard Cummings and John Lowe (Howard Hughes Medical
Institute, Ann Arbor). Enzymesinvolvedin the synthesisof complexcarbohydratesof animal
origin. (Completed)

Collaboration between Richard Cummings, Roberta K. Merkle, and Michlhlko Kuwano
(Department of Biochemistry, Oita Medical School, Japan). The dysfunctionalLDL receptor
in Mohr31lackssome O-linkedoligosaccharides.(Completed)

KarI-Erlk L. Erlksson

Collaboration between KarI-Erik L Erlksson, Jan Yang, and Rudy Slngh (North Carolina
State University, Raleigh). Developmentof a new enzyme-, oxygen-, ozone-, and hydrogen
peroxide-basedtechniqueforpulp bleaching. (Ongoing)

Collaboration between KarI-Erlk Erlksson, Jeff Dean, and Ron Dlnus and David Webb
(Institute of Paper Science and Technology, Atlanta). Studiesof lignin biosynthesisin cell
culturesof foresttrees, manipulationof ligninbiosynthesis.(Ongoing)

Michael G. Hahn

Collaboration between Michael G. Hahn, Per J. Garegg (University of Stockholm, Sweden)
and Tomoya Ogawa (RIKEN Institute, Japan). Structure-activitystudies of synthetic
oligoglucosidesstructurallyrelatedto the hepta-I_-glucosideelicitor. (Ongoing)

*Collaboration between Mlchasl G. Hahn and Larry Grifflng (Department of Biology, Texas
A&M Unlveralty, College Station). Localization of immunogold-labeled glucan elicitor
preparationsinplantcells andprotoplasts. (Ongoing)

*Collaboration between Michael G. Hahn and Kelth Roberts (John Innes Institute,
Norwich, Great Brltlan). Immunolocalizationof plant cell wall polysaccharides using
monoclonalantibodies. (Ongoing)

*Collaboration between Michael G. Hahn and Chris Somerville (Michigan State University,
E. Lansing). Use of monoclonalantibodiesto select forplantcell wall mutants. (Ongoing)



Bemd Meyer

Collaboration between Bernd Meyer and Inka Brockhausen (Toronto, Canada). Three-
dimensionalstructureof @typeoligosaccharides.(Ongoing)

Collaboration between Bernd Meyer and S. Koepper (University of Oldenburg, Germany).
Conformationalanalysisof kijanimycin.(Ongoing)

Collaborstlon between Bernd Meyer and Thomas Petem (Frankfurt, Germany). Three-
dimensionalstructureof ribonucleaseB. (Ongoing)

Collaboration between Bernd Meyer and Thomas Peters (Frankfurt, Germany).
Developmentof MonteCarlo procedures. (Ongoing)

Debra M0hn(m
t

Collaboratlon between Debrs Mohnen and Herman Spalnk (Department of Plant
Molecular Blology, Lelden Unlverslty, The Netherlands). Effect of Rhizobium
leguminosarum extracellularoligosaccharidefactors on tobaccothin cell-layermorphogenesis.
(Completed)

K._ellevMoremen

Collaboratlon between Kelley Moremen and Ann_;;_ Herscovlcs (McGill Cancer Center,
Montreal, Canada). Cloningof variantformsof a(1,2)mannosidases. (Ongoing)

Collaborstlon between Kelley Moremen and Mlchlko Fukuda (La Jolla Cancer Research
Foundation, San Diego). Characterization of the molecular defect in congenital
dyserythropoeticanemiatype II (HEMPAS). (Ongoing)

Collaboration between Kelley Moremen and John Schutzbach (Department of
Microbiology, University of Alabama, Birmingham). Cloning and characterizationof rabbit
and taurine(x(1,2)mannosidases.(Ongoing)

CoUaboratlon between Kelley Moremen and Marilyn Farquhar (Division of Cellular and
Molecular Medicine, University of California, San Diego). Subcellular localization of
processing(x-mannosidases.(Ongoing)

Collaboration between Kelley Moremen and J0rgen Roth (Department of Cell and
Molecular Pathology, Institute Cf Pathology, University of Zurich Medical School,
Switzerland). Characterization of the structural determinants for Golgi retention of
glycosyltransferasesand processinghydrolases. (Ongoing)

Michael Pierce

Collaboration between Michael Pierce and Mary Bunge (University of Miami Medical
School, Miami). Regulationof cell interactionsinthe centralnervoussystem. (Ongoing)

Collaboration between Michael Pierce and Gerhard Dahl (University of Miami Medical
School, Miami). Asymmetricexpressionof cell-surfaceoligosaccharideson Xenopus oocytes.
(Ongoing)



Collaboration between Michael Pierce and Nevis Freglen (University of Miami Medical
School, Miami). Co-transformationof Lecl CHO cells with N-acetylglucosaminyltransferaseI
activityand a selectablemarker. (Ongoing)

Collaboration between Michael Pierce and Ok) Hlndsgaul (University of Alberta, Canada).
Purificationof glycosyltransferases.(Ongoing)

Collaboration between Michsel Pierce and Henri Llchenstel (Amgen). Carbohydrate
bindingproteinsin neuraltissue. (Ongoing)

Collaboration between Mlcheel Pierce and Vance Lemmon (Case Western Rem_rve
Unlverelty, Cleveland). Charaterizationof an acetylatedgangliosidein developingchickretina.
(Ongoing)

Collaboration between Michael P!erce and Monlca P81clc(Unlvemlty of Alberta, Canada).
Kineticsof glycosyltransferasesandcell uptakeof glycosyltransferaseinhibitors. (Ongoing)

Collaboration between Michael Pierce and Melvin Sllberklang (Merck, Sharp, and Dohme,
Co.). Studieson recombinantglycoproteins.(Ongoing)

Collaboration between Michael Pierce and Tlen-Wen Tao (Pharmagenetlce, Inc.).
Regulationof metastasisby cell-surfaceglycosylation.(Ongoing)

Herman van Halbeek

Collaboration between Herman van Halbeek and Jack Alhadeff (Lehigh University,
Bethlehem). Structural analysis of carbohydrate moieties of human liver o_-L-fucosldase.
Structuralanalysis of N-linked carbohydratesof glycoproteins. Structural analysis of the N-
glycansof a recombinanthepatitisB surface antigenderivedfrom yeast. Structural analysis of
IgG4 carbohydrates. Structural analysis of the carbohydrates of human ribonucleases.
(Ongoing)

Collaboration between Herman van Halbeek and Robert Chernlak (Georgia State
University, Atlanta). The structureof glucuronoxylomannansfrom Cryptococcus neoformans.
(Ongoing)

Collaboration between Herman van Halbeek and Volker Dube (Medical College of
Georgia, Augusta). The carbohydratestructuresof ovariancystmucins. (Ongoing)

Collaboration between Herman van Halbeek and Edward Hogan (Medical University of
South Carolina, Charleston). Structuralanalysis of a disialogangliosideof the globo-series
from chicken skeletal muscle. Structural analysis of novel branched monosialogangliosides
from bovineerythrocytes. (Ongoing)

Collaboration between Herman van Halbeek and Roger O'Neill (previously with Genencor,
currently with Applied Blosystems, Foster City). The structureof the carbohydratemoieties
of recombinantglycoproteins. (Ongoing)

Collaboration between Herman van Halbeek and John Pierce (University of California,
Los Angeles). Structureand conformationof the pituitaryglycoproteinhormonecarbohydrates.
(Ongoing)

Collaboration between Herman van Halbeek and Terrone Rosenberry (Case Western
Reserve University, Cleveland). The structure of the glycosylphosphatidylinositol(GPI)
anchorof human acetylcholinesterase(ACHE). (Ongoing)



Collaboration between Herman van Halbeek and Anne Sherblom (Previously of University
of Maine, currently with National Institutes of Health, Betheada). Structuralanalysis of
human andbovineuromodulln. (Ongoing)

Collaboration between Herman van Halbeek and B.N. Slngh (State University of New
York). Structural analysis of glycophosphosphingolipidsof Tritrichomonas foetus and
Tritfichomonas vaginalis. (Ongoing)

Collaboration between Herman van Halbeek and Michael Spe,man (Genentech, San
Francisco). The structuresof HIV gp120 and CD4 carbohydrates,and of other recombinant
glycoproteins.(Ongoing)

Collaboration between Herman van Halbeek and Eric Watson (AMGEN, Thousand Oaks).
The carbohydratestructuresof recombinanterythropoietinglycoproteins. Structuralanalysis of
carbohydratesfromgranuIocytecolony-stimulatingfactor(G-CSF). (Ongoing)

Collaboration between Herman van Halbeek, Carl Wilhelm Vogel and Channe Gowda
(Georgetown University, Washington, DC). The structureof the carbohydratechainsof cobra
venom factor(CVF). (Ongoing)

Collaboration between Herman van Halbeek and Betty Yan (Ell Lilly Research
Laboratorlee, Indianapolis). The structure of the carbohydrate chains of recombinant
glycoproteins.(Ongoing)

Collaboration between Herman van Halbeek and Edward C. Yurewlcz (Wayne State
University, Detroit). The structureof sulfated oligosaccharidesfrom mucin glycoproteins.
(Ongoing)

Collaboration between Herman van Halbeek and Michael McNeil (Colorado State
University, Ft. Collins). NMR studiesof acylatedtrehaloses. (Ongoing)

Collaboration between Herman van Halbeek and Leszek Poppe, and Guido Tettamanti
and Sandro Sonnino (University of Milan, Italy). Conformationalstudiesof gangliosidesin
micelles. (Ongoing)

Collaboration between Herman van Halbeek and Jamle De Stefano, and Peter D. Walzer
(University of Cincinnati College of Medicine, Cincinnati). Surface carbohydrates of
Pneumocystis carinii. (Ongoing)

Collaboration between Herman van Halbeek and Jacques Baenzlger (Washington
University, SL Louis). Structural analysis of the disulfated oligosaccharidefrom bovine
lutropin. Structural analysis of the asparagine-linkedoligosaccharides of bovine fetuin.
(Completed)

Collaboration between Herman van Halbeek and Veer P. Bhavanandan (Hershey Medical
Center, Pennsylvania State, University Park). The structure of a dimer of 6'-aldehydo-
raffinose. (Completed)

Collaboration between Herman van Halbeek and Roland Bourrlllon (Paris, France).
Structures of the carbohydrate chains of membrane glycoproteins isolated from human
hepatoma. (Completed)

Collaboration between Herman van Halbeek, Russell Carlson, and Fred Ceeeels and Jack
London (National Institutes of Health, Institute of Dental Research, Bethesda). Structure
of a streptococcaladhesincarbohydratereceptor. (Completed)



Collaboration between Herman van Halbeek and Jukka Flnne (Medical Biochemistry,
University of Turku, Finland). Structural analysis of novel polyfucosylated N-Itnked
glycopeptidesfrom humansmall intestinalepithelialcells. (Completed)

Collaboration between Herman van Halbeek and David Hlmmelabech (U.S. Department of
Agriculture, Athena, Georgia). Structuralcharacterizationof soluble carbohydratesin lima
bean seeds, in the phenoliccompoundsfrom Centipede grass rootsand in Nicotiana glutinosa,
andthe assignmentof lH and 13Cspectraof a sucroseester fromtobacco. (Completed)

Collaborstion between Herman van Halbeek and Stuart Kornfeld (Washington University,
St. Louis). Structuralanalysisof high-mannoseoligosaccharidesof Dictyostellum dlscoideum
glycoproteins. (Completed)

Collaboration between Herman van Halbeek and Bente Nlleen (Oslo, Norway). Structural
analysis of glycoproteinallergen Art v II from the pollen of mugwort (Artemlsia vu/garis L.).
(Completed)

Collaboration between Herman van Halbeek and Philippe Rouaeel (INSERM, Ulle,
France). Structural analysis of oligosaccharidesfrom respiratory mucus glycoproteins of
patientssufferingfrombronchlectasis,chronicbronchitisandcysticfibrosis. (Completed)

Collaboration between Herman van Halbeek and Richard Stevens (Harvard University,
Cambridge). Structure of the carbohydrate chains of human aorta proteoglycans in
atherosclerosis.(Completed)

Collaboration between Herman van Halbeek and Peter Waterman (Phytochemlatry
Research Laboratories, University of Strathclyde, Glasgow, Scotland). Structuralanalysis
of a highlyacylatedtrirhamnosidefrom Mezzettia leptopoda (Annonaceae). (Completed)



Appendix 2. Research Accomplishments, 1987- April 1992

Publications and Abstracts Citing the Plant Science Center Grant

Publications

1989

The Complex Carbohydrate Research Center of The University of Georgia. 1989. Plant
Molecular Biology Reporter 7(1):49-56.

Carlson, R.W., F. Garcia, D. Noel, and R. HolUngsworth. 1989. The structures of the
lipopolysaccharidecore componentsfrom Rhizobium leguminosarum biovar phaseoli CE3
and twoof its symbioticmutants,CE109 and CE309. Carbohydr. Res. 195:101-110.

Cervone, F., G. De Lorenzo, R. D'Ovidio,M.G. Hahn, Y. Ito, A. Darvill, and P. Albersheim.
1989. Phytotoxiceffects and phytoalexin-elicitoractivi'_yof microbialpectic enzymes. In:
Phytotoxins and Plant Pathogenesis (A. Graniti, R.D. Durbin, and A. Ballio, eds.), NATO
ASI Series, Vol. H27. Springer-Verlag,Berlin,Heidelberg. pp.473-477.

Cen/one, F., G. De Lorenzo,G. Salvi, C. Bergmann, M.G. Hahn, Y. Ito, A. Darvill, and P.
Albersheim. 1989. Release of phytoalexinelicitor-activeoligogalacturonidesby microbial
pectic enzymes. In: Signal Molecules in Plants and Plant-Microbe Interactions (B.J.J.
Lugtenberg,ed.), NATO ASI Series, Vol. H36. Springer-Verlag,Heidelberg. pp. 85-89.

Cervone, F., M.G. Hahn, G. De Lorenzo,A. Darvill,and P. Albersheim. 1989. Host-Pathogen
InteractionsXXXIII. A plantproteinconvertsa fungalpathogenesisfactor into an elicitorof
plant defenseresponses. Plant Physiol. 90:542-548.

Darvill,A.G., P. Albersheim,P. Bucheli,S. Doares, N. Doubrava,S. Eberhard, D.J. Gollin,M.G.
Hahn, V. Marfe, W.S. York, and D. Mohnen. 1989. Oligosaccharins--plantregulatory
molecules. In: Signal Molecules in Plants and Plant-Microbe Interactions (B.J.J.
Lugtenberg,ed.), NATO ASI Series,Vol. H36. Springer-Verlag,Heidelberg. pp. 41-48.

Doares, S.H., P. Bucheli,P. Albersheim,and A.G. Darvill. 1989. Fungal enzymes, plant cell
wall fragments,and plant cell death: A possiblemechanismfor hypersensitivityin the rice
blast system. In: Signal Molecules in Plants and Plant-Microbe Interactions (B.J.J.
Lugtenberg,ed.), NATO ASI Series,Vol. H36. Springer-Vedag,Heidelberg. pp. 229-233.

Doares, S.H., P. Bucheli, P. Albersheim, and A.G. Darvill. 1989. Host-PathogenInteractions
XXXIV. A heat-labile activitysecreted by a fungal phytopathogenreleases fragments of
plantcellwallsthat killplant cells. Mol. Plant Interac. 2:346-353.

Eberhard,S., N. Doubrava,V. Marfe, D. Mohnen, A° Southwick,A. Darvill,and P. Albersheim.
1989. Pectic cell wall fragmentsregulate tobaccothin-cell-layerexplant morphogenesis.
The Plant Cell 1:747-755.

Hahn, M.G. 1989. Animal receptors-- Examples of cellularsignalperception molecules. In:
Signal Molecules in Plants and Plant-Microbe Interactions (B.J.J. Lugtenberg,cd.), NATO
ASI Series,Vol. H36. SpringerVerlag, Heidelberg. pp. 1-26.



Hahn, M.G., P. Bucheli, F. Cervone, S.H. Doares, R.A. O'Ne!=i,A. Darvill, and P. Albersheim.
1989. The roles of cell wall constituents in ir'_t-pathogen interactions, in: Plant Microbe
Interactions (E. Nester and T. Kosuge, eds.), Vol. 3. McGraw-Hill Publishing Company. pp.
131-181.

Hollingswerth, R.L. and R.W. Carlson. 1989. 27-hydroxyoctacosanoic acid is a major structural
fatty acyl component of the lipopolysacchafide of Rhizobium trifolii ANU843. J. BioL Chem.
264:9300-9303.

Hollingsworth, R.L.. R.W. Carlson, F. Garcia, and D.A. Gage. 1989. A new core
tetrasaccharidecomponentfrom the lipopolysaccharideof Rhizobium trifo/ii ANU843. J.
Biol. Ch_m. 264:9294-9299.

Kiefer, L., W. York, A. Darvill, and P. Albersheim. 1989. The Structure of Plant Cell Walls
XXVII. Xyloglucanisolatedfrom suspension-c;ulturedsycamore cell walls is O-acetylated.
Phytochem. 28:2105-2107.

O'Neill, R.A., P. Albersheim, and A.G. DarvUl. 1989. The Structure of Plant Cell Walls XXVlII.
Purification and characterization of a :-yloglucan oligosaccharide-specific xylosidase for pea
seedlings. J. Biol. Chem. 264:20432-20437.

Thomsen, J.U. and B. Meyer. 1989. Recognitim_of NMR spectra by neural networks. J. Magn.
Res. 84:212.

1990

Albersheim, P. and A. Darvill. 1990. The commercial potential of plant cell wall polysaccharides
and oligosacchadns. In: Proceedings of the Symposium "Towards A Carbohydrate-Based
Chemistry." Commission of the European Communities. Amiens, France, October 23-26,
pp. 175-196.]

Bucheli, P., S.H. Doares, P. Albersheim, and A. Darvill. 1990. Host-Pathogen Interactions
XXXVI. Partial purification and characterization of heat-labile molecules secreted by the rice
blast pathogen that generates cell wall fragments that kill plant cells. PhysioL MoL Plant
PathoL36:159-173.

Carlson, R.W., B. Lakshmi, U.R. Bhat, and G. Stacey. 1990. Isolation and analysis of the
lipopolysaccharides from a symbiotic mutant of B. japonicum. In: Nitrogen Fixation:
Achievements and Objectives (Gresshoff, Roth, Stacey and Newton, eds.). Chapman and
Hall, New York/London.

Carrion, M., U.R. Bhat, B. Reuhs, and R.W. Carlson. 1990. Isolation and characterization of
the lipopolysaccharides from Bradyrhizobium japonicum. J. BacterioL 172:1725-1731.

Cervone, F., G. De Lorenzo, R. Pressey, P. Albersheim, and A.G. Darvill. 1990. Host-
Pathogen Interactions XXXV. Can Phaseolus PGIP inhibit pectic enzymes from icrobes and
plants? Phytocohem.29:447-449.

De Lorenzo, G., Y. Ito, R. D'Ovidio, F. Cervone, P. Albersheim, and A.G. Darvill. 1990. Host-
Pathogen Interactions XXXVlI. Abilities of the polygalacturonase-inhibiting proteins from
four cultivars of Phaseolus vulgads to inhibit the endopolygalacturonases from three races
of Colletotrichum lin '.emuthianum. PhysioL and Mol. Plant Path. 36:421-435.



Kiefer, L.L.,W.S. York, P. Albersheim,and A.G. Darvill. 1990. The Structureof Plant Cell Walls
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Appendix 2: Research Accomplishments, 1987-April 1992

Graduate Student Research Projects Supported by the
Plant Science Center Grant

One of the major functionsof the center grant is the training of graduate studentsin
complexcarbohydratescience. Duringthe firstfour and one-halfyears of the Grant (years two
throughsix and a half of the CCRC), five studentswho were funded by the Grant completed
theirgraduate degrees. The theses abstractsof the three Ph.D. and two Master'sstudents are
given belowtogetherwith summariesof the currentgraduate studentresearch projectsfunded
bythe Grant.

Theses Ab,s,tracts of Student# Who Have Graduated

1. Structural characterization of primary wall polysaccharides Isolated from suspen-
sion-cultured cells of Douglas fir, maize, and rice. Jerry Ray Thomas (Ph.D. In bio-
chemistry)

The goal of the researchdescribedis to determinethedegree to which thestructuresof the
primary cell wall polysaccharidesof higher plants have been conserved. This determination
couldnot previouslybe made, because the primarycell wall polysaccharidesof gymnosperms,
and the pecticpolysaccharidesof monocotshad not been characterized. To rectify thissitua-
tion, polysaccharidesfrom primary walls of Douglas fir cells, and pectic polysaccharidesof
maizeand rice were isolatedandcharacterized.

The primary cell walls of the gymnosperm,Douglas fir, are described. Douglas fir walls
were foundto containthe two hemicellulosicpolysaccharides(xyloglucanand glucuronoarabi-
noxylan) found in angiosperms(monocotsand dicots), and the three pectic polysaccharides
(homogalacturonan,rhamnogalacturonanI, and rhamnogalacturonanII) found in dicots. Like
dicotand unlikegraminaceousmonocotcell walls, gymnospermcell walls have a high content
of pecticpolysaccharides,and the predominanthemicelluloseis xyloglucan, lt was concluded
thattheprimarywallsof Douglasfir are morelikethose of dicotsthan graminaceousmonocots.

The pectic polysacchariderhamnogalacturonanI was isolatedfrom cell walls of maize and
rice. Comparisonof the productsof chemicalcleavagewithlithiuminethylenediamineindicated
that monocotand dicot rhamnogalacturonanI have many of the same structuralfeatures. The
oligosaccharidespreviouslyobtainedby lithiumtreatment of dicot rhamnogalacturonanI were
alsoderivedfrom maize rhamnogalacturonanI.

RhamnogaiacturonanII, previouslyunreportedin a monocot,was isolatedfromcell wails of
rice. Rice rhamnogalacturonanII was foundto containali the unusual monosaccharidesand
glycosyllinkages present in its dicot counterpart. Furthermore,two disaccharides, an aceryl
acid-containingheptasaccharide,and a 2-O-methyl xylosyl-containingoctasaccharide,both of
whichare componentsof dicot rhamnogalacturonanII, were isolatedfrom rice rhamnogalactur-
onan II.

lt was concluded that angiospermsand gymnospermshave the same primary cell wall
polysaccharidesand that most of the structuralfeatures of rhamnogalacturonansI and II have
been conservedin the primarywalls of monocotsand dicots. Conservationof the structuresof
primarycell wall polysaccharidessuggeststhat theyhave importantfunctions.



[JerryThomas is presentlya seniorresearchassociatein the laboratoryof ProfessorJ.F.G.
Vliegenthartat the Universityof Utrecht,The Netherlands.]

2. Structural studies of extracellular polysaccharides and cell wall rhamnogalacturo-
nan.II of sycamore cells. Thomas Towne Stevenson (Ph.D. In chemistry)

The water-soluble polysaccharides(SEPS) secreted into the medium by suspension-
culturedsycamore cells were examinedto determinewhether the polysaccharideswere the
same as those present in the walls of sycamore cells. The followingpolysaccharideswere
found: xyloglucan,arabinoxylan,at least two arabinogalactans,rhamnogalacturonan-II(RG-II)
and a polygalacturonicacid-richpolysaccharide. Evidencewas obtainedfor the presence of a
rhamnogalacturonan-Ilike polysaccharide.Aliof the above polysaccharideshave been isolated
from or are believedto be present in sycamorecell walls. Furthermore,ali of _henoncellulosic
polysaccharidesknownto be presentin sycamorecellwallsappear to be present in the SEPS.

RG-II was chosenfor further structuralcharacterization. A previouslyunknownsugar, 3-
deoxy-D-lyxo-2-heptulosadcacid (DHA) was identifiedas a componentof RG-II isolatedfrom
both Pectinol (a commercially available preparation of cell wall-degrading enzymes) and
sycamorecellwalls as a part of the disaccharide13-L-araf-(I_5)-D-DHAp. The structureof DHA
was determinedby chemical and spectroscopicmethods. DHA was foundto be present in the
primary cell walls of many higherplants, includingseveral dicots, two monocots,and a gym-
nosperm,butwas not detectedintwo bacteriallipopolysaccharides.

End-groupanalysis of RG-II showedthat it contained about 30 glycosylresidues. RG-II
was treated with lithiummetal dissolvedin ethylenediamineto degrade the glycosyluronicacid
residues. The major productwas shownto be the triglycosylalditolovXyl-(l_3)-(x-Fuc-(1--_4)-
I_-Rha-(1-->3')-apiitol.This tetrasaccharidefragmenthas three residuesin commonwith a pre-
viouslycharacterized heptasaccharidethat had been derived from RG-II by partial acid hydroly-
sis. RG-II was foundto containa large numberof branchedgalactosyluronicacid residuesthat
are undoubtedlypartof an octagalactosyluronicacidfragmentgenerated by partial acid hydroly-
sis. The results of sequential partial acid hydrolysisprovided evidence that in RG-II the 3-
deoxy-D-manno-2-octulosonicacid and DHA residuesare attached to 0-3 of 3,4-1inkedgalacto-
syluronicacid residues,and that the apiofuranosylresiduesare attached to O-2 of 2,4-1inked
galactosyluronicacid residues. These and previouslypublisheddata suggestthat RG-II has a
highlybranchedstructure,arrangedaroundan ¢x-(l_)-Iinked galactosyluronicacid backbone.

[Tom Stevenson is presentlya research scientist, specializingin complex carbohydrate
af_alysisat ABC TechnologyinWorcester,Massachusetts.]

3. Structural characterization of oligosaccharides enzymatlcally released from xyloglu-
can. Laura Lynn Klefer (M.Sc. In biochemistry)

Xyloglucanoligosaccharideswere enzymaticallyreleased from purifiedcell walls isolated
from suspension-culturedsycamorecells. The O-acetyl substitutionpattern of these oligosac-
charideswas determinedby lH-NMR spectroscopy. This analysis revealed that most of the 2-
linkedgalactosylresiduesof the decasaccharideand nonasaccharidefragmentsof cell wall xy-
Ioglucanare O-acetylsubstituted,whilethe heptasaccharidefragmentdoes not containO-acetyl
substituents. Thisacetylationpattern does not differsignificantlyfrom that of the same xyloglu-
can oligosaccharidesenzymatically released from the xyloglucan secreted by suspension-
culturedsycamorecells.



An arabinose-containingheptadecasaccharidegenerated by endopolygalacturonasedi-
gestionof thexyloglucansecretedby suspension-culturedsycamorecellswas structurallychar-
acterized. The structureof the heptadecasaccharidewas unambiguouslydetermined through
combineddata generatedby lH-NMR spectroscopic,fast atom bombardmentmass spectromet-
ric (FAB-MS), and glycosyl-compositionand glycosyl-linkage analyses of the intact
heptadecasaccharideand of oligosaccharidefragmentsof the heptadecasaccharide. 1-D and
2-D lH-NMR analysesprovidedthe anomericconfigurationof the glycosidiclinkages,as well as
informationaboutthe glycosyl-residueand glycosyl-linkagecompositionsof the heptadecasac-
charide. FAB-MS providedthe molecularweightand suppliedcriticalinformationabout the gly-
cosylcompositionand glycosylsequence of the heptadecasacchadde. The heptadecasaccha-
ride was found to be a combinationof previouslycharacterized nona- and heptasaccharide
componentsof xyloglucan. The nonasaccharidewas shown to be glycosidicallylinked to the
heptasaccharidethroughC-4 of the I_glucosylresidueat the non-reducingend of the heptasac-
charide component. An arabinosylresidue was glycosidic,ally linked at C-2 of the same I_-
glucosyl residue at the non-reducingend of the heptasaccharidecomponent of the heptade-
casacchande. Althoughthe presenceof arabinosylresidues in sycamorexyloglucanhas been
recognizedsince 1973, the locationof the arabinosylresidueshad notbeen ascertained.

[Laura Klefer left the Universityof Georgia to join her fianc_ in North Carolina. She is
presentlya Ph.D. studentat Duke Universityin Durham.]

4. Studies on elicitors of plant cell death: the release by pathogen-secreted enzymes
of plant cell wall fragments that kill plant cells. Steven Humphrey Doarea (Ph.D. In
biochemistry)

We have hypothesizedthat plant cell wall fragments are a triggerfor hypersensitivecell
death, a fundamental defense response of plants that have been challenged by potential
pathogens. The goal of thisresearchwas to demonstratethat plant cellwall fragmentsreleased
by plant pathogen-secreted enzymes can killplant cells. The rice blast fungus,Magnaporthe
grisea, was foundto secrete, when grown on plant cell walls, a heat-labile activitythat killed
suspension-culturedmaize cells. Further,this heat-labile killingactivitywas shownto release
heat-stablemaize cell wall fragments thatkilledmaize cells.

In an attemptto determinewhether selectedcell wall-degradingenzymes secreted by the
fungus were responsiblefor the heat-labilekillingactivity,pectin lyase, pectin methylesterase,
and a xylanase were purified to homogeneityfrom the culture filtrate of M. grisea. These
enzymes individuallyor togetherdid not kill suspension-culturedmaize cells. However, the xy-
lanase was ableto release,to a limiteddegree, heat-stablemaize cell wall fragmentsthat killed
maize cells.

The maize cell wall fragmentssolubilizedby the fungal-secretedheat-labile killingactivity
were found to be composedpdmarUyof arabinoxylanoligosaccharides,someof whichwere fer-
uloylated. The killingactivityof thewall fragmentswas destroyedby base treatment,suggesting
that the feruloylesterswere necessaryfor the killingactivity. Purificationof the active compo-
nent was not possiblebecause of the nearly total loss of killing activityduring attempted chro-
matographicseparations. The loss of killingactivity was shown to resultfrom precipitationor
from bindingto the walls of glass vessels of a quantitativelyminorcomponent of the fragment
mixture.

The results presentedsupport the hypothesisthat plant cell wall fragments are elicitorsof
the hypersensitiveresponse. However,the fact that the killingactivityof the cell wall fragments



is due to a quantitativelyminor componentmeans that the structuralnature of the cell wall
fragmentthat possesseskillingactivityremainsto be determined.

[Steve Doares is presentlya postdoctoralresearchassociatewith ProfessorC. A. Ryan at
WashingtonState University.]

5. A chromatographic method for screening enzymes for the ability to fragment
rhsmnogalacturonan II, a plant cell wall pectic polysaccharide. Que Guo (M.Sc. In
botany)

High-performanceanion-exchangechromatographywith pulsed amperometricdetection
has been usedto screencommercialenzyme preparationsand culturemediumof fungi isolated
from soil for the presence of exo- and enc/oglycanasesthat are able to fragment rhamnogalac-
turonanII (RG-II), a cell wall pecticpolysaccharide. RG-II-degradingrhamnosidase,arabinosi-
dase, galactosidase,galacturonidase,and glucuronidaseactivitieswere found in four commer-
cial enzyme preparations. Small amountsof oligosaccharideswere released by treatment of
RG-II with a Cellulasepreparationfrom Penic/llum funicu/osum. GLC-MS (CI and El) analyses
of themethylatedoligoglycosylalditolsderivedfromthe released oligosaccharidesprovidedevi-
dence that the P. funiculosum Cellulase preparationcontainsan endogalacturonidaseand an
endorhamnosidase. Exogalactosidaseand exogalacturonidaseactivitieswere found in the
culture medium of Aspergillus nidu/ans when that fungus was grown on RG-II as a carbon
source. An enzyme extractof etiolatedpea seedlingsshowedno RG-II-degradingability.

[Que Guo left the Universityof Georgia to secure employmentin orderto seek permanent
residencein the USA. He is presentlya researchscientist,specializingin the chromatography
of complexcarbohydrates,at CambridgeNeuroscience,Cambridge,Massachusetts.]

Des.crlptlonsof current Graduate Student Research Prolects

1. Oligogalacturonldes are able to Induce flowers to form and to Inhibit root formation
on tobacco explants. Vlctbrla Marfe.

Oligogalacturonides(ec-l,4-D-galactosyluronicacid oligomers)are fragmentsof the homo-
galacturonancomponentof the primarycell wallsof higherplants. Treatment of cell wallswith
endopolygalacturonase(EPG) derived from microbesreleases the polysaccharidesrhamno-
galacturonan-I(RG-I) and rhamnogalacturonan-II(RG-II) and variouslysized oligogalacturonide
fragmentsof homogalacturonan.The EPG-released sycamorecell wallcomponentsare able to
regulate several morphogeneticprocesses in tobacco thin-cell layer (TCL) explants. We
followed one of these morphogenesis-regulatingactivities, namely, the inductionof flower
formationon TCL explants, with the goal of purifyingthe biologicallyactive componentfrom
EPG-released material. Saponificationof the methyl and acetyl esters of the EPG-released
materialdid not reduce the flower-inducingactivity. However, EPG treatment of the de-esteri-
fled EPG-released material destroyedthe flower-inducingactivity, establishingthat the active
carbohydratescontainedseveral, consecutiveovl,4-1inked galactosyluronicacid residues that
are required for the flower-inducingactivity. The flower-inducingactivity was purified by gel
permeationand ion-exchangechromatographiesand HPLC and shown to be o_-l,4-1inkedoli-
gogalacturonideswith a degree of polymerization(DP) of 12 to 14, which exhibitedhalf-maxi-
mum activityat approximately0.4 pM. Smaller oligogalacturonides,RG-I, and RG-II did not,
evenat higherconcentrations,induceflowersto form.



We have also shownthat oligogalacturonideswith DPs between 10 and 15 are able to in-
hibitthe formationof rootsof TCLs incubatedon a root-inducingmedium [15 I_M indolebutyric
acid (IBA) and 0.5 I_Mkinetin]. Our collaborators,ProfessorF. Cervoneand hisresearchgroup
(Universityof Rome, Italy),have recentlyshownthat oligogalacturonidesalso inhibitthe forma-
tionof rootson tobaccoleaf diskexplants. Homogeneouslysizedoligogalacturonideswith DPs
from 8 to 20 are being purifiedby DionexHPLC and willbe tested individuallyon boththe leaf
disk and TCL explantbioassaysto determinethe exact DP range requiredfor the inhibitionof
rootformation. The abilityof oltgogalacturonidesto stimulatethe formationof flowersand inhibit
root formationon tobacco explantsprovidesfurther evidence of the pleiotropicnature of this
oligosacchadn.

2. The generation of monoclonal antibodies specific for plant cell wall polysaccharide
epitopes. Nancy Dunning.

This research is part of a project to generate monoclonalantibodiesthat bind to specific
epitopesof plant cell wallpolysaccharides.The goal of this researchis to obtaina diversepanel
of polysaccharide-specificantibodies for a variety of experimental applicationsincludingthe
purificationof oligo- and polysaccharides,structuralcharacterizationof polysaccharides,local-
ization of polysaccharideswithin plant cell walls and tissues, and selection of plant cell wall
mutants.

Previous attempts to generate monoclonal antibodies through traditional spleen
cell/myelomafusionhave resultedin limitedsuccess. Mice immunizedwith rhamnogalacturo-
nan I (RG-I) isolatedfrom the cellwalls of suspension-culturedsycamoremaple (Acer pseudo-
platanus) cells yielded only low numbersof hybridomassecretingantibodies recognizingRG-I.
Only 12 lineswere obtainedout of approximately2,000 hybridomasscreened. The antibodies
secreted by these hybridomasfall intothree reactivitygroups, two of which were polysaccha-
ride-specific.The low yieldof positivesecretinghybridomasresultsfrom the low immunogenic-
ityof polysaccharides. Our laboratoryis developingexperimentalapproachesto increasethe
number and diversity of plant cell wall polysaccharide-specificantibodies available for our
research.

One of our approaches involvesthe use of recombinantexpression librariesproducing
antibodyFab fragments.1 We proposeto screen suchlibrariesfor immunoglobulincloneswith
the abilityto bind to plant cell wall polysaccharides.We believethisapproach willenable us to
obtainmany more useful monoclonalantibodiesthan wouldbe possiblethroughtraditionalhy-
bridomatechnology. The antibody cloningand expressionsystem we will use was developed
by Lerner'sgroup1 and is marketedby Stratacytein kit form. In thisprocedure,antibodycDNAs
correspondingto mRNAs are amplifiedfrommurinemRNA usingprimersto conservedareas on
theCH1(71)andVH regionsof the heavychainand CL(t¢)and VL(_:) regionsof the lightchain. A
_.phage expressionvectoris usedto generatetwo cDNA libraries,one for the heavy chains and
one for the lightchains. These librariesare then combinedrandomlyto form a third Z librarythat
expressesantibody Fab fragments. This combinatoriallibrarywillbe screened for antibodyFab
fragmentsthat bind carbohydratesby usinga filter-bindingassay analogousto a Western blot,
but using labeled oligosaccharidesas probes.2 The advantageof this cloningprocedure over
conventionalhybridomatechnology_ the ability to easily screen thousandsof recombinant
clones, in addition,a goodimmune responseis notstrictlyrequired. This makes the technique
particularlysuited to carbohydrateantigensthat tendto have low immunogenicity.

We are initiallytestingthe utilityof this technologyby cloningthe antibody-producinggenes
fromthe spleencells of a well-immunizedmouse and also using a hybridomacell line (CCRC-
Ml) which producesan IgG1 antibody that recognizes sycamorexyloglucan. The mouse was
immunizedwith endopolygalacturonase(EPG), a microbialplant cell wall-degrading enzyme



thatwas previouslyfoundto be highlyimmunogenic.Poly (A)+RNA from the spleen cells of this
mouse willbe usedto test the amplificationand cloningprotocolsof the Stratacyte kit. We will
use the hybridomace, line to develop techniquesto screen phage expression librarieswith
labeled oligosaccharides.Any clonedimmunoglobulingenes from this linewill providepositive
controlsfor subsequentexperimentsdesignedto clone immunoglobulinsrecognizingplant cell
wall carbohydrates.

The followingsteps in this protocolhave been carriedout. Total RNA has been isolated
fromthe spleenof a mouse immunizedwithEPG and from the hybridomaline, CCRC-MI. Poly
(A)* RNA w_spurifiedby passingtotal RNA throughan oligodT column. The qualityof the poly
(A)* RNA was checked by northernbiot using a commerciallyavailablegene probe to murine
CL(_) chain. The immunoglobulinmRNA present in the poly (A)* RNA was amplifiedby PCR.
The PCR primers provided by Stratacyte failed initiallyto amplify the heavy chain of the
hybridomaline (CCRC-M1), while a productof the proper length was readily obtained for the
lightchain. A PCR produce of the correctlengthwas recentlyobtained for the heavy chain of

• CCRC-,vll by lowering the annealing temperature and using cDNA that had been prepared
usinga CH3('Y1) primer insteadof an oligo ciTprimer. A PCR productof the correct lengthfor
bothheavy and lightchainswas obtainedfrom EPG-immunized mouse spleen RNA. Libraries
usingali of these PCR productsare currentlybeingconstructed.

We will continue our effort to clone the antibody-producinggenes from the hybridoma
(CCRC-M1). When functionalantibodyproteinhas been obtained from cDNA clones,the anti-
body Fab fragmentproduced from bacteriawillbe comparedfor bindingaffinitiesand specificity
to the antibodyproteinproducedby the hybridoma. Also, because the large size of an intact
antibody molecule often limits its use in immunolocalizations,functional differences in
immunolocalizationswillbe comparedusingthe hybridoma-producedwhole antibodymolecule,
the Fab fragmentgenerated by papain digestionof the hybridoma-producedantibody,and the
antibodyFab fragment producedin E. coli. The heavy chain Fab fragment from E. coli will be
includedin this comparison,providedthe heavy chaindisplaysspecific bindingin the absence
of the lightchain• A smallermoleculewith the same specificbindingof the large, whole anti-
body molecule may penetrate plant tissues more effectively resulting in more efficient and
accurateimmunolocalizationstudies.

Once these proceduresare perfected,cDNA libraries from mice immunizedwith various
cellwallcarbohydrateswillbe constructedand screenedfor antibodiesrecognizingdiverseplant
cell wall carbohydrates. Those antibodyFab fragments displayingspecificityto unique carbo-
hydrate moietieswill be characterizedto determine the epitope structuresrecognizedby the
antibodies. The antibodieswillbe tested for their utilityin immunolocalizationstudies,selection
of cellwall mutants,and for the purificationof oligo-andpolysaLccharides.

1. Huse, W.D., L. Sastry, S.A. Iverson, A.S. Kang, M. Alti:_g-Mees, D•R. Burton, S.J•
Benkovic, and R.A. Lerner. 1989. Generationof a large combinatoriallibraryof the
immunoglobulinrepertoirein phage lambda. Science 246:1275-1281.

2. Cheong,J..J. and M.G. Hahn. 1991. A specific, high-affinitybindingsite for the hepta-_-
glucosideelicitorexistsin soybeanmembranes. The Plant Cell 3:137-147.

3. Studies on xyloglucan ollgosaccharlns and on a cell wall (x-fucosldasethat Is able to
regulate xyloglucan ollgosaccharln activity. Christopher Augur.

O!igosacch__ddefr _nm_nt_ I,_l;.,r,,,-,,,,-_,-,-;,,--_•-u ....... -, _,,.._,,o=,-,,,.=,.-olfrom bacterial, fungal and plant polysaccha-
rides have biological regulatory activities. Th3 demonstrated activities of oligosacchadns

i

i



include the ability of xyloglucan oligosaccharidesto inhibit auxin (2,4-dichlorophenoxyacetic
acid)-inducedgrowthof pea stemsegments. Evidencein the literaturesuggeststhat xyloglucan
oligosaccharidesare involvedin feedback inhibitionof auxin-inducedgrowth. Xyloglucanis a
hemicellulosepresent in the cell walls of higherplants. This research has involvedtwo com-
plementaryinvestigationsinto the abilityof xyloglucanoligosaccharidesto inhibitauxin-induced
growthof pea stems. We have obtainednew informationaboutthe structuralrequirementsof
xyloglucanoligosaccharidesthat inhibitauxin-inducedgrowth of etiolated pea stem segments.
We have also purified,from pea stems, an o_-fucosidasethat destroysthe growth inhibitingac-
tivity of xyloglucanoligosaccharides. Using immunocytochemicalmethods, we were able to
localizethe o_-fucosidasein theprimarycellwalls of pea tissues.

Treatment of xyloglucanwith an endo-_-l,4-glucanase isolated from the fungus Tricho-
derma viride cleaves the _l,4-glucan backbone at unbranchedglucosyl residues,generating
oligosaccharidesubunitsof the polymer. A nonasaccharide(XG9) from this digest has been
shown to inhibitauxin-stimulatedelongationof etiolated pea stem segments. The inhibiting
activity of XG9 exhibitsa concentrationoptimumaround 10-e M. A structurallyrelated hap-
tasaccharide(XG7) doesnot inhibitelongation. Thisestablishedthatthe fucosyl-galactosylside
chain of XG9 is essential for biologicalactivity. Therefore, it was importantto determine the
biologicalactivity of relatedxyloglucanoligosaccharidescontainingthe characteristicdisaccha-
ride side chainto determine if otherxyloglucanoligosaccharidestructuralfeatures are required
for biologicalactivity. We have found that an undecasaccharide(XG11) containingtwo fucosyl-
galactosyl side chains (also isolated from endoglucanase-digestedxyloglucan) consistently
exhibitsgreater inhibitionof auxin-stimulatedgrowththan does XG9. We have also shownthat
the aldehyde-reducedXG9 and XG8', which lack the xylosylresiduefarthest from the reducing
end, are as effectiveas XG9 in inhibitingauxin-stimulatedelongation. Furthermore,in collabo-
rationwith ProfessorT. Ogawa and hisresearchgroupat the RIKEN InstituteinJapan, we have
shown that the inhibitingproperties of chemicallysynthesizedXG9 are indistinguishablefrom
thoseof XG9 isolatedfrom cell wallxyloglucan,thus confirmingthe activityof XG9 isolatedfrom
natural sources. This work has resulted in a paper accepted for publication in Plant
Physiology.1

Oligosaccharins, such as XG11 and XG9 are likely important components in the control of
auxin-induced growth. Since the terminal fucosyl residues of XG11 and XG9 have been shown
to be essential for their biological activity, we looked for, detected, and purified from pea stems a
cell wall-localized ¢z-L-fucosidasethat is able to remove the terminal fucosyl residue from the XG
oligosaccharides, thereby destroying their inhibiting activity. The fucosidase has no activity on
polymeric xyloglucan nor on a variety of model substrates such as para-nitro-phenol et-L-fuco-
side. We have purified the fucosidase to homogeneity. This is the first report on the purification
of an ¢z-fucosidase from plants. We have been able to obtain an N-terminal amino acid
sequence of the enzyme. Interestingly, this sequence shows strong homology to trypsin in-
hibitors. Additionally, we were able to generate, by PCR, a partial 354 bp cDNA clone of the a-
fucosidase which is presently being sequenced.

Monoclonal antibodies have been obtained for the ec-fucosidaseand have been used in a
collaborative project with Professor Nicole Behamou (Laval University, Quebec, Canada) to lo-
calize the ot-fucosidasein the cell walls of etiolated pea seedlings. No labeling was found in the
cell comers, but heavy labeling was found in primary cell walls. Further, cell walls from two- and
four-day-old epicotyls showed little if any labeling with gold-labeled antibody. This finding cor-
related with our inability to isolate ot-fucosidasefrom this tissue. Eight-day-old tissue shows
heavy labeling and is a good source of ot-fucosidase. This data establishes that ct-fucosidase
activity isdevelopmentally controlled in growing pea epicotyls.

Future work will include the isolation, sequencing and ch_acterization of a genomic clone
coding for the pea stem ot-fucosidase. Genomic cloning will be achieved by using the partial



cDNA clone as a probe to screenan existingpea (and/orArabidopsis) genomiclibrary. We are
also preparingto studythe levelsof mRNA encodingthe ¢-fucosidase to learn whether auxin
rapidlyaffectsthese levels.

1. Augur, C., L. Yu, K. Sakai, T. Ogawa, P. Sinai, A.G. Darvill,and P. Albersheim. 1992.
Furtherstudiesof the abilityof xyioglucanoligosaccharidesto inhibitauxin-stimulated
growth. Plant Physiol. Inpress.

4. Studies to identify and purify a receptor for biologically active ollgogalacturonides.
Mark D. Splro

This projectinvolvesthe isolationand characterizationof the putativetobacco cell receptor
proteinof biologicallyactive 1,4-1inkedec-D-oligogalacturonides(DP 10-15). Several biological
activitiesof size-specificoligogalacturonideshave been identifiedintobacco cellsand tissues.1,2
In order to obtain a well-definedligandwith whichto probe for the receptor, it was first neces-
sary to isolate homogeneous, size-specific 1,4-1inkedoc-D-oligogalacturonides. We have
developed a method for purificationof milligramquantities of homogeneous, size-specific
tridecagalacturonidefrom a-1,4-endopolygalacturonase-digestedpolygalacturonicacid (Sigma).
Oligogalacturonideswith DPs greater than nine were selectivelyprecipitatedby the addition,to
rh6 endopolygalacturonasedigestof polygalacturonicacid, of sodium acetate (to 50 mM) and
ethanol (to 11%). Oligogalacturonideswith DPs less than eight and structurallymodifiedoli-
gogalacturonides(knownto be released by endopolygalacturonasetreatment of polygalactur-
onic acid) remainedsoluble. The ethanol-precipitatedoligogalacturonideswere purifiedusing
Q-SephaJose fast-flow anion-exchange chromatography,followed by semi-preparative high-
performance anion-exchange chromatographywith pulsed amperometric detection (HPAE-
PAD). The purifiedtridecagalacturonidewas shown, by glycosyl-residueand glycosyl-linkage
compositionanalysis,analyticalHPAE-PAD, fast atom bombardmentmass spectroscopy,elec-
trospraymass spectrometry,and lH-NMR spectroscopy,to be homogeneous. Approximately
70 mgof homogeneoustridecagalacturonidecan be pudfiedfrom 10 g of enzymaticallydigested
polygalacturonicacid. The purifiedtridecagalacturonidehas been shown to elicit phytoalexin
accumulationin soybeansand induceflower formationintobaccothincell layer explants.

We derivatized tridecagalacturonideto prepare a labeled ligand for probing for binding
proteins, as the trigalacturonidefalls in the middle of the biologicallyactive size range and,
therefore,is less likelyto requirethe reducingend for itsbiologicalactivity. We have attacheda
tyramine to the reducing end of the tridecagalacturonideby reductive (sodium cyanoborohy-
dride)amination. The structureof the tyraminatedtridecagalacturonidewas confirmedby elec-
trospraymass spectrometry. This conjugatedtyramine shouldthen be amenable to radio-iodi-
nationemployingNa[1251]and "lodogen"reagent(Pierce Chemical Company). Usingthis pro-
cedure, we expect to obtain a specificradioactivityof 200,000 cpm per pM of ligand. The bio-
logicalactivityof the resultingradiolabeledligandwill be determined by its abilityto induce K*
efflux in suspension-culturedtobaccocells,as recentlydescribedby Mathieu et al.1 Microsomal
fractionsof suspension-culturedtobaccocells will be prepared and screened for tridecagalac-
turonidebindingactivity. We proposeto solubilizethe receptorproteinwithdetergentand purify
the solubUizedproteinby conventiona_purificationprocedures.

1. Mathieu,Y., A. Kurkdjian,H. Xia, J. Guern, M.D. Spiro,M.A. O'Neill, P. Albersheim,andA.
Darvill. 1991= Membraneresponsesinducedby oligogalacturonidesin suspension-
culturedtobaccocells. The Plant Journal 1:333-343.



2. Marfb, V., D.J. Gollin, S. Eberhard, D. Mohnen,A. Dan/iii, and P. Albersheim. 1991. Oli-
gogalacturonidesare able to induceflowersto form on tobacco explants. The Plant
Journal 1:217-225.

5. Development of spectroscopic methods for the structural analysis of plant cell wall
xyloglucans. William S. York.

Xyloglucansare hemicellulosicpolysaccharidesthat play an importantrole in the growth
and development of plant cells. Xyloglucans consist of a cellulosic (_-l,4-Unked
D-glucopyranosyl) backbone with (x-o-xylopyranosyl residues attached at C-6. _-
D-Galactopyranosyl,a-L-fucopyranosyl,(_-L-arabinofuranosyl,and _-D-xylopyranosylresidues
are also foundinxyloglucans.The identityand attachmentsites of these othertypes of glycosyl
residuesvary from species to species and from tissue to tissue, and affect the rheological
propertiesof polymericxyloglucansand the biologicalactivityof xyloglucan-derivedoligosac-
charides.

The focusof thisprojectis to identifythe primarystructuresof as many as possibleof the
differenttypes of endo-_-l,4-glucanase-released oligosaccharidesubunitsof xyloglucansiso-
lated from differentplant species and thereby compilea detailedset of diagnosticcorrelations
between specificstructuralfeatures of the oligosaccharidesand specificfeatures in their NMR
and massspectra. The initialstructuralcharacterizationof these oligosaccharideshas been ac-
complishedby a combinationof NMR spectroscopyand mass spectrometry,but, once their
structureshave been determined, these spectroscopictechniquesprovide a "fingerprint"for
each oligosaccharide,making it far easier to identifythese oligosaccharidesin the future. The
use of artificialneuralnetworkanalysismay further simplifythe identifications.Furthermore,the
diagnostic(structural-spectral)correlationsthat are deduced in the course of the characteriza-
tionof thexyloglucanoligosaccharidescan be used to assignstructuresfor related oligosaccha-
ridesthat have notbeen previouslycharacterized.

We have made good progressin collectingand characterizinga large set of xyloglucan
oligosaccharidesby working with several (past and present) members of the CCRC. For
example, Makoto Hisamatsu, a visiting scientist from Mie University, Tsu, Japan, who is a
specialistin the isolationof oligosaccharidesby HPLC, purifiedseven novel oligosaccharides
derived from the xyloglucan found in the culture filtrate of suspension-culturedAcer
pseudop/atanus (sycamore) cells. These oligosaccharidescontained from 17 to 21 glycosyl
residues. Seven of these oligosaccharideswere completely characterizedby spectroscopic
techniques1based on previousstructuralanalysisof smallerxyloglucanoligosaccharides.2 The
novelsubstructurescharacterizedincluded,for example,a _-xylosylresidueattached to 0-2 of a
backbone glucosyl residue that has an o_-xylosylresidue attached to 0-6. These results
expandedour list of structural-spectralcorrelations. We are performinga similar study of ten
additionalxyloglucanoligosaccharidesobtained from suspension-culturedsycamore cells that
were purifiedby Dr. Hisamatsuand Dr. GiuseppeImpallomeni(a visitingscientistfromCatania,
Italy). Additionalstructural-spectralcorrelationshave already been obtained from this study.
We are alsoexaminingxyloglucansfrom otherplant species,such as apple and tobacco,which
containarabinosylresiduesattachedto differentpositionsthan in sycamore xyloglucan. Study
of xyloglucansfrom these otherspeciesis requiredto get a completepicture of the relationships
between the structures of xyloglucansand their NMR and mass spectra, and, eventually,bio-
logicalfunction.

The secondary focus of this research is to examine the conformation of xyloglucansand
their oligosaccharidesubunits. The molecularbasis for the biologicalfunctionsof xyloglucans
and xyloglucan-derivedoligosaccharideswill be fully appreciatedonly when the three-dimen-
sionalconformationsof these moleculesare established. A preliminarytheoreticalstudy of the



conformationsof xyloglucanswas performedby Drs. Sam Levy and Andrew Staehelin at the
Universityof Colorado,Drs. BerndMeyerand Rainer Stuike-Prillof the CCRC, andYork.3 York
is currentlyworking(in collaborationwith Dr. Leszek Poppeof the CCRC) on the development
and applicationof NMR methodsto the analysisof the conformationsof xyloglucans. The con-
formationalpropertiesof model xyloglucanoligosaccharides(some of which are already avail-
able and some of which are being prepared)willbe examinedby these NMR techniques. This
experimentalevidencewillallowusto evaluatetheconclusionsof ourtheoreticalconformational
analyses and gain more knowledge of the conformationand dynamic behavior of xyloglucan
and xyloglucanoligosaccharides.

[Yorkis a long-timememberof the CCRC. in 1990, he decidedto work towardsobtaining
a Ph.D. degree inbiochemistry.York divideshistime between his graduatestudies,servingas
a considerablyknowledgeableresource for CCRC members, and managing the mass spec-
trometryfacilities.]
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6. An investigation to determine whether pathogenesis-related (PR) proteins release
fungal cell wall oligosaccharides that Induce plant defense responses. Kyung-Sik
Ham.

Infectionof many plantswith viruses,fungi,or bacteria, or treatmentof the plants with any
of several chemicalsthat stress plants frequentlyleads to the induction,in the plant tissues,of
pathogenesis-related(PR) proteins.1 AlthoughPR proteinshave been widelystudiedand some
of theircatalyticfunctionsidentified,I,2biologicalfunctionsfor them havebeen onlyinferred. We
and others hypothesize that PR proteins release biologically active oligosaccharides
(oligosaccharins)fromfungalcellwallsthat lead to the inductionof defenseresponsesin plants.

The goals of this researchare to determinewhether PR proteinscan release biologically
activeoligosaccharidesfrom fungalcellwallsandto identifythe structuresofthose oligosaccha-
rides. We have shownthat PR proteinsare inducedin soybean leavesby fungalinfectionand
by treatment with mercuricchloride. Both 13-1,3-glucanaseand chitinase activities increased
followingtreatmentwithfungalinfectionor mercuricchloride,indicatingthatsome of the induced
PR proteinsare 1_-l,3-glucanaseand chitinase. We purifiedtwo basic proteinsthat released
phytoalexinelicitor-activefragments from the cell walls of a fungal pathogen (Phytophthora
megasperma f.sp.glycinea; Ping). We have shownthat _hesetwo proteinsare PR proteinsand
that the proteins have 13-1,3-glucanaseactivities(this work has recently been published).3
These results support the hypothesisthat PR proteinscan release biologicallyactive elicitors
fromfungalcell walls. We proposeto purifythe oligosacchaddeelicitorssolubilizedfrom fungal
cell walls by purified PR 13-1,3-glucanase. We also propose to identifythe structureof the
smallestelicitor released and will compare its structureto that of the hepta-_glucoside, the
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terminewhetherother 13-1,3-glucanaseisozymesfound in soybeanproduce structurallysimilar
elicitorswrwhether they releasedifferentoligosaccharidesthat could have an interactiveeffect
in generatingphytoaJexinelicitors. We will also test the released oligosaccharidesfor otherbi-
ological activities,e.g., protectionof tobacco from virus, another known functionof fungal 13-
glucanoligosaccharides.

We are also studyingwhether fungal pathogensprodu_,einhibitorproteinsof soybean 13-
1,3-glucanases. The presence of inhibitorproteinswas first found in the anthracnose-causing
fungal pathogen(Co//ectotrichum/indemuthianum) about20 years ago.̀ = Since then, no further
studies have been carriedout. Our studies have shown that Pmg both produces inhibitor
proteinsof plant 13-1,3-glucanasesand produces13-1,3-glucanasesitself. We will studythe in-
hibitorsto determinewhether they are effectiveon plant PR glucanases in general or whether
the inhibitorsspecificallyinhibitselectivePR glucanases,and whether the fungal inhibitoralso
inhibitsfungal 13-1,3-glucanases.These studieswillallow usto learn more aboutthe functionof
PR 13-1,3-glucanasesin soybean, their interactionwith 1_-l,3-glucanaseinhibitorsproducedby
Pmg, and the role of these two proteinsin releasingoligosaccharinsactive in host-pathogenin-
teractions.

1. Carr, J.P. and D.F. Klessig. 1989. The pathogenesis-relatedproteins of plants. In:
Genetic Engineering: Principles and Methods, Vol. 11 (J.K. Setlow andA. Hollaender,
eds.) PlenumPress,New York,pp. 65-109.

2. Bol, J.F., J.M. Linthorst,and B.J.C. Comelissen. 1990. Plant pathogenesis-related
proteinsinducedbyvirusinfection. Ann. Rev. Phytopathol. 28:113-138.

3. Ham, K.-S., S. Kauffmann,P. Albersheim,andA.G. DarviU. 1991. Host-PathogenInterac-
tions XXXlX. A soybean pathogenesis-relatedprotein with 13-1,3-glucanaseactivity
releases phytoalexinelicitor-activeheat-stable fragments from fungal walls. Mo/.
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7. Is improper protein folding a trigger for plant defense responses? Ivana GeUneo.

Plantshave methodsof fightinginfections,althoughthey have no immunesystemsimilarto
that knownto exist in animals. Plant defenses againstpotentialpathogensincludethe hyper-
sensitiveresponse, synthesisand accumulationof phytoalexins,accumulationof hydroxypro-
line-richglycoproteins,depositionof lignin-likematerialand otherwall-boundphenolics,deposi-
tion of callose, stimulation of the activity of certain hydrolyticenzymes such as endo-_-
glucanasesand chitinases(PR proteins),as well as the accumulationof proteinaseinhibitors.1
A plant'sdefensesystemcan be inducedby applicationof elicitors(oligosaccharins)from plant
or microbecellwall origin.

Professor Jean Guem's group (Gif sur Yvette, France; see highlight section 1 in the
Overview) has shown that _'eatment of suspension-culturedtobacco cells with structurally
defined _-l,4-D-oligogalacturonidesinduced a rapid and transientstimulationof K. efflux con-
comitantwith membranedepolarization,alkalinizationof the incubationmedium, acidificationof
the cytoplasm,and an influxof Ca2+.2 If the plasma membraneof tobacco cells exhibitssuch
dramatic modificationsupon oligogalacturonideelicitortreatment, with concomitantdisruptive
ionicflows, it is possibleto expect a similareffect on internal cellular membranessuch as the



endoplasmicreticulumand Golgi apparatus, the two organelles where protein glycosylation
takes place.

ProfessorRobert Fluhr (Weizmann Institute,Rehovot, Israel) hypothesizedthat, upon ex-
posure to elicitorsor pathogens,plants are triggeredto change tl_eirprotein glycosylationand
folding. In this hypothesis,the resultingmisfolded glycoproteinsbind increased amounts of
chaperone3 protein, and the reduced amount of free chaperone leads to activation of plant
defenses. To studythishypothesis,a transgenictobaccoplanthas been producedcontaininga
35S-PR1M prepeptide sequence -- chloramphenicolacetyl transferase construct. The CAT
productfrom this constructedgene sequence is glycosylatedand is secreted into the extracel-
lularmatrix. Due to the glycosylationnear its active site, the CAT is secreted in an enzymati-
cally inactiveform, but, in the presenceof tunicamycin,an antibioticthat inhibitsglycosylation,
an active form is secreted. Thus, the CAT proteincan be usedas a monitorof changesin gly-
cosylationin responseto stress. We proposeto look for changesin the CAT activityand inthe
structureof its carbohydrateside chainwhen tobacco cells are treated with differentelicitorsof
plant defenses,such as e¢-1,4-oligogalacturonidesand _-1,4-endc_<ylanases.To identifypoten-
tial changesin glycosylation,we willconvertthe CAT carbohydratechainto a free, radiolabeled
oligoglycosylaiditoland analyze itwith variouschromatographicpurificationsalreadydeveloped
at the CCRC and, if possible, by artificialneuralnetworkanalysis.

1. Lamb, C.J., M.N. Bell, C.C. Cramer, S.L. DUdine,C. Grand, S.A. Hedrick, T.B. Ryder, and
A.M. Showalter. 1986. Molecularresponsesof plantsto infection.Biotechnologyfor
solvingagriculturalproblems. Beltsville AgriculturalResearch Center Symposium
X:237-251.

2. Mathieu,Y., A. Kurkdjian,H. Xia, J. Guern, A. Koller,M.D. Spiro, M. O'Neill, P. Albersheim,
and A. Darvill. 1991. Membrane responsesinducedby oligogalacturonidesin sus-
pension-culturedtobaccocells. The Plant Journal 1:333-343.

8. Cloning and ch;lracterlzation of genes for _-l,4-011gogalacturonlde binding proteins.
Brent Rldley.

The goal of this project is to clone a gene for a receptor'of biologicallyactive (x-l,4-01i-
gogalacturonides(DP 12-14). The strategyis to identifyproteinsthat bind labeled oligogalac-
turonidesfrom cDNA expressionlibraries. This approach is based on the success of various
researchersin identifyinga variety of genes for proteinsthat bind specificligandsby screening
cDNA expressionlibraries. For example,the genes for calmodulin-bindingproteins,1 the regu-
latory subunit of cAMP-dependent protein kinase,2 and an enhancer-bindingproteir_.4 have
been cloned by screening _.-gtl1 librarieswith 12Sl-labeledcalmodulin,32p-labeledcAMP, and
32p-labeledrecognitionsite DNA, respectively.

The firstphase of thisprojectisto label biologicallyactiveoligogalacturonideswith a ligand.
Oligogalacturonideslabeled with 1251using a method being developed by Mark Spiro (see
project4 inthis appendix)may be usedto screenthe expressionlibrary. However,we are also
attemptingto labelthe oligogalacturonideswith biotinby formaltionof a hydrazoneor hydrazide
derivative. The model uronide,trigalacturonicacid, has been successfullylabeled with biotin.
Currenteffortsto label the pure tridecagalacturonidehave yielded an HPLC-purifiedbiotinand
uronicacid-containingpeak that has the expectedlH-NMR signalsfor the oligogalacturonicacid
biotinhydrazide. Attempts to obtaina lH-NMR spectrum of the productas well as assay for
biologicalactivity inthe soybeancotyledonphytoalexininductionassay,s tobaccoTCL morpho-
genesisbioassays and tobaccocell suspensionH+ influxassay7 are underway. Biotinlabeling
is advantageousbecause biotinylatedoligogalacturonidescan be used, due to their avidity,for



avidin,to attemptto identifymRNA populationsthat encodeoligogalacturonide-bindingproteins
(OBPs). In vitro translatedreceptorsfrom othersystemshave been shownto retain bindingac-
tivity. An in vitro translatedthyroidhormonereceptorretainedthe abilityto bind thyroidhormone
with a high affinify.8 Liuand colleagues9 clonedan IgE-bindingproteinvia the ability of the in
vitro translatedIgE-bindingprotein to bind IgE. Thus, in vitro translated OBPs may retain the
ability to bind oligogalacturonides.We will in vitro translatemRNA isolated from a variety of
tissuesin the presence of 3SS-methionineand in the presence and absence of microsomes.
The 3sS-labeled in vitro translationproductswill be incubatedwith biotinylatedoligogaiactur-
onide, and any protein-oligogaiacturonidecomplexes will be precipitated with streptavidin-
agarose and analyzed by SDS-PAGE.tO These experimentswill give us informationabout the
number of different potential oligogalacturonide-bindingproteins that may be expected from
cDNA librariesmade from various mRNA sources. In addition,detectionof in vitro translated
bindingproteinswillprovideevidence for the feasibility of selectinggenes for oligogalacturonide
receptorsbyscreening_.-gtl1-cDNAexpressionlibrariesin E. coli.

A Z-gtl 1 expressionlibraryconstructedfrom polyA* mRNA isolatedfrom tobaccothin cell
layers (TCLs) will be screened with labeled tridecagalacturonide,s Phage that express OBPs
will be detected by transferringproteinsfrom the plaquesto nitrocellulosefilters, blocking non-
specificoligogaiacturonidebindingsiteswith oligosaccharidessuchas oligoguluronate,probing
with radiolabeledoligogalacturonidein the presence of excess non-specificoligosaccharides,
and washingthe filter and exposingfor autoradiography.4The successof this method requires
that the expressed proteins fold in a conformationthat retains the oligogalacturonide-binding
domainandthat non-specificbindingis inhibited.If the receptorproteinis an integralmembrane
proteinit may not foldproperlyand no OBPs wouldbe detected. In the event that no OBPs are
detected in Zgtl 1 libraries,cDNA will be cloned into a plasmid vector (e.g., lamB gene fusion
proteinvector)that allowsthe expressionof receptorsin the bacterial membrane.11 Genes for
OBPs would be detected by binding of oligogalacturonidesto intact E. coli or membrane
fractions. Such receptors have been shown to maintain native bindingproperties.12 Clones
selectedby their productionof a protein(whichselectivelybindsthe tridecagalacturonide)will be
characterizedin depth with the hope of identifyinga clonethat encodes a receptorfor biologi-
cally active oligogalacturonides, lt is possiblethat genes encoding enzymes that bind oli-
gogalacturonides,such as endogalacturonasesand pectin methylesterases,will also be identi-
fied usingthismethod. These genes wouldbe of interestsince the enzymes they encodecould
release biologicallyactive oligogalacturonidesfrom the plant cell wall. However, we are more
likely to identifythe genes for receptors,since receptorsgenerally have higherbindingaffinities
than enzymes.

Clonesthat expressoligogalacturonide-bindingproteinswill be sequenced with the hope
that the functionwillbe suggestedby sequencehomologyto previouslycharacterizedreceptor
genes. Northern analysiswill establishthe temporal and tissuespecificityof expressionof the
mRNAs of the clones. Futureeffortsto obtainother informationabout the physiologicalfunction
of oligogalacturonidebindingproteinsmay includethe use of immunocytochemistry,anti-ligand
bindingsite antibodies,and the productionof transgenicplants that over- and under-express
mRNA for putativeoligogalacturonidereceptors.
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9. Conformation analysis of the hepta-_glucoslde elicitor of phytoalexln accumulation.
Veng-Meng Lb.

Many plantsrespondto microbialattack by accumulatingsmall lipophilicmolecules,called
phytoalexins,that have antibioticactivity.l-3 Moleculesthat signalplantsto beginthe processof
phytoalexinsynthesisand other plant defense responsesare called elicitors.4,s The hepta-_-
glucosidehas been characterizedas the smallest activefungal elicitorof phytoalexinaccumula-
tion.6,7 To gain insightinto the interactionof this elicitorwith its putative receptor,8 we are
studyingthe energeticallyfavoredconformationsof the hepta-13-glucoside.We also are studying
a biologicallyrelated hexaglucoside,the backboneof which is identicalto the hepta-13-glucoside
except that the reducingresidueis substitutedwith an (x-linkedallyl group. This hexaglucoside
derivativehasthe minimumstructurerequiredforefficientphytoalexinelicitoractivity.

The backboneof the heptaglucosidecontainsfour 13(1_6) linkageswhich allowgreat flexi-
bility in the conformationof the molecule. To obtain informationon the conformationalprefer-



encesof the heptaglucoside,we have developedtwo interactivestrategies. First,we use com-
putermolecularmodelingcalculationsto predictpreferredconformations. Second,we use NMR
spectroscopyto measure the average physicalproperties(e.g., NOEs, couplingconstants)and
comparethose physicalpropertiesto the physicalpropertiespredictedby the theoreticalcalcu-
lations.

In the computer modelingtheoreticalapproachto conformationalanalysis,we apply force
field methods that do not requireexorbitantamountsof computingeffort and allowthe calcula-
tion of conformationsof relativelylarge oligosaccharides. We first used a variety of different
potentialstarting conformationsfor the heptaglucosideand optimizedtheir geometryby energy
minimizationusing the GEGOP program.9 As expected,we obtained a large number of local
energyminima(> 35 conformationswithin10 kcal/molefrom the global minimum). Second,we
used MetropolisMonte-Cado calculationsto characterizethe dynamicsof the molecule. We
found that the _(1_3) branches and the $ angles of the backbone show, as expected, only
moderate flexibility. However, the _r and the co angles around the _(1_6) linkages in the
backboneshow, also as expected, high flexibilitywith the _ angles having values from 60° to
280°, whileconformationsaroundthe (oanglesincludeali three staggeredrotamers.

lt is important, in the Monte-Carlo calculation,to monitor whether the system reaches
thermalequilibrium. Calculationsat 300 K do not reach equilibrium,and, thus, the resultsare
not reproducible. Therefore, we optimizedthe temperatureparameter to allow the heptagluco-
sideto reach equilibrium,and foundit to be 600 K.

The Monte-Carlosimulationgeneratesan ensembleof conformers;however,it isdifficultto
visualizeali of them. In order to group these conformersin classesof similarshapes, we used
clusteranalysis. Thus, we carriedout Monte-CaJ'losimulationsand clusteranalysisof both the
hexaglucosideand the tetraglucosidebackboneof the hexaglucosidewithoutthe two 1_(1_3)
branches. Interestingly,the fifth highest populated (4.2%) backbone conformation of the
hexaglucosideis not populatedat ali by the tetramer backbone. Since the tetramer is not bio-
logicallyactive, it may imply that this hexasaccharideconformation is the biologicallyactive
conformationthat binds to its cellularreceptor. This conformer, in which 13(1--->6)and 1_(1---,3)
non-reducingend termini are locatedon the surfaceof the molecule, is in agreement with the
biologicalexperimentswhich have shown that chemicalmodificationof the _(1-->6) or _(1--,3)
non-reducingterminalsignificantlyreduce thebiologicalactivityof the heptaglucoside,s Thus, it
appears possible that the _(1--->6)and _(1--->3)non-reducingend terminiof the heptaglucoside
must occurin a certainspatial arrangementin orderto form a surface that can bindto itshost
cell receptor. Any structuralmodificationthat causes steric hindrance or a conformational
changewouldsignificantlyreducethe biologicalactivityof thismolecule. The likelihoodthat this
conclusionis correcthas been strengthenedby our theoreticalstudiesof a structurallyrelated
but biologicallyinactiveheptaglucoside;we found that thisheptaglucosidecannotadoptthe pu-
tativebiologicallyactiveconformationof theactive heptaglucoside.

The first step in NMR studiesof the conformationsof the active hepta-I_-glucosidewas to
assignthe signalsin the 1-D lH-NMR spectra of the hexaglucosideand also the signalsof the
inactive analogues (synthesized by Ogawa et a1.11)by using 1-D selective TOCSY experi-
ments.12After assigningthe lH-NMR spectra, we performed 2-D NOESY and ROESY experi-
ments that have allowed us to measure the NOE interactions(i.e., through-spaceinteractions)
between pairs of individualprotons. The resultsof these experimentsshouldallowusto evalu-
ate the resultsderivedfromthe theoreticalmodeling. However,sincemany of thesignalsin the
NMR spectra of the hexaglucosideoverlap, it is difficultto identify a particular NOE interaction
from on_'Jparticular residue to another residue. In order to obtain higher resolution, we
performed 3-D NOESY-TOCSY13.14and ROESY-TOCSYlS experiments that resolved the
overlap of spectra by expanding into an additionaldimension. We are presently comparing
theseexperimentaldata to the dataderived fromtheoreticalcalculations.



The above experimentswere done in D20 solution. However, in order to observe hydroxyl
groupinteractions(e.g., hydrogenbondsor NOEs between hydroxylgroupsand otherprotons),
we are conducting 1-D selectiveNOE experimentswith water suppressionin H20 solution.
Such experimenthas alreadybeen cardedoutvery successfullyon gentiobiose,a part of the 13-
1,6 backbone of the hexaglucoside.lS However, the hydroxylgroups of the various glycosyl
residuesof the hexaglucosideoverlap;therefore, it willbe a considerablechallenge to observe
individualNOE interactionsinvolvingOH protons,but we are continuingour efforts to interpret
the spectra.

Our studieson the solutionconformationsof the heptaglucosideare continuing. Once the
putativecell receptorfor the heptaglucosideis isolatedand sufficientamountscan be obtained
by recombinantmethods,we willbe able to studythe interactionbetween the elicitorand the re-
ceptor. We shouldbe able to builda theoreticalmodel usingcomputeranalysis and evaluate
this by NMR experiments,where through-spaceinteractions(NOEs) between the elicitor and
the receptorcan be measured.
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Appendix 2: Research Accomplishments, 1987-April 1992

FACULTY RESEARCH INTERESTS

1. Peter Alberahelm, Research Professor of Biochemistry and Co-Director, CCRC

OIIgosaccharlns- Carbohydrates Posseeslng Biological Regulatory Actlvitlea

Our laboratoryhas discoveredthat oligosaccharidesare able to act as signalmolecules
in plants. Hormonal concentrations of biologically active oligosaccharides, called
oligosaccharins,regulate growthand developmentas well as defense reactionsby regulating
gene expression. Most importantly, oligosaccharinshave exquisitely specific structural re-
quirements. The first oligosaccharideshownto possessbiologicalactivitywas a hepta-I]_glu-
coside isolatedfrom the mycelialwall of a fungal pathogenof soybeans. The active hepta-13-
glucoside,whichat 10.9 M causessoybeancellsto make phytoalexins(antibiotics),was the only
activehepta-13-glucosideof about300 differenthepta-13-glucosidesgenerated from the 13-glucan
by partialacid hydrolysis.

A mixtureof large oligoglucosidefragmentsof the same mycelial wall 13-glucanthat
containsthe hepta-13-glucosideelicitorof phytoalexinshas a differenteffect when it is sprayed
on the leavesof tobaccoplants. Only very smallamountsof the oligoglucosidefragmentsneed
to be sprayed on the leavesto protectthem againstviral infection. But the fragmentof the 13-
glucan that protectstobaccoagainstviral infectionis not the same hepta-13-glucosidethat elicits
the productionof phytoalexinsin soybeans, as that oligosaccharinhas no ability to protect to-
bacco against viruses. Thus, two different oligosaccharidefragments of the same polysac-
charidemaysignalactivationof differentdefensemechanisms.

Oligogalacturonidefragments of plant cell wall homogalacturonanswere the first
oligosaccharinto be isolatedfrom a plant cellwall polysaccharide. Linear¢x-1,4-D-oligogalactur-
onides containingbetween 12 and 14 galactosyluronicacid residueshave the same biological
effect as the active hepta-13-glucoside,that is, they elicit soybean seedlings to produce
phytoalexins. Moreover, the hepta-13-glucoside(a pure neutral oligosaccharideof fungal cell
wall origin)and oligogalacturonideelicitors(a pure polyanionicoligosaccharideof plant cell wall
origin)act synergisticallywhen activatingthe expressionof the genes that encodethe enzymes
that synthesizephytoalexinsto protectthe plant,requiringthe presence of less of each to stim-
ulatephytoalexinproductionwhen bothare present.

We hypothesizethat otherplant cell wall oligosaccharidefragments,solubilizedby path-
ogen-secreted enzymes, trigger the widely observed and physiologicallyimportant hyper-
sensitiveresistanceresponse. Hypersensitiveresistanceis evidencedby the death, in a resis-
tant (incompatible)plant, of the firstplantcellsto comeincontactwithan infectingmicrobe. The
enzymes secretedby a fungal pathogen of rice plants release fragments of plant cell walls that
kill plant cells, and the active fragments appear to be part of arabinoxylan, a hemicellulose
presentin thecell wallsof alihigherplants.

Oligosaccharinsare also involvedin regulatinggrowthand developmentof plants. The
plant hormoneauxindoubles the rate of elongationgrowthof excised segmentsof pea stems.
We have demonstrated that a particular nonasaccharide fragment of xyloglucan, at a
concentrationof 10-8 to 10.9 M, inhibitsauxin-stimulatedgrowth of pea stem segments. A
variety of otherxyloglucanfragments,generatedby a _1,4-endoglucanase, are not activein in-
hibitingauxin-stimulatedgrowth. A cell wall enzyme, an c¢-fucosidase,destroysthe inhibitory
_ctivityof the nonasaccharidewhen it removesthe terminalfucosyl-esidue. We are cloningthe



_-fucosidaseand a 13-1,4-endoglucanase(also of cell wall origin) that modify and generate the
bioactivexyloglucanoligosaccharidesin orderto studytheirin vivo role in growth.

Other oligosaccharinsinhibitthe formation of roots and stimulate the production of
flowers. The Albersheim/Darvilland Mohnen research teams developed a tobacco explant
systemto studythe effect of wall fragmentson morphogenesis. The explants we are studying
are cut from the stemsof floweringtobaccoplants and are about 1 cm long, 1 mm wide, and 5
to 10 cells thick. We have foundthat we can determine the morphogeneticfate of the explants
by regulating the concentrationsof just two factors, the hormones auxin and cytokinin.
Relativelyhigh auxinand low cytokininconcentrationscause the explantsto form only roots;at
highcytokininand low auxinthe explantsform onlyvegetativeshoots;and at low auxinand low
cytokinin,the explants form flowers. Plant cell wall fragmentsreleased by the action of an a-
l ,4-endopolygalacturonaseinhibitthe formationof rootsand stimulatethe formationof flowers.
We have shown that the root-inhibitingand flower-stimulatingoligosaccharinin the mixture of
oligo- and polysaccharides released from the walls by the enzyme is linear o_-l,4-D-
oligogalacturonideswitha degree of polymerizationof 12 to 14. These are the same molecules
that elicit phytoalexinsto form in soybean seedlings, but it requires 100 times less oli-
gogalacturonide(~10.7 M)to stimulateflowersto formthan to stimulatephytoalexinproduction.

The mechanism of action of the oligogalacturonidesis being studied, lt is now
establishedthat withintwo minutesof exposureto the oligogalacturonidesa variety of plasma
membrane functions are transiently altered. These changes include a massive efflux of
ootassium ionsand an influxof calciumionsand protons,as well as a major depolarizationof
the plasma membrane. Effortsare underway to determinewhether these membraneeffects
lead to the physiologicaland morphologicaleffects observed by applyingoligogalacturonidesto
tissues.

2. Alan Oarvlll, Professor of Biochemistry and Co-Director, CCRC

Structures and Functions of Plant Cell Wall Complex Carbohydrates

Characterizationof the non-cellulosicpolysaccharidesthat constitute the primary cell
wallsof plants has been a majorresearchgoal of our laboratoryfor many years. We have em-
phasizedthe structuralstudies of five major non-cellulosicpolysaccharides,namely,the pectic
polysaccharides rhamnogalacturonan I (RG-I), rhamnogalacturonan II (RG-II), and
homogalacturonan,and the hemicellulosicpolysaccharidesxyloglucanand arabinoxylan. We
have characterized the structuresof these polysaccharidesisolated from dicot, monocot,and
gymnospermcell walls. We have come to realize that these polysaccharidesare the pre-
dominant,and probablyonly, non-cellulosicpolysaccharidesof cell walls. These polysaccha-
rides, althoughvarying in quantitativeamounts in the cell walls of dicots, monocots,and gym-
nosperms, are structurally conserved, indicatingto us their importance in primary cell wall
structureand function.

These cell wall, qon-cellulosicpolysaccharidesrepresenta group of carbohydrateswith
considerablestructuralcomplexitythat offera majorchallengeto thosewishingto deciphertheir
structures. RG-II, for exampae,is probablythe most structurallycomplexpolysaccharideso far
isolatedfrom nature. RG-II was first discoveredto be a componentof the primarycell walls of
plantsbyour laboratoryin 1978. RG-II is a small polysaccharideconsistingof approximately30
glycosylresidues. However,thispolysaccharidecontainsat least 11 difftjrentglycosylresidues
linkedtogetherin over 20 differentglycosyllinkages. RG-II is characterizedby several unusual
sugar components including2-O-methyl fucose, 2-O-methyl xylose, apiose, 3-C-carboxy 5-
deoxy-L-xylose(acedc acid), 3-deoxy-D-manno-2-octulosonicacid (KDO), and 3-deoxy-D-/yxo-
?-heptulosari¢acid (DHA). Both acedc acid and DHA have been found in no other natural
source other than RG-II. We /rove characterized oligosaccharidefrggments of RG-II that
contain28 of the possible30 glycosylresiduesof thispectic polysaccharide. We have obt_ned



evidence that the backbone of RG-II consists of seven ¢-l,4-1inked galactosyluronicacid
residuesto which two disaccharide,one heptasaccharide,and one octasaccharideside chains
are attached. These side chainsare attachedto the backbonevia the acid labile ketosidicand
glycosidiclinkages of KDO, DHA, and apiose. Defining the complete structuralsequence of
RG-II is a majorresearchgoal of ourlaboratory.

Research in our laboratorywill continueto emphasize the structuralcharacterizationof
the non-cellulosicpolysaccharidesof cell walls. The availabilityfor the first time of cell wall
synthesismutantsis assistingusin thesestructuralstudies. Structuralanalysisis accomplished
by release of polysaccharidesfrom cell walls and generationof defined polysaccharidefrag-
mentswith purifiedenzymes or chemicaltreatments, chromatographicpurificationof the oligo-
and polysaccharides,chemical structuralcharacterizationtechniques, and a combination of
severalanalyticaltechniquesincludinggas-liquidchromatography,liquidchromatography,gas-
liquidchromatography-massspectrometry,liquidchromatography-massspectrometry,fast atom
bombardmentmass spectrometry,and lH- and 13C-NMRspectroscopy.

We are also collaboratingwith Dr. Michael Hahn in the productionof monoclonalanti-
bodies to the cell wall polysaccharides and oligosaccharides derived from these
polysaccharidesto be used in both purificationof oligosaccharidesand, more importantly,tn
begi:"to decipher the arrangementand locationof the polysaccharideswithin the primary cell
wall. Ourgoal overthe next few years in this researchis to proposea model for the structureof
the primarycellwallof plants.

3. KarI-Erlk Erlksson, Professor of Biochemistry and Eminent Scholar of Biotechnology

Genetic Manipulation of Lignin In Forest Trees, Lignin Biodegradation, Pulp
Bleaching Techniques, and Purification of Waste Bleach Waters

My group is interested in elucidatingthe processes underlyingligninbiosynthesisand
biodegradationwith the long-termgoal of developing new processes for pulp bleaching and
purification of waste bleach waters that decrease damage to the environment. We are at-
tempting to use biotechnologicaltechniques such as fermentation and enzyme production,
geneticengineeringand monoclonalantibodydevelopmentto reach thesegoals.

Lignin,a phenolicpolymer that accountsfor 20 to 30% of wood biomass, providescom-
pressivestrength,stiffness,and pest resistance in woodyplants. Ligninquantity and structure
vary considerablyamong species, ages, developmentalstatus, and cell types in rees, as well
as between different regions of the cell wall. This variability causes differences in lignin
degradationand removalduringpulpingand bleachingoperations,makingthese operationsless
efficient. "Geneticallyengineering"trees to containless or suitablymodifiedligninwouldreduce
energy and chemicals requiredfor pulpingand minimizethe need to bleachwith chlorine and
otherharshchemicals. EnzymesconVollingthe localizationand timingof ligninbiosynthesisin
developingcells,differentiatingtissues,and youngtrees are targets for genetic manipulationto
reduce ligninquantityand structurein forest trees.

Before ligninbiosynthesiscan be modified, however,more precisedata on how much
and what type of lignin is deposited when and where during cell and plant development is
needed. Toward these ends, we have assembled a collaborative team of specialists in
chemistry, genetics, cell and tissue culture, biochemistry, immunology, microscopy, and
spectroscopy. We are producingmonoclonalantibodies to differentligninstructuresand to key
enzymes in ligninbiosynthesisso that, using light and electronmicroscopyas well as Raman
microspectroscopy,we may documentpreciselythe lignificationprocessacross a continuumof
planttissues-- fromsinglecells inculturethroughdevelopingplants.



One of the key elementsof Earth'scarboncycle is the degradationof wood and other
lignocellulosicmaterialsto carbondioxide,water, and humic substances. White-rot fungi are
the only microorganismscapable of degradingligninto any substantialdegree. Studies of how
they do so have led to a model of lignindegradation, lt has long been realizedthat phenoloxi-
dases are necessaryfor lignindegradationto take place. However, since the phenoloxidases
produce phenoxyradicalsthat spontaneouslypolymedze, other enzymes are also necessary.
These polymerizationreactionsmustbe preventedor reversedfor completedepolymerizationof
the lignin polymerto take place. We do not yet know enough to constructa cell-free enzyme
mixturethat degrades ligninwhile preventingrepolymerization. However, it seems clear that
enzymes that neutralizephenoxyradicalsare involvedin the degradativeprocess, and we are
presentlystudyingthe mechanismsgoverningtwo suchfungal enzymes.

Becausethey containmutagenic,carcinogenic,acutelytoxiccompounds,high molecular
mass chlorinatedlignins,and sometimesdioxins,waste bleach waters released from conven-
tionalbleachingof chemical pulps intoreceivingwaters is the most serious environmentalpro-
blem createdby the pulp and paper industry. Forseveral years I have been involvedin the de-
velopmentof a processfor purificationof waste bleachwaters that reduces the amount of or-
ganicallyboundchlorinein these effluents. This process involvesultrafiltrationof the alkaline-
stage wastes, as well as fermentationof the permeate mixed with the chlorine-stagewaste
bleachwaters inanaerobicand aerobicfilters. The purificationachievedwith thisprocessis far
superiorto thatobtainedwithexistingtechniquessuchas aerated lagoonsand activatedsludge.
We are workingto improvethe processsothat itgeneratesno waste or sludgewhatsoeverand
so that waste waters can be completelyrecycled. The process has reached pilot plant scale,
andwork is nowunderway to develop iton a commercialscale.

Increasing environmentalconcern has also emphasized the need for new bleaching
processesso that environmentallyhazardous compoundsare not produced. We have investi-
gated the use of low molecularmass catalysts(such as porphyrinslike hemoglobin) that can
mimic the attack of lignin peroxidase on lignin. We have made great progress in using
hemicellulasesto facilitate pulp bleaching. The work is now focused on producinga specific
xylanase free of cellulase activityso that the degree of polymerizationof cellulose is not af-
fected. Our goal is to obtain brightnessISO 86-90% without the use of chlorine or chlorine
derivativeswhen xylanase is used as one of the bleachingstages. We are also studyingother
meansto modifyxylanto accelerateligninremovalwithoutseriouslyaffectingyield, viscosity,or
pulpstrengthproperties.

4. Michael G. Hahn, Assistant Professor of Botany

We are studyingsignaltransductionmechanismsin plants using,as a model system,the
inductionof phytoalexinbiosynthesisin soybean (Glycine max) cells by fungalcell wall-derived
oligosaccharides.In a separate project,the structureof plant cell walls is being studied using
monoclonalantibodiesgenerated againstpolysaccharidespurifiedfrom sycamore maple (Acer
pseudoplatanus). These research projects rely primarily on chemical, biochemical, and
immunologicaltechniques.

Elucidation of Signal Transduction Mechanisms in Plant Cells. Accumulationof
antimicrobialcompoundscalledphytoalexinsis an importantdefense responseof plantsagainst
microorganisms. Phytoalexinsynthesisand accumulationcan also be induced in plant cells
upontreatmentwith fragments of fungal cellwall-derived13-glucans(elicitor). The smallest bio-
logically active 13-glucanfragment whose structure has been completely determined is a
branchedhepta-13-glucosidethat, at nanomolarconcentrations,inducesphytoalexinaccumula-
tion in soybean tissues. The goal of this research is the elucidationof plant cellularsignaling
mechanismsthat lead to changes in gene expressionin the affected plant cells, and the role
that oligosaccharidesplay inthese processes.



The present focusof our work is the isolationand characterization,from soybeantissue,
of the receptor for the hepta-13-glucosideelicitor. Bindingto such a receptor is the firststep in
the signaltransductionpathway. We are using a fully active, radio-iodinatablederivativeof the
hepta-13-glucosidein binding assays to demonstrate the presence of a specific, high-affinity
bindingsite for the elicitorin soybean membranes. We are also preparinga derivativeof the
hepta-13-glucosidethat would be suitable for photo-affinitylabeling the receptor. A number of
chemicallysynthesized,structurallyrelated oligoglucosides,whose elicitoractivitiesvary over
five ordersof magnitudeof concentration,show that thisbindingsite is specific for the hepta-13-
glucosideelicitor. The membrane-localizedbindingprotein has been solubilized,and current
researchis aimed at purifyingthe bindingproteinby affinitychromatography. Biochemicaland
recombinantDNA techniqueswill then be usedto demonstratethat the purifiedbindingprotein
is the physiologicalreceptor for the hepta-13-glucosideelicitor. This project will eventually
examinethe remainderof the signaltransductionpathway(e.g., identityand role of second mes-
sengers).

Studies of Plant Cell Wall Polysaccharides Using Monoclonal Antibodies. Plant
primarycell wails are composedof a numberof structurallycomplexpolysaccharides,including
hemicelluloses(e.g., xyloglucan)and pectins (e.g., rhamnogalacturonanI). Chemical studies
have elucidatedmany structuralfeatures of these polysaccharides,but tell us very littleabout
the distributionof specificpolysaccharidesin cells and tissues. We are developingmonoclonal
antibodiesagainstplantcellwallpolysaccharidesas toolsto addressthisquestion.

A numberof secretinghybridomashave been generatedusing as immunogenthe pectic
polysacchariderhamnogalacturonanI from suspension-culturedsycamore maple cells. Two of
the three groups of antibodies secreted by these hybridomas recognize epitope(s) that are
polysaccharidespecific. One monoclonal antibody recognizes a xyloglucan epitope that
contains a terminal fucosyl residue. Another antibody recognizes an epitope containing
arabinosylresidues. Currentresearch focuses on furtherdelineationof the epitope structures
recognizedbythe libraryof monoclonalantibodies.

We are interested in enlargingthe library of specific antibodiesreactivewith plant cell
wall polysaccharidesto includeantibodiesreactivewith xyloglucans,glucuronoarabinoxylans,
and rhamnogalacturonanIi. We are (i) testing a variety of methods for couplingoligo- and
polysaccharidesto proteinsto improvepolysaccharideimmunogenicityand thereby the yield of
positive secreting hybridomas; and (ii) generating a combinatorial expression library of
monoclonalFab fragmentsin Escherichia co/i. Our long-termgoal is to builda libraryof weil-
characterized antibodies that are specific for particular polysaccharides and/or particular
structuralmotifs withinthose polysaccharidesas tools for structuralstudieson plant cell wall
polysaccharides,for the immuno-localizationof the polysaccharidesin plant cells and tissues,
for the selectionof mutantplants with altered cell wall polysaccharides,and for studiesof the
biosynthesisof thepolysaccharides.

5. Bernd Meyer, Associate Professor of Biochemistry

3-D Structures and Biological Functions of Oligosaccharides and GlycoconJugates.
Optimization of Research Information Using Artificial Neural Network Techniques

Oligosaccharidesare carders of biologicalinformation. They can be specific for a cell
type ora species. Recognitionof this informationby a proteincan triggerresponsesand initiate
further action,like defensemechanismsagainstan invadingbacteriummay begin or cell growth
may stop upon contact with another cell. The biologicalinformationis encoded into the 3-D
structureof oligosaccharides.When oligosaccharidesinteractwith proteins,the protein"reads"
the informationencoded intothe 3-D structureof theoligosaccharide.We want to elucidatethe



3-D structureof oligosaccharidesas isolated species in solution as well as their preferred
structureswhen theyare interactingwithproteins.

We try to correlatethe 3-D structureof the carbohydrateswith their biologicalfunction.
To elucidatethe 3-D structurewe combinetwo techniques. We are developingsoftware and
using existingprograms to predict the 3-D sb'uctureof the molecules theoretically. NMR
spectroscopyis then usedto obtainexperimentalevidencefor the predicted3-D structure. The
combinationof both techniquesrendersa pictureof the static structureas well as the dynamic
propertiesof the molecules.

lt is knownthat oligosaccharidesare vitalto the biologicalfunctionsof glycoproteins.For
example,a slightalterationin the arrangementof the carbohydratesof immunoglobulinG1 -- the
absenceof galactosylresiduesnormallypresent-- iscorrelatedwiththe presenceof rheumatoid
arthritis. The carbohydrate contentof glycophorinA, the major glycoproteinanchored into the
membraneof erythrocytes,is about60% of the totalglycoproteinor about75% of the extracel-
lular portion,suggestingan importantrole in its bioactivity. In another project,we have found
that althoughthe oligosaccharideboundto ribonucleaseB does not change its 3-D structure
comparedto the unboundstate, it is positionedsuchthat it can interactwith RNA, the substrate
of the enzyme, just outside the active site. Knowing the preferred ('normal') 3-D structural
conformationsof such glycoproteins,in particulartheir carbohydrateportions,will help us un-
derstandtheirbioactivity.

Moleculeslike heparin, chondroitinsulfate, dermatansulfate or keratan sulfate form a
family of sulfatedpolysaccharideswithbiologicalfunctions. These functio=_scan be as diverse
as playinga role in the bloodcoagulationcascade or providingstabilityto body tissuessuch as
skin or cartilage. These moleculestypicallycontain abouttwo charged groups per monosac-
charideunit, an extremely high clusteringof charges. We want to Cmderstandthe role of the
charged groups (sulfates and carboxylates)in these moleculesby using NMR spectroscopic
techniquesand computationalmethodsto elucidate underlyingprincipleson syntheticmodel
oligosaccharidescloselyrelated to these polymers. Ultimately,we want to understand the in-
teractionsof thesulfatedoligosaccharideswiththeirproteinreceptors.

Artificialneural networksare very powerfultoolsfor utilizingthe informationcontainedin
spectra of oligosaccharidesto identify chemical structures of complex carbohydrates. An
artificialneural network is a computermodel that recognizesanddiscriminatesbetween closely
relatedpatterns (spectra). We have trainedneural networksto recognizea moleculeor itssub-
structuresfrom its spectrum. Also, if an artificial neural network is asked to identify a new
spectrumthat the networkhas notseen before, the network pointsto the spectra of the closest
chemical relatives indicating relationshipbut not identity. Generally, neural networks utilize
more of the infomlationcontainedin a spectrumthan scientistsdo. The neural networkcan be
trainedto be tolerantof the variationsintroducedintospectraby varyingexperimentalconditions
or instrumentsettings. We have shown that artificialneural networks can identify a complex
oligosaccharidethat has up to 20 glycosyl residues from its lH-NMR spectra, par'dally
methylatedalditol acetates from mass spectra, or presence of sulfate groups from lR spectra.
We are also working on a large project that places artificial neural network-based pattern
recognitioninto the core of a larger system so that scientistscan combine the information
containedin differentkindsof spectraldata andstoreand retrievethis informationin a database.

6. Debra Mohnen, Assistant Professor of Biochemistry

Molecular Mechanisms of Plant Developmental Plasticity. Biosynthesis of Plant Cell
Wall Polysaccharides

Plants are aggressive in their development. They can overcome severe injuries that
wouldcrippleother types of organisms,such as removalof an organor decapitation,by forming



new centersof cell divisioncalledmeristems. These rootor shootmeristemsdevelop intoroots,
vegetativeshoots,or flowers. The goal of my researchgroup is to understandthe molecular
basis for this plasticity that allows differentiatedcells to embark on new developmentalpro-
grams.

We are taking three approaches to understand how plant cells change their
developmentalstate. The first two approachesinvolvemanipulatingplant tissues to undergo
new developmentalprogramsand studyinghow thisoccurs. This includesstudyingchanges in
gene expressionin tissuesundergoingorganogenesisand determininghow morphogenetically
active oligosaccharidesregulate the type of organ that forms. The third approach involves
studyinghow plant cell wall polysaccharidesare synthesized, the rationalebeing that the for-
mation of a new wall is intimately associated with the differentiation of plant cells. An
understandingof the enzymes that catalyze wall formationand the mechanismsthat regulate
themwillincreaseourunderstandingof howplantcellsdifferentiate.

We have designedtwo strategiesto unravelthe biochemicalmechanism(s)that regulate
meristem formation in excised plant tissues. First, we are investigatinghow oligo-oc-l,4-
galacturonides(structurallydistinct oligosaccharidesfrom the plant cell wall) regulate mor-
phogenesisandde novo meristemformationin tissue explants. Oligogalacturonidesof degrees
of polymerizationof 12-14 inhibitroot formationand induce flower shoot formation in tobacco
thin-celllayer explants(TCLs) from the outer layersof tobaccofloralbranches. TCLs are model
tissues for studyingdevelopmentalplasticitybecause they can be induced by the phytohor-
mones auxin and cytokininto produceroots,shoots, or flowers within24 days of cultureon a
definedmedium.

To elucidate how cell wall-derived oligogalacturonidesregulate morphogenesis in
tobaccoTCLs and what this regulationmeans in planta, we are searchingfor the oligogalactur-
onide receptorsinvolvedinthe morphogenesisresponse. We are developingmethods to label
variouslysizedoligogalacturonidesand otherpolyanionoligosaccharideswith biotin,a label that
can be detected at low (pmol) levels and that has high affinitywith avidin or streptavidin. By
using labeledoligogalacturonidesas ligands,we hope to identifythe oligogalacturonide-binding
proteinsand isolateputativeoligogalacturonidereceptorsfrom cDNA expressionlibraries. Once
isolated, we can characterize the genes for putative oligogalacturonidereceptors, determine
when the receptorsare expressed during plant development, and study the effect of altered
expressionof the receptorgene on the morphogenesisof the transgenicplants.

A second line of investigationis to identify genes associated with root and shoot
meristemformationintobaccoTCLs andto studythe expressionof thesegenes duringroot and
shootorganogenesis. We knowthat the twelfth day of culture is the earliest time at which cell
divisioncenters in TCLs can be identifiedas putative root and shoot meristems. Messenger
RNA isolatedfrom such TCLs was usedto constructcDNA librariesin the phage vectorZgtl0.
Differentialhybridizationof cloneswith32p-labeledcDNA from the shootor root organogenesis-
specificlibrariesidentified 17 cDNA clones,whichrepresented 11 non-cross-hybridizinggroups:
fourgroupspreferentiallyhybridizedto cDNA fromthe shootorganogenesislibraryand seven to
cDNA from the root organogenesislibrary. Two of the genes from the shoot organogenesis
library sharesequencehomologywithknowngenes, onewith elongationfactor la and the other
withhistoneH3. A gene selected from the rootorganogenesis libraryshowssequencesimilarity
witha gene expressedin potatotubers. Seven of the othergroupsof genes showno majorse-
quence similaritieswith any known genes. Most of these genes are expressed in an organo-
genesis- and time-dependent fashion in TCLs cultured for various lengths of time in the
presence or absence of oligogalacturonides.We are using genes whose expressionin TCLs
changespriorto the time when a specifictype of organogenesishas been determined for the
TCLs (~6 days in culture)or whose expressionchangesin responseto oligogalacturonidesto
studythe developmentaland molecularchangesassociatedwithTCL morphogenesis.



A new researcharea in the lab is to understandhow pecticpolysaccharidesare synthe-
sized withinthe cell and the role of this synthesisin plant cell differentiation. Little is known
about the sequenceof glycosylationreactionsrequired for the biosynthesisof pectic polysac-
chandes. We will first identify,purify, and characterizethe galacturonosymtransferasesinvolved
in the synthesisof hornogaiacturonans(oligo-a-l,4-gaiacturonides),one of three typesof pectic
polysaccharidesfound in the wall. Once isolated, antibodies will be generated against the
enzyme, and the gene will be cloned. These toolswill be used in cell biologystudieson the
localizationof the gaiacturonosyltransferaseswithinthe organelles of the ER and Golgi and
studieson the level of expression of the galacturonosyltransferasesin different cell types at
differenttimesduringdevelopment.

7. Kelley W. Moremen, Assistant Professor of Biochemistry
The Endogenous Enzymes of the Golgi Complex and OIIgossccharlde Processing

The endogenousenzymes of the Golgi complex, particularlythe a-mannosidasesthat
are involved in the early stagesof Asn-linkedoligosaccharideprocessing,determinethe fate of
the oligosaccharideson newlysynthesizedglycoproteinsby controllingthe extent of processing
from high-mannoseto complex-typestructures. We are developing cellular, molecular, and
biochemicaltechniques to study the regulation,localization,structure, and function of these
enzymes to elucidatetheir role in the glycosylationpathway. We use clonedgenes for the a-
mannosidasesas a model systemin severalprojects.

Localization studies. A basic questionof cell biologyis how does a cell maintain or-
ganelle structureand architecture? This question is critical to the Golgi complex since it
maintains an apparentlystatic steady state architectureand rigid localization of endogenous
enzymaticactivitiesdespitean enormousflux of biosyntheticintermediatesacrossthe organelle
cistemae. The mechanismby which endogenousenzymes are retained withindiscrete sub-
Golgicompartmentsis the subjectof one lineof studies. The ovmannosidasecDNAs are being
expressed as wild type, truncated, mutagenizec_,and fusion proteinconstructsin order to de-
termine the minimumsufficientstructuresrequired for correct localization. Biochemicaland
geneticapproacheswill then be used to isolateGolgi enzyme-specificbindingcomponentsthat
may be involvedinthe retentionmechanism.

Regulation. Althoughwe know that some of the terminalglycosyltransferasegenes are
expressed in specificdevelopmentalstages or have differentialtissue distributions,very little is
known about the regulation of the entire glycosylationpathway. Are ali of the early and
intermediateenzymes constitutivelysynthesizedin ali tissues? Is there a concerted regulation
of sequentialenzymes in the pathway at the enzyme or gene level? Are the same genes used
throughoutdevelopmentor are distinctisozymesor promotersused at specificdevelopmental
stages? These questionscan now be answered with the probes for many of the processing
enzymes that are available. By determining the relative expression levels of mRNA, poly-
peptide, and active enzyme for the ovmannosidasegenes in various experimentaJsystems,
regulatoryaspects of the pathway can be determinedat the level of transcdption_translation,or
post-translation. Tissue-specificand developmentalregulationof the a-mannosidaseswill be
tested both by Northernblots and in situ hybridizationto determinethe variationin cell-specific
expressionlevels. Competitiveinhibitorsof the processinghydrolasesare also being tested to
determine if compensatorychanges in expressioncan be detected.

Gene structure and function. Several uniqueexperimentalsystemsare available for
the study of the expressionand functionof mannosidasestructuralgenes. The human auto-
somai recessive disease, HEMPAS, characterized by acute anemia, results from a reduced
expressionof one of a series of N-linked oligosaccharideprocessingenzymes, and, in one
case, from a reducedlevel of mannosidaseII expression.



The cause of this reducedexpressionirvolvingthe mannosidasegenes is the focus of
another line of research. Recentwork suggeststhat removal of ¢l,2-mannosyl residuesfrom
the MangGIcNAc2processingintermediatemay result from a collection of similar enzymes.
Identificationand cloningof these individualenzymes and com,padson with the mannosidase I
cDNA cloned inour labshoulddetermineif theseenzymes representa multigenefamily for pro-
cessingthe high-mannoseintermediates.The possibilityof multiplemannosidaseII genes and
developmentalexpressionisalso suggestedbythe postnatalonsetof HEMPAS symptoms.

Protein structure and function. The sequencesof mammaliano¢-mannosidasesshow
several similaritieswith otherprocessingenzymes from mammalian and yeast sources. The
mammalian mannosidaseI polypoptidesequenceshowsa highdegree of similarityto the yeast
processing (x-mannosidase despite significant differences in their ability to trim the
ManeGIcNAc2structural intermediate. We will use mutagenesis and domain swapping
experimentsin conjunctionwith protein expressionsystems to define the structuralfeatures
responsiblefor these differencesin subsVatespecifidty. MannosidaseII also has regionsof se-
quence similarity to GIcNAc transferaseI (probablyinvolvedin substrate recognition) and the
ER ovmannosidaseand yeast vacuolar a-mannosidase (probably involvedin the active site).
Large-scale recombinant expressionof wide type, mutant, and domain-specificconstructsof
theseenzymes willallowa far moredetailed viewof proteinstructureand functionthan couldbe
accomplishedwith enzymespurifiedfrom animal tissues. The long-termgoal of these studiesis
to isolate sufficientquantitiesof the pure enzymes in order to make more detailed molecular
studiesandto understandthenatureof enzyme-substrateinteractions.

8. Michael Pierce, Associate Professor of Biochemistry

Cell-Surface Molecules and the Regulation of Cell Interactions

The focus of my laboratoryis on understandinghow changes in particularcell-surface
moleculesregulatethe interactionof an animalcell withitsenvironment. This interactioncan be
mediated by, for example, receptorson other cell surfaces or extracellularmatrices,or it may
involvesolublemoleculessuchas growthfactors and hormones. One "language"of cell-surface
molecules in which my laboratory specializes is that of the complex carbohydrates, oli-
gosaccharidesthat are attached to proteins and lipidsembedded in the plasma membrane.
Many lines of evidencedemonstratethat changes in specificcell-surfaceoligosaccharidescan
regulatediversecellularbehaviors,includingadhesionto othercells and matrices, responsesto
growthfactors,and recognitionof cells by the immunesystem.

V-src transformation of fibroblasts specifically affects GIcNAc-T V activity.
Oncogenic transformationof cells by tumor viruses or several isolated oncogenes causes
specificchanges in the expressionof cell-surfaceoligosaccharides. We are interested in a
particularchange in oligosaccharideexpressionthat occurswhen fibroblastsare transformedby
the oncogene v-src, making these cells tumorigenicand, in some cases, metastatic. After
transformation,a significantincrease in asparagine-linkedoligosaccharideswith the structure
-[GIcNAcl_(1,6)Man]-occurs. This increaseis caused by an increase in the specificactivityof
the glycosyltransferaseGIcNAc-TV, which catalyzesthe synthesisof thissb'ucture. In addition
to these resultsfrom in vitro transformationexperiments,a recent study showsthat the activity
of GIcNAc-T V and itscell-surfaceproduct are over-expressedin 50°/, of human breast tumor
biopsies,while benign and controlsamples show normal levels of expression. We are inter-
ested in determiningthe mechanismby which the v-src oncogenecauses this uniqueeffect on
GIcNAc-T V, and we want to test the hypothesisthat increases in -[GIcNAc_(1,6)Man]-
structureson the cell surfacecan directlyaffect the tumorigenicityor metastaticpotential of a
cell.

To do this,we have affinity-purifiedtheenzymefrom a tissuesource and are determining
its amino acid sequence in orderto isolatea cDNA encodingthe enzyme. This approachaug-



ments another techniqueof cDNA isolationby "expressioncloning." The cDNA probe for the
enzyme and an anUbodyspecificfor the enzyme will be used to measure mRNA levels, to test
forpossiblepost-translationalmodifications,and to studythe structureof the GIcNAc-T V gene
beforeand after malignanttransformation.With this knowledge,we can design experimentsto
test the direct effects of -[GIcNAcl3(1,6)Man]-structureson tumorigenicityand metastasis by
causingover-productionof GIcNAc-T V in non-transformedcells and inhibitingthe enzyme in
metastatic cells by the introduction of antisense RNA followed by appropriate in vivo
tumorigenicityand metastasisassays. With our collaborators,we developed many synthetic
oligosaccharidesubstratesfor the enzymeto map itsactive site in orderto design an activesite-
directed, irreversibleinhibitorthat willcross cell membranes and inactivatethe enzyme in situ.
We alsohelpeddevelopa sensitiveELISA assayforGIcNAc-TV activityto determineif levelsof
the enzymein serumorbiopsiescan be usedas an aid for tumordiagnosisor prognosis.

Mechanisms of oncogene effects on ollgosaccharlde expression. In additionto
changesin GIcNAc-T V activity by v-src expression, transformationof several cell types by H-
ras also appears to cause changes in this enzyme and perhaps other glycosyltransferases.A
fundamentalobservationof transformedcells is that they display specificchanges in oligosac-
charideexpression. Therefore,otherstudiesinour laboratoryfocuson the variousmechanisms
of oncogene regulationof glycosyltransferasesin order to answer these questions: Are the
changes in activitiescaused by oncogenesalso a responseto a normal signalingpathway in
cells? Do other oncogenessuch as raf and erb-b2, which have distinctactivities, as well as
agentssuchas phorbolesters and growthfactorscause similareffects in fibroblasts? Do these
oncogenesand agents cause the same changes in glycosyltransferaseactivitiesin other cell
types, suchas epithelialcells? Are changesin oligosaccharideexpression,oncogeneexpress-
ion,and degrees of tumorigeniciE,and metastasisclinicallycorrelated, and can these changes
be exploitedin clinicalassaysof tissueand serum?

Two other animal glycobiologyprojects are under way in our laboratory. First, by
experimentally manipulating the expression of glycosyltransferase genes, we want to
understandhow the expressionof oligosaccharideson cell-surfaceglycoproteinscan be speci-
fically altered. This study is particularlyrelevant to biotechnologycompanies involved in
expressing recombinantglycoproteins in cells engineered for hypersecretion. We are also
collaboratingwith other research groupson studies to identifyoligosaccharide-bindingproteins
inthe central nervoussystem that can ultimatelybe usedto facilitatenerve regeneration.

9. Herman van Halbeek, Associate Professor of Biochemistry

Structures, Dynamics, and Functions of Glycoproteins and Glycolipids In Solution

Glycoproteinsand glycolipidsare an importantclass of complexcarbohydratesthat act,
for example, as blood-groupdeterminants,tumor-associatedantigens,receptorsfor hormones
andtoxins,and lubricantsprotectingbodytissuesagainstdestructiveinfluences. The long-term
goal of our research is to determine the structures and dynamics of glycoproteins and
glycolipidsinsolutionto gain moreknowledgeabout theirbiologicalfunctions. Oftenconsidered
the "antennae"of cells, the carbohydratesof glycoproteinsand glycolipidsallow cells to com-
municatewiththeirenvironment. Elucidatingthe completestructuresof the carbohydratechains
of glycoconjugates is prerequisite to understanding the functions of these complex
carbohydratesin biological interactionand recognitionprocesses. Complete structural elu-
cidationincludesdelineatingthe primary structure (glycosylresidue compositionand glycosyl
sequence, linkagetypes and locations)as well as the conformationor three-dimensional(3-D)
structureof themoleculein solution.

Ongoing researchprojectsfocus on the structureand functionof glycoproteincarbohy-
drates in relationto disease processes, suchas (i) the relevanceof the carbohydrateportionof
the envelopeglycoprotein(gp120) of the human immunodeficiencyvirus inthe bindingof gp120



to the T4 lymphocyte(AIDS infection),(ii) the structureand role of the carbohydratechainsin
the biological activity and function of recombinant glycoprotein drugs (such as human
erythropoietin,tissue plasminogenactivator, CD4, hepatitis B surface antigen, etc.), (iii) the
structureof respiratory,gastrointestinal,and ovariancyst mucuscarbohydratesand their role in
the viscosity of the macromolecules, (iv) the structure of cell wall polysaccharides and
membrane glycoproteinsof pathogens such as Cryptococcus neoformans and Pneumocystis
carinii, twoof the leadingkillersin AIDS patients, and (v) the role of the carbohydrateportionof
the glycosylphosphatidylinositol(GPI) membrane anchorof trypanosomevariant surface gly-
coproteinsin membrane integrityof the parasitesand itspotentialas a target for chemotherapy
of trypanosomiasis(sleepingsickness).

The heterogeneityand branchedpattem of the carbohydratemoietiesof glycoproteins,
along with their unusual combinationof rigidity and flexibility,present challengesto structure
determinationof the intactmacromoleculesin solution. This means that in proteinsmore than
one carbohydratestructure is usually found attached to the same glycosylationsite. We,
therefore,need to knowthe completeprimarystructureof ali oligosaccharidechainsat each gly-
cosylationsite, followedby solutionstructureanalysisof the isolatedoligosaccharidepriorto at-
temptingto elucidatethe 3-D structureof the glycoproteinas a whole. The methodof choice to
studythe structureand 3-D solution conformationof a carbohydrateor glycoconjugateis high-
resolutionNMR spectroscopyin conjunctionwith molecular mechanics and dynamics simula-
tions. Consequently,the developmentof NMR spectroscopicmethodstailoredto carbohydrates
andfine-tuningofcurrentmethodsto studyconformationsof biomoleculesinsolutionandthe in-
teractionsof these moleculeswitheach other is anothermajor emphasisof our research. We
are developing techniques for determining the sites of glycosylation in glycoproteinsand
techniquesfor structuralcharacterizationof novel carbohydratessuch as sulfated N-glycans,
mucins, and GPI anchors. We also have available the technologyto characterize bacterial
polysaccharidesandthe carbohydrateportionsof glycolipids.

For example,we have developedan HPAE method,using the DionexBioLC system,for
fingerprintingglycoproteincarbohydratesand successfullyapplied the procedureto identifythe
high-mannose oligosaccharides released from recombinant hepatitis-B surface antigen
expressedin a yeast mutant and the N-acetyllactosamine-typeolig,osaccharidesreleased from
recombinanttissue plasminogen activator _nd recombinant CD4, the soluble form of the
lymphocyte receptor of the HIV surface glycoproteingp120. We have also developed
considerable improvementsin the techniquesfor sequential assignments of signals in the
lH-NMR spectrumof a carbohydrate,by introducing1-D TOCSY withdouble DANTE inversion,
2-D TOCSY with DIPSI-2 mixing,and combinedROESY-TOCSY experiments. Another revo-
lutionaryconcept for sequencingcarbohydratesby NMR methods is based on the use of long-
range proton-carboncouplings across glycosidiclinkages. We have worked out the key
experimentand the necessary assignmentstrategiesfor lH- and 13C-NMR spectra and suc-
cessfullyappliedthe method to the structuralcharacterizationof a bacterial adhesion receptor
hexasaccharideand for locatinga multitude of acyl substituentsin plant oligosaccharides. We
also developed a method suitable for the accurate measurement of such long-range1H,13C
couplings,yieldinga valuableaJtemativeway to obtaininformationon the conformationof glyco-
sidiclinkagesbesidesonlynuclearOverhausereffects.

In additionto studyingthe intramolecularinteractionof glycoproteinoligosaccharides
withthe proteinto which they are attached,we are studyingintermolecularinteractionssuchas
the recognitionand bindingof glycoproteincarbohydratesby lectins,and we plan to studythe
recognitionof carbohydratesby the enzymes involvedintheir biosynthesisand catabolismand
by specificantibodies.



CCRC Technical Directors

1. Russell W. Carlson, Associate Research Biochemist and Technical Director- Plant
and Microbial Complex Carbohydrates

Rhizobium.Legume Symbiosis and the Molecular Basis of Nitrogen Fixation

We are interested in understandingthe molecular basis by which nitrogen-fixing
Rhizobium bacteda infecttheir host legumes. The nitrogen-fixingsymbiosisbetween rhizobia
and legumes is a complex infectionprocessbetween a bacterium and a eukaryoticcell. An
exchangeof signalmoleculestriggersa highlycoordinatedregulationof gene expressionon the
part of both the Rhizobium symbiontand the host legume resultingin the formationof a root
nodulecontainingnitrogen-fixingRhizobium bacteriacalledbacteroids.

These rhizobia bacteria are host symbiontspecific (e.g., Rhizobium leguminosarum
biovarviciae infectspeas but not alfalfa, whileR. meliloti Infects alfalfa but not peas). Bacteria
attach to emergingroot hairs of the host legume and invade the root hair membrane. An
infectionthread formswhichtransportsbacteriato the inner cortex cells. The cortex cells are
stimulatedto divideand form a noduleon the root. The infectionthread penetratesthe cortical
cells, and the bacteria, still surroundedby the infectionthread membrane (now called a peri-
bacteroid membrane), are released into the cortical cells. The bacteria differentiate into
bacteroids, now altered in size and shape as compared to the bacteria, and produce ni-
trogenase that reducesdinitrogento ammonia.

Work in many laboratoriesaround the world has resulted in identifyingthe genetic and
molecular basis for some of these observablephenomena. Many of the Rhizobium genes
required for nodulation have been identified. My research group has been working to
characterizethe majorouter membrane componentof Rhizobium called the lipopolysaccharide
(LPS). This Rhizobium moleculeisessentialfor the developmentof the infectionthreadin some
cases and for release of the bacteria into the root cortical cells in other cases. The LPS
molecule is a highlycomplexmoleculewith three structuralregions: a lipid (called lipidA), a
core oligosaccharide, and an O-antigen polysaccharide consisting of a repeating
oligosaccharide(O-chain). The LPS can exist withali three structuralregionsintactor in its in-
completeform inwhichit lacksthe O-chain. We are involvedin collaborativeprojectsto analyze
the structureof the LPSsof R. leguminosarum mutantsdefective in symbiosiswherein infection
thread developmentaborts. We showed that the mutants were missingthe O-chain and also
were defective inthe structureof theircore oligosaccharideregion. We obtainedsimilarresults
for the Bradyrhizobium japonicum-soybean system where the B. japonicum mutant failed to
nodulateor, with some soybeancultivars,formed nodulesthat contained neitherbacteria nor
infectionthreads. The LPSs from thismutantare alsomissingthe O-chain.

We have made significantprogressin determiningthe structureof LPSs from strainsof
R. /eguminosarum. These strains represent three different biovars: viciae that forms a
symbiosiswith pea, phaseoli a symbiontof bean, and trifolii a symbior=tof dover. We foundthat
one of the componentsof the lipidA from the LPSs of ali three biovarsis a unique,very long-
chain fatty acid which serves as a phylogeneticmarker for gram-negative bacteria and is
thought to add extra stability to the bacterial outer membrane. This stability may be in-
dispensableto the survivalof the Rhizobiumwithintheplantcortical rootcell.

We have purified two oligosaccharideswhich ccmprise the core region of R. legumi-
nosarum LPSs. The O-antigen polysaccharidesfrom R. leguminosarum LPSs are highly
variable in their structure. However,they ali have KDO at their reducingend. We are currently
investigating the arrangement of the various components (the O-antigen, the core
tetrasaccharideandthe trisaccharide,and the lipidA) in the complete LPS molecule.



Using monoclonalantibodies, others have shown that subtle changes in the LPS
structureoccur and are important in the formationof nitrogen-fixingbacteroids. My group is
studyingthe structuralchangesthat occurduringdifferentiationof a Rhizobium bacteria into its
nitrogen-fixingbacteroid. Present data indicatethat in R. /eguminosarum biovarphaseoli the
bacteroid-specificepitopesare foundin the O-chainpolysaccharide. Further workusing recom-
binantgeneticstechniquesis underway in collaborationwith other laboratoriesto characterize
these bacteroid-specificLPS structures. Once these LPS structuralchangesare identified, it
shouldbe possibleto identify the gene and gene products required for these alterationsand
determinehowtheirexpressionis regulatedby the hostplant.

Knowledge gained in understandingthe molecular basis for Rhizobium-legume sym-
biosismay lead to improvingthe yield of important legume groups and increase the fertility of
soil for non-legume crops. These studiesalso have a bearing on how the plant's defense
mechanismis regulated so that the growthof the bacteriais controlledby the host suchthat a
symbioticrather than a pathogenicrelationshipis established. Since the LPSs from enteric
bacteriahave potent biologicalactivities (such as cytokineproduction),which may have impor-
tant medicaluses but are toxic,Rhizobium LPSsoffer a varietyof new structuresto test in order
to determineif theyare medicallyusefulbutnot toxic.

2. Roberta K. Merkle, Technical Director for Biomedical Complex Carbohydrates

Animal Cell-Surface Carbohydrates and Cellular Interactions

I am studyingthe role of animal cell-surfacecarbohydratesin cell-cellinteractions. In
particular, I have been investigatingthe role of the mammaliancarbohydrate-bindingprotein L-
14, a solubleS-type lectin. While the existence of these lectins has been known for many
years, theirbiologicalfunctionsare not understood. In studyingthe carbohydrate-bindingspeci-
ficity of this lectin,we foundthat it preferentiallybinds to poly-N-acetyllactosaminesequences
contained in animal cell glycoproteins. To elucidate the biological role of this lectin, we
attemptedto identifyits endogenousligand(s)and foundthat iarninin,a glycoproteinknown to
contain poly-N-acetyllactosaminesequences, binds selectively to L-14. Since laminin is a
componentof the basementmembrane, it is possiblethat the S-type lectins are involved in cel-
lularattachmentor movementon basementmembranes.

Another area of my research studies the structureand biosynthesisof animal cell
glycoproteins. We are examining the regulationof biosynthesisof poly-N-acetyllactosamine
chainsin animal cells and investigatingthe structure and biosynthesisof the oligosaccharide
chainscontainedon the envelopeglycoproteinsof the AIDS virus. The oligosaccharidesof the
envelopeglycoproteinsare believedto be involvedin the processof viral infectionor otherviral
interactionwith the T-cell. Metabolicradiolabelingandotheranalyticalmethodsare used in this
work that allowthe analysisof verysmall amountsof material. These approacheshave enabled
usto determinethat terminalglycosylationof the envelopeprecursorglycoproteingp160 is com-
pletedbefore it is proteolyticallycleavedto the envelopeglycoproteinsgp120 and gp41 in virally
infectedhuman T-cells.
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Appendix 3: Analytical Services and Training

Summary of Analytical Services Activities, 1987 - April, 1992

Four routine analytical services are offered by the Plant and Microbial
Carbohydrate Center: glycosyl-residue composition analysis, glycosyl-linkage
composition analysis, one-dimensional NMR spectroscopy, and fast atom bombardment-
mass spectrometry (FAB-MS). The availability of these services was advertised in the
scientific journals BioTechnology, Cell, Journal of Biological Chemistry, Science, and
the newsletters for the American Society of Plant Physiologists and the American
Society for Microbiology. Addit;onally, posters with attached inquiry cards are taken to
meetings attended by CCRC scientists. These advertisements result in inquiries about
the services themselves and also in requests for advice from non-carbohydrate scientists
working with glycoconjugates (see following pages for information on where we
advertised, costs and sample ads).

An interpretation of the data is made for each sample analyzed. The investigator
receives a detailed written report of the results of analyses accompanied by copies of
instrument print-outs. The amount _f 'pertise and instrument usage invested in the
analysis of each sample is highly de[ ,,Jdenton the type of sample submitted. However,
glycosyl-residue composition analysis requires a minimum of two separate procedures:
the preparation of alditol acetate derivatives and the preparation of trimethylsilyl
methylglycosides. Both types of derivatives are analyzed both by gas chromatography
(GC) and by combined GC-mass spectrometry (GC-MS). Both the sample and a
standard sugar preparation are run for each sample. A single composition analysis
usually requires four GC or GC-MS runs.

Similarly, a single glycosyl-linkage composition analy._isrequires the preparation
of partially methylated alditol acetates followed by GC-MS analysis. Frequently, two or
three runs of a single sample must be made. In addition, if amino sugars are present,
the sample is analyzed by GC-MS using a different column. Therefore, each glycosyl-
linkage analysis requires a minimum of two GC-MS runs per sample, or at least 18
additional runs on our GC-MS instruments.

FAB-MS analyses are also quite labor-intensive and frequently require several
runs on the VG Analytical Zab instrument in order to obtain an acceptable spectrum.
Several matrices must often be tried, and runs must be made in both the negative and
positive mode. Again, a single sample requires a minimum of two or three runs. This
service has been the least requested analysis.

NMR analyses are performed on our Bruker AM-250 and AM-500 instruments.
The instrument time for each sample is highly variable, from as little as 15 minutes to as
much as 24 hours. However, the average time would be about 2.0 hours.

Glycosyl-residue and glycosyl-linkage composition analyses and the
derivatizatJons requirc:l are performed by a technician (Dr. Ramadas Bhat). NMR
analyses are performed by Dr. Russell Carlson. The data from these analyses are
reviewed by the technical director, Dr. Carlson, who prepares an individual report
including the data and an interpretation of the results for each "client."

To date several publications have resulted that use the data generated by service
work done by the Plant and Microbial Carbohydrate Center (a list of these publications is



included in this appendix). Given the time required for the data to reach publication, it is
likely that this number will increase significantly in the next year.

The submission of samples for analytical services has led to the formation of
some collaborative projects with investigators outside the CCRC, as the results obtained
from the analytical service work have, _nsome instances, led to inquiries regarding the
establishment of a more in-depth collaborative research project. The Technical Director
discusses the project and refers the investigator to those CCRC members who are most
likely to be interested in pursuing the project, lt is up to the outside investigator and the
interested CCRC staff member to establish a collaborative agreement.



Advertisements for Analytical Services

Ad Size Issue Cost

1988
C & E News small display ad March $ 885.40
Science 1/4-page April 1,670.00
Molecular Plant-Microbe full-page April
Interactions and
Phytopathology News full-page July 775.00*
ASM News 1/4-page July 700.00
ASPP small display ad August FREE

$4,030.40

"Total cost for placement in Molecular Plant-Microbe Interactions and Phytopathology
News

1989
Nature 1/4-page June 1,250.00
ASM 1/2-page July $ 828.75
ASPP small display ad July/August FREE
Bio/Technology 1/4-page July 700.00
Cell 1/4-page July 28 225.00
LC/GC 1/3-page July 2,132.75
Science 1/4-page July 14 1,760.00

$6,896.50

1990

Cell 1/2-page February 23 510.00
Science 1/4-page February 23 1,850.00
Journal Biological 1/4-page February 25 580.00
Chemistry $2,940.00

1991

ASPP small disply ad Nov./Dec., 1990 FREE
Bio/Technology 1/4-page February 901.00
Science 1/4-page February 8 1,871.00
Cell 1/4-page February 22 295.00
Journal Biological 1/4-page February 25 625.00
Chemistry
ASM 1/4-paae March $ 743.75

$4,435.75



Sample services ad 1988-91

• , %;, ._"_." _ ; ._

i

ANALYTICAL SERVICES i
available at the .-

COMPLEX CARBOHYDRATE RESEARCH CENTER

The Complex Carbohydrate The following routine services are available:
Research Center (CCRC) of the
Umverslty of Georgta Ims/3een • GLYCOSYL COMPOSITION ANALYSIS
deslgnatea a comoonent of the • GLYCOSYL LINKAGE ANALYSIS
three-agency (DOE. NSF. USDA ) • ONE-DIMENSIONAL NMR ANALYSIS
Plant Science Canters Program for • FAST ATOM BOMBARDMENT MASS SPECTROMETRY
the study of comotex
carDonyarares of o/ants and

rn_croDes. One of the The analyses will utilize the following techniques:resoonslbilities o, me CCRC is to
rnal¢e _tOosslb/e for scientists • GAS LIQUID CHROMATOGRAPHY
carrying out non-/Jroonetary • GAS LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY
research on plant ana mtcrotJial • LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY
commex caroony(_rates to o/3taln • FAST ATOM BOMBARDMENT-MASS SPECTROMETRY
ana/vrlca/assistance. • 250- AND 500-MHz ,H-NMR. AND '_C-NMR SPECTROSCOPY

Some orolects may Deselectecl for more extensive analyses, such as cleterm=ning tt_esecluence of glycosyl resi0ues.
The selectecl in-Oeom stuaies will be cameo out =na collaborative manner between the mvest=gator anti a CCRCscientist.

z For further tntormat_on on the serv=ces available ancl Dnor to submitting a samDle. 10leasecontact:

Dr. Russell Carlson

Technical Director for Plant and Microbial Carbohydrates
Complex Carbohydrate Research Center

The University of Georgia
220 Riverbend Road

Athens, GA 30602

Tel.' 404-542-4_01 Fax" 404-542-4412



Sample 1991 ad

ANALYTICAL SERVICES

provided by the

COMPLEX CARBOHYDRATE RESEARCH CENTER (CCRC)

The CCRC of The University of Georgia has been designated a Resource Center

for Biomcdical Complex Carbohydrate Science (sponsored by the NIH) and a Plant

Science Center for the study of Plant and Microbial Carbohydrates (sponsored by

the USDA, DOE, and NSF). These centers provide analytical assistance for

scientists in university, industrial, and government laboratories carrying out

nonproprietary research on the complex carbohydrates derived from animal, plant

and microbial sources. The routine services that are offered include (1) glycosyl

composition analysis, (2) glycosyl linkage analysis and (3) molecular weight

determinations. The CCRC instrumentation used to provide these services

includes gas liquid chromatography, gas liquid chromatography-mass

spectrometry, fast atom bombardment-mass spectrometry, 250- and 500-MHz

lH-NMR, and 13C-NMR spectroscopy. Investigators may wish to establish a

collaboration with scientists in the Resource Center to carry out more extensive

characterization of their samples such as glycosyl sequence analysis. Those

wishing to use the services of the CCRC should contact the Technical Directors for

further information regarding the criteria and cost for sample analysis. Please do

not submit samples without prior agreement. Address inquiries to: Dr. Roberta K.

Merkle, Technical Director for Biomedical Carbohydrates, or Dr. Russell W.

Carlson, Technical Director for Plant and Microbial Carbohydrates, Complex

Carbohydrate Research Center, 220 Riverbend Road, The University of Georgia,

Athens, Georgia 30602. Facsimile: 404-542-4412. Phone: 404-542-4405.



Analytical Service Announcements Posted/Distributed at Meetings

1991

Mm,e,,etingDates Title of Meetln_ Location

June 17 - 21 Gordon Conference on Andover, NH
Plant Molecular Biology

June 30 - July 5 1lth International Sym_"_um Toronto, Canada
on Glycoconjugates

July 22 - 26 Gordon Conference on Biological Plymouth, NH
Structure and Gene Expression

July 28 - August 1 American Society of Plant Albuquerque, NM
Physiologists

August 17 - 21 5th International Fungus Spore Unicoi State Park
Conference Helen, GA

August 4th International Congress/ Duke University
Phycological Society of America Duke, NC

August 4 - 8 42nd AIBS Annual Meeting of San Antonio, TX
Scientific Societies and
Mycological Society of America

August 5 - 9 Gordon Conference on Medicinal New London, NH
Chemistry

October 16 Applied Biosystems Symposium Atlanta, GA

1992

Meeting Dates Title of Meetinq Location

January 5- 8 Third Gatlinburg Symposium on Gatlinburg, TN
Plant Responses to the
Environment

January 13 - 19 Keystone Symposium on Keystone, CO
Endothelial Cell

January 14- 20 Keystone Symposium on Host- Park City, UT
Parasite Interaction

March 21 - 27 Keystone Symposium on Park City, UT
Glycobiology

July 11 - 15 1lth Annual Scientific Meeting Ithaca, NY
of the American Society for Virology



Poster and slide for advertisement at scientific meetings

Analytical Services for Carbohydrates
provided by the

COMPLEX CARBOHYDRATE RESEARCH CENTER

A DQE/NSF/USDA Plant Science anclNIHBiomeOicai Resource Cenmr

Routine services available:
I

_ Glycosyl composition analysis
Glycosyl linkage analysis

_ On_imensional NMR analysis
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250- and 500-MHz _H-NMR, and
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Appendix 3: Analytical Services and Training

Total Number of Analyses and Samples Performed June 1988 - April 1992

Number of Analyses Performed

Analysis 88-89 89-90 90-91 91-92 Total

ComposiZion 40 51 60 90 241

NMR 14 33 13 6 66

FAB 12 29 0 13 54

Methylation/Linkage 15 6 14 63 98

Total 81 119 87 172 459

Total Number of Samples

Year Number of Samples

88-89 76

89-90 97

90-91 72

91-92 154

Total 399



Appendix 3: Analytical Services and Training
Samples Analyzed by the CCRC Plant and Microbial Carbohydrate Center

June 1988-April 1992

Number of
Name Sample Type AnalysisType Samples Date

M. O'Conn3ll Rhizobium VF39 EPS Composition 2 06/28/88
Bio.Sci. M45 EPS
Dublin,IRELAND

A. Sturm Glycoprotein Composition 6 08/02/88
Dept.of Biology fractions
U. of California
La Jolla,CA

D. Delmer UDP glucose GC-MS, FAB 2 08/04/88
MSU-DOE Plant activator

Sci. Ctro
MichiganSt. U.
E. Lansing,MI

A. Marcus Soybeancellwall Composition 1 08/10/88
Inst.for Cancer glycoprotein
Res.
Philadelphia,PA

S.N. Talhouk Powderedbirchleaf Composition 1 09/27/88
Dept.of Ento.
OARDC-OSU
Wooster,OH

F. Cassels Streptococcus NMR 1 10/09/88
DentalResearch sangis H1 capsule
NIH repeatingunit
Bethesda,MD

E. Ha Pa/me//atexenis Methylation, 1 11/09/88
FoodScience UTEX 1708 colloid TMS methylglycoside
ClemsonU.
Clemson,SC

L. Falb Herbicidesample NMR, FAB 1 11/22/88
GA Exp. St.
Griffin,GA

V. Crescenzi R. trifo/iiTA1 Linkage 1 12/08/88
U. "La Sapienza" EPS
Rome, ITALY

D. Keister Bradyrhizobium NMR 5 12/15/88
USDA japonicum glucans
Beltsville, MD

L. Sequeira P. solanacearum, CK60, Composition 4 01/03/89
U. of Wisconsin P. solancearum CKD700,
Madison, Wl PI KD700, PI K60 EPSs



M. Snook Flavanoid glycoside Methylation 1 01/17/89
USDA
Athens, GA

B. Fraser-Reid Synthetic glucan FAB 1 01/26/99
Duke University
Durham, NC

D. Delmer UDP-GIc:(1/)-13-glucan GC-MS, NMR 2 01/31/89
Hebrew U. synthetase
Jerusalem, ISRAEL

M. Janusz Yeast glucan 1H-NMR, FAB, 2 01/31/89
Harvard Med. School Maltoheptose control Methylation
Boston, MA

R. Arrendale Soermidine FAB-MS 2 02/23/89
USDA/ARS/'fQSRU
Athens, GA

N. Nanavati Synthetic _,ster FAB-MS 1 02/23/89
NORAMCO Inc.
Athens, GA

D. Kasarda Wheat glutenin Composition 1 02/28/89
, WRRC

Albany, CA

A. Murphy Membranous ATPase Composition 1 02/28/89
Dentistry
U. of Pacific
San Francisco, CA

W. Whelan Candida albicans Composition 2 02/28/89
Dental Res. mannans
NIH
Bethesda, MD

H. Bussey Yeast glucans Methylation 2 03/01/89
McGill U.
Montreal, CANADA

L. Sequeira P. solanacearum Composition 1 03/02/89
Plant Path. EPS
Russctl Lab.
Madison, WI

M. Steup Plant carbohydrates Composition 4 03/02/89
, Botanishes Inst.

U. Munster
FED. REP. GERMANY

C. Schnaitman E coil LPS Composition 7 03/21/89
, Microbiology

U. of Virginia
Charlottesville, VA



B. Fraser-Reit_ Synthetic glucan FAB 1 03/25/89
Chemistry
Duke University
Durham, NC

P. Lipke Candida albicans Methylation 2 03/25/89
Biology mannans
Hunter College
New York, NY

D. Holty Chitosan Composition 4 03/27/89
Interchem
Atlanta, GA

J. Chatterton Conium maculatum Methylation 1 04/14/89
USDA trisaccharide
Utah State U.
Logan, UT

F. Cassels S. sanguis capsule NMR 1 04/17/89
Dental Research repeating unit
NIH

- Bethesda, MD

E. McManus 8-glucan, Candida Composition 3 04/17/89
NIH albicans mannan
Bethesda, MD Saccharomyces cerivisiae

S. Turchi Streptococcus mutans NMR 2 04/17/89
Chemistry glucan
Millersville U.
Millersville, PA

A. Murphy ATPase Composition 1 05/03/89
Dentistry
U. of the Pacific
San Francisco, CA

J. Chatterton Lolium and tomato Methylation 2 05/05/89
USDA trisaccharides

"- Utah State U.
Logan, UT

M. Snook Glycoside flavones FAB-MS 2 05/05/89
USDA
Athens, GA

D. Emerson Leptothrix discophora Composition 2 05/08/89
Microbiology glycoproteins
Cornell
Ithaca, NY

B. Finnerty Fatty acyl trehelose Methylation 1 05/09/89
Athens, GA



H. Bussey S. cerevisiae 7B Methylation 2 05/31/89
Microbiology & mutant 3 glucans
McGill U.
Montreal, CANADA

W.D. Bauer Erwinea stewartii 1H-NMR, 13C-NMR, 1 06/01/89
Agronomy EPS Composition,
Ohio State U. Methylation
Columbus, OH

C. Schnaitman E. coil lipopoly- Composition 5 06/01/89
Microbiology saccharides
U. of Virginia
Charlottesville, VA

Z. Marom Glycoprotein Composition 1 06/09/89
Mt. Sinai Med. Ctr.
New York, NY

D. Delmer UDP-glc synthetase GC-MS 4 07/20/89
DOE Plant Research activator
Michigan State U.
E. Lansing, MI

D. Emerson Bacterial fibril Composition 2 07/20/89
Microbiology
Cornell
Ithaca, NY

D. De Jong Glycoprotein from Composition 1 07/20/89
Bacteriology gliding bacterium
U. of Wisconsin
Madison, WI

M. Janusz Yeast glucan Methylation 1 08/16/89
Cell Biology fraction 3
Merrill-Dow
Cincinnati, OH

L. Barlow P. solanacearum Composition 1 08/29/89
Plant Pathology EPS
U. of Wisconsin
Madison,Wl

K. Nickerson Bacillus thuringiensis Composition 2 09/11/89
Biological Science toxins
U. of Nebraska
Lincoln, NE

A. Waiss, Jr. 3-f3-glucopyranosyl Composition 1 09/11/89
Plant Development perulactone
USDA
Albany, GA

L. Falb Clethodim acid FAB-MS, NMR 9 09/17/89
GA Experiment Station degradation products
Griffin, GA



K. Garrett Congo Red binding Composition 1 09/18/89
PathoGene bacterial poly-
Raleigh, NC saccharicle

M. Snook Flavanol glycoside FAB-MS 1 09/20/89
USDA
Athens, GA

W.D. Bauer Erwinia stewarti EPS NMR, Composition, 4 09/21/89
Agronomy Methylation
Ohio State U.
Columbus, OH

L. Falb Clethodim product FAB-MS, NMR 10 10/09/89
GA Experiment Station
Griffin, GA

K. Gat'rett Congo Red and Aniline Composition 2 10/18/89
PathoGene Blue binding material
Raleigh, NC

L.S. Phillips Serum growth Composition 2 10/31/89
Medicine inhibitor
Emory University
Atlanta, GA

J. De Stefano Pneumocystis carinii Composition 2 11/03/89
Anatomy & Cell Bio. cell walls
U. of Cincinnati
Cincinnati, OH

L. Falb Clethodim photodegra- FAB-MS, NMR 8 11/15/89
GA Experiment Station dation products
Griffin, GA

D. Chu Nucleoside sugar FAB-MS 1 11/21/89
College of Pharmacy
U. of Georgia
Athens, GA

W.R. Usinger Gliding bacterial Composition 1 12/01/89
Immunsine Corp. adjuvant
Orinda, CA

J. Streeter Soybean nodule slime Composition 1 12/08/89
Agronomy
Ohio State U.
Wooster, OH

D. Delmer Tomato cell wall Composition 2 12/14/89
Botany fractions
Hebrew U.
Jerusalem, ISRAEL

D. Shah Synthetic samples GC-MS 3 01/02/90
NORAMCO
Athens, GA



K. Nickerson B. thuri,'_'giensis Composition 5 01/08/90
Biological Sciences toxin
U. of Nebraska
Lincoln, NE

P. Manning Giardia muris Composition 1 01/08/90
Biology cyst walls
Cleveland State U.
Cleveland, OH

D. Shah Synthetic samples GC-MS 2 01/16/90
NORAMCO
Athens, GA

ToPesacreta Thistle filaments Composition 4 01/25/90
Microscopy
U. of SW Louisiana
Lafayette, LA

S. Kadis Pasteurella LPS Composition 10 02/19/90
Medical Microbiology
U. of Georgia
Athens, GA

S. Kadis Pasteurella LPS GC-MS 5 03/06/90
Medical Microbiology
U. of Georgia
Athens, GA

D. Vinal Congo Red binding Composition 1 03/06/90
Pathogene material from E. coli
Raleigh, NC

D. Delmer Barley endosperm GC-MS 1 03/06/90
Botany
Hebrew University
Jerusalem, ISRAEL

Z. Marom MGP glycoprotein GC-MS 1 03/19/90
Mt. Sinai Med. Center
New York, NY

WoUsinger Gliding bacterium Composition 1 04/03/90
Immunsine, Inc. glycoconjugate
San Leandro, CA

D. de Jong Glycoprotein samples Composition 2 6/1/90
Dept. of Bacteriology from gliding bacteria
Univ. of Wisconsin
Madison, Wl

J. Streeter Carbohydrate slime Composition 5 6/1/90
Dept. of Agronomy from soybean samples
OH State Univ.
Wooster, OH



J. Puhlman Maltoheptaaminitol 1H- and 13C. 1 6/19/90
CCRC NMR
Univ. of GA
Athens, GA

J. de Stefano Alditol acetates GC/MS 23 6/21/90
Univ. of Cincinatti
Medical Ctr.
Dept. of Anatomy
and Cell Biology
Cincinnati, OH

D. Sertl Ross Lab. Composition, 2 8/2/90
Ross Laboratories methylation
Columbus, OH

A. Sturm Secreted carrot Composition 10 8/20/90
Friedrich Miescher glycoprotein
Institut

Basel, Switzerland

P. Atreya Glycoprotein from Composition 1 8/27/90
Dept. of Plant Path. tobacco leaves
Univ. of Kentucky
Lexington, KY

M. Fuller Fungalglucan Methylation 1 10/4/90
Dept. of Botany
Univ. of Georgia
Athens, GA

J. Puhlman Synthetic glucan NMR 1 10/11/90CCRC
Univ. of Georgia
Athens, GA

J. Puhlman Maltoheptose 1H- and 13C_NMR 1 10/17/90CCRC
Univ. of Georgia
Athens, GA

M. Nieder Polysaccharide Composition 2 10/22/90
ESCA Genetics Corp. from plant tissue
San Carlos, CA culture

J. Streeter Soybean nodule Composition 2 10/24/90
Dept. of Agronomy slime
Ohio State Univ.
Wooster, OH

S. M. Lim Septoria glycines Composition, 1 11/5/90
Dept. of Plant phytotoxin linkage, NMR
Path. and Genetics
Univ. of Illinois
Urbana, IL



K. Fredrikson Synthetic polyglucan Methylation 1 11/7/90
Dept. of Plant produced by glucan
Biochemistry synthase from cauli-
Univ. of Lund flower
Lund, Sweden

R. van Huystee Peroxidase Composition 2 12/6/90
Dept. of Plant Sci. oligosaccharides Linkage 1
Univ. of Western
Ontario
London, Ontario
Canada

A. Junkins EPS from E. Coli Composition, 2 12/10/90
Univ. of Wisconsin linkage, NMR
Dept. of Food
Microbiology and
Toxicology
Madison, Wl

D. Domozych Algal-scale Composition, 1 01/10/91
Dept. of Biology methylation
Skidmore College
Saratoga Springs, NY

H. Prechel Rhizobium legumino- Composition 3 01/11/91
Biologie VI (Genetik) sarum biovar
Universitat Bielefeld viciae lipopoly-
Germany saccharide

J. Hyatt Glucomannin Composition, 1 11/14/90
Eastman Chemical methylation
Company
Kingsport, TN

H. Grimes Glycoprotein Composition 1 02/19/91
Dept. of Botany
Washington State Univ.
Pullman, WA

J. Hyatt Commercial Composition 5 02/19/91
Eastman Chemical Co. cellulose
Kingsport, TN acetates

S. Kadis Pasteurella Composition 2 02/21/91
Dept. of Medical lipopolysaccharides
Microbiology
Univ. of Georgia
Athens, GA

L. Hadwiger Fungal pathogen Composition, 4 03/06/91
Dept. of Plant Path. elicitor NMR
Washington State Univ.
Pullman, WA



T. Inzana Haemophilus somnus Composition, 4 03/06/91
Dept. of Pathobiology Fatty acid
Virginia-Maryland
Regional College of
Vet. Med.

VPI
Blacksburg, VA

J. Hyatt Fractions of a commercial Composition 5 03/20/91
Eastman Chemical Co. cellulose acetate
Kingsport, TN

C. Read Kensil Quillaja saponaria Linkage 1 03/20/91
Cambridge Biotech
Worcester, MA

S. Kellog Gram positive Composition 1 03/22/91
Dept. of Bacteriology Bacteria
Univ. of Idaho
Moscow, lD

M. Brown In vitro synthesized Linkage 3 03/22/91
Dept. of Botany glutens
Univ. of TX
Austin, TX

C. Reed Kensil Saponin Composition 2 04/16/91
Natural Products
Cambridge Biotech
Worcester, MA

J. van Etten Chlorella virus Composition 1 04/16/91
Dept. of Plant protein
Pathology

Univ. of NE
Lincoln, NE

E. Shotts An Algo suspension Glycosyl composition 1 04/24/91
Dept. of Med. Micro.
Univ. of GA
Athens, GA

J. A. Raymond Nitschia stellata Glycosyl composition 1 04/24/91
Dept. of Biological glycoprotein
Sciences
Univ. of South AL
Mobile, AL

K. Fredrikson Polyglucan Glycosyl composition 4 05/08/91
Dept. of Plant Linkage 4
Biochemistry
University of Lunde
Lunde, Sweden

E. Hyman Bacterial sample Glycosyl composition 1 05/08/91
3525 Prytania Str.
Suite 220
New Orleans, LA



T. Inzana Lipopolysaccharide Glycosyl composition 1 05/08/91
Dept. of Pathobiology and fatty acid
Virginia-Maryland
Regional College of
Veterinary Medicine
VPI
Blacksburg, VA

R. Pressey Glycoprotein Glycosyl composition 1 05/08/91
Richard Russell
Research Center
Athens, GA

N. Carpita Polyglycuronic acid NMR 1 05/24/91
Dept. of Botany and
Plant Pathology

Purdue Univ.
West Lafayette, IN 47907

J. Hyatt Cellulose acetate Glycosyl composition 3 05/31/91
Eastman Chemical Co.
Kingsport, TN

S. Kadis Pastuerella LPS Composition 3 05/31/91
Dept. of Med. Micro.
UGA Vet. Med.
Athens, GA

R. Pressey Plant glycoprotein Glycosyl composition 2 05/31/91
USDA Russell Rsch. Ctr.
Athens, GA

F. Voragen Pectic cell wall fraction Glycosyl composition 1 05/31/91
Dep. of Food Sci.
Wageningen Agricultural
University
P.O.B. 81296700 E.V.
Wageningen, The Netherlands

N. V. Padhye Glycoprotein from Composition 1 06/19/91
Food Research Institute E. coil
1925 Willow Dr.
Madison, WI

J. van Etten Capsid protein from six Composition 6 06/19/91
Dept. of Plant Path. Chlorella-virus PBCB-10
Univ. of Nebraska types
Lincoln, NE

V. Puvanesarajah Herbicide metabolite FAB-MS and 1 07/10/91
ABC Labs, Inc. GC-MS
P.O. Box 1097
Columbia, MO



A. Collmer Pectate lyase isozyme Composition 1 07/12/91
Dept. of Plant Path. from Erwinia chrysanthemi
Cornell Univ.
Ithaca, NY

G. C. Daily Sap from a willow shrub Composition 1 07/12/91
Stanford Univ.
Dept. of Biological
Sciences
Stanford, CA

J. Chatterton Tetrasaccharide from Methylation and 1 07/15/91
USDA Northern Plains Bromus tectorum FAB-MS
Area
Forest and Range Rsch.
Utah State Univ.
Logan, UT

C. R. Kensil Triterpine glycoside Glycosyl composition, 1 07/15/91
Cambridge Biotech linkage
Worcester, MA

K. E. Vogele Quilliac acid Composition, 1 07/24/91
The Wistar Institute linkage
Philadelphia, PA

D. L. Hendricks Fractions from the honey Methylation 2 07/28/91
Western Cotton Rsch. Lab dew of the sweet potato
USDA-ARS white fly Bemisia tabaci
Phoenix, AZ

J. Hyatt Commercial cellulose Glycosyl composition 4 07/28/91
Eastman Chemical Co. acetate fractions methylation 1
Kingsport, TN

C. Bergmann Endopolygalacuronase Glycosyl composition 1 07/29/91
CCRC
Athens, GA

W. Burks Peanut glycoproteins Glycosyl composition 2 07/29/91
Dept. of Pediatrics
Univ. of Arkansas for
Medical Sciences
Arkansas Children's Hospital
Little Rock, AR

J. Petter Cell wall fraction from a Composition 1 07/28/91
SE Poultry Rsch. Lab chicken pathogen
Athens, GA

R. V. van Huystee Peanut peroxidase Composition, 2 07/29/91
Dept. of Plant Sciences enzymes linkage
Univ. of Western Ontario
London, Ontario
Canada



Carl Bergman EPG sample Composition 1 08/22/91
UGA, CCRC
Athens, GA

Donald Hendricks Samples from the Western Methylation 4 08/22/91
USDA Western Cotton Cotton Research Lab
Research Lab
Phoenix, AZ

Jean Petter Salmonella enteridis ECA Composition 2 08/22/91
SE Poultry Rsch. Lab. samples
Athens, GA

Charlotte Reed Kensil Triterpine glycoside Glycosyl Linkage 1 09/06/91
Cambridge Biotech
Worcester, MA

Nisha V. Padhye E. coil outermembrane Composition 1 09/06/91
Food Research Institute protein
Madison, Wl

Jerry Chatterton Samples from Bomus Methylation and 3 09/12/91
USAD Northern Plains Area tectorum FAB-MS
Utah State University
Logan, UT

Charlotte Reed Kensil Triturpine glycoside Glycosyl Linkage 1 09/16/91
Cambridge Biotech (a saponin sample)
Worcester, MA

Bonnie Reger A style glycoprotein Composition 1 09/16/91
USDA, Russell Rsch. Ctr.
Athens, GA

Katherine E. Vogele Triturpinoid glycosides Composition and 2 09/16/91
The Wistar Institute Methylation
Philadelphia, PA

R. Malcolm Brown, Jr. In vitro cotton synthesis Methylation 3 10/01/91
Dept. of Botany products
Univ. of TX at Austin
Austin, TX

David Domozych Mesostigma scales Glycosyl Linkage 1 10/01/91
Dept. of Biology,
Skidmore College
Saratoga Springs, NY

David Domozych Polysaccharide muciliage Composition 1 10/01/91
Dept. of Biology from a gliding desmid
Skidmore College green alga
Saratoga Springs, NY

Park S. Noble Muciliage samples from Composition 3 10/01/91
Dept. of Biology Opuntia stems
Univ. of CA, Los Angeles
Los Angeles, CA



Bonnie Reger A style sample Composition 1 10/01/91
USDA, Russell Rsch. Labs
Athens, GA

Rebecca Robbins Syanil bacterial sheath Composition 1 10/18/91
UCLA Dept. of Biology
University of California
Los Angeles, CA

R. Malcolm Brown, Jr. Synthetic cotton products Methylation 4 10/29/91
Department of Botany
Univ. of TX, Austin
Austin, TX

Jerry Chatterton Fructose containing Methylation and 10 10/29/91
USDA-ARS Forage and oligosaccharides FAB-MS
Range Research Lab from Bromus tectorum
Utah State Univ.
Logan, UT

Phillip H. Enriquez An arabinogalactan Composition and 1 10/29/91
Advanced Magnetics Inc. Methylation (in
Cambridge, MA triplicate)

David Sertl Soybean samples Composition, 2 of 5 11/11/91
Ross Laboratories Glycosyl Linkage, 3 of 5
Columbus, OH NMR 2 of 5

Carl Bergmann EPG and PGIP proteins Composition 2 11/20/91
UGA, CCRC
Larry Dyck Sheath from the filamentous Composition 1 11/20/91
Biological Sciences cyano bacterium Lyngbya
Ciemson University wollei
Clemson, SC

Barry G. Harmon LPS from Pasteurella Composition 2 11/20/91
Dept. of Vet. Pathology maltocida
UGA
Athens, GA

Park S. Noble Mucilage samples Composition 6 12/03/91
Univ. of California
Laboratory of Biomedical
and Environmetnal Sciences
Los Angeles, Ca

Phillip H. Enriquez Larch arabinogalactan Proton and Carbon 1 12/12/91
Advanced Magnetics Inc. NMR
Cambridge, MA

A. Gururaj Rao Glycoprotein samples from Composition 2 12/16/91
Pioneer Hybrid Bauhinia purpurea and
International Inc. Eranthis hyemalis

Johnson, lA



Dr. Marwood Soybean milk powder Composition 1 12/30/91
Alpura Koreco AG
Konolfingen (Schweiz)
Switzerland

Ron Clay Barley coleptile cell Composition 1 01/24/92
UGA, Botany Department walls
Athens, GA

David Livingston Fructane samples Methylation 9 01/24/92
USDA-ARS
Regional Pasture Research Lab
University Park, PA

Carl Bergmann Fursarium EPG Composition 1 01/31/92
UGA, CCRC
Athens, GA

Phillip Enriquez Arabinogalactan samples Composition 2 12/31/92
Advanced Magnetics Inc.
Cambridge, MA

E. MSsinger Fungal and bacterial Composition 3 01/31/92
Sandoz preparations
Basel
Switzerland

Sean Soltysik Saponin samples Methylation 2 01/31/92
Cambridge Biotech
Worcester, MA

Carl Bergmann Fusarium EPG sample Composition 1 02/12/92
UGA, CCRC
Athens, GA

Sean Soltysik Saponin samples Composition 2 02/12/92
Cambridge Biotech
Worcester, MA

Lynn Epstein Sample from Helmintho- Glycosyl Linkage 1 02/14/92
Dept. of Plant Pathology sporium
Univ. of California
Berkeley, CA

Brent M. Peyton Biofilm samples Composition 3 02/29/92
Montana State Univ.
College of Engineering
Bozeman, MT

Gary Strobel Free monosaccharides Composition 1 02/29/92
Dept. of Plant Pathology in the water soluble
Montana State Univ. portion of the inner bark
Bozeman, MT of Pacific U

Deborah Bedore Saponin sample Composition 1 03/19/92
Cambridge Biotech
Worcester, MA



Carl Bergmann Fusarium EPG glycoprotein Composition 1 03/19/92
UGA, CCRC
Athens, GA

Rebecca Robbirls Sheath polysaccharide from Composition 1 03/19/92
UCLA Dept. of Biology sianyl bacterium Lyngbya
Univ. of California aestuarii
Los Angeles, CA

Gary Strobel Maculosin Composition 1 04/06/92
Dept. of Plant Pathology
Montana State Univ.
Bozeman, MT

Lynn Epstein An intracellular fraction Glycosyl Linkage 1 04/07/92
Dept. of Plant Pathology from the pathogenic fungus
Univ. of California Cochliobolus victoriae
Berkeley, CA

Stephen C. Fry Synthetic disaccharide NMR 1 04/07/92
Center for Plant Science
Univ. of Edinburgh
Edinburgh, U.K.

Otto Geiger Phospholipids from Fatty Acyl 2 04/09/92
Botanical Laboratories Bradyrhizobium USDA 135 Composition
Dept. of Plant Mol. Biol. and AN 122
Leiden University
Leiden
The Netherlands

R. Malcolm Brown Synthetic cellulose samples Methylation 6 04/27/92
Dept. of Botany
Univ. of TX, Austin
Austin, TX



Appendix 3. Analytical Services and Training

Samples and Protocols Sent to Others, December 1986 - March 1992

Investiqator Sample(s)and Protocol(s)Sent Date

Dr. FeliceCervone Voidglucanelicitorfrom 12/86
Universityof Rome Phytophthora megasperma
Rome, Italy

Dr. Osamu Kodama Voidglucanelicitorfrom 12/86
IbarakiUniversity Phytophthora megasperma
Ibaraki,Japan

Dr. Bemard Fritig ~ 10 mgvoidglucan elicitor 12/86
CNRS -IBMP
Strasbourg,France

Dr. MichelThellier Cell wall fractionB, 9/87
Universityof Rouen Endopolygalacturonase
Mont-Saint-Aignan,France solubilizedcellwall

RichardC. Staples ~ 1 mg hepta-_-glucosideelicitor 9/87
BoyceThompsonInstitute ~ 3 mg P. megasperma fragments

for PlantResearch
CornellUniversity
Ithaca,NY

Dr. C.J. Coscia ~ 3 mgvoidglucan elicitor 9/87
St. LouisUniversitySchool

of Medicine
St. Louis,MO

Dr. StephanieMustaftchiev Cell wall fractionB 10/87
CBM2
Marseilles,France

Dr. C.J. Coscia ~ 3.5 mg Pre-A glucanelicitor 2/88
St. LouisUniversitySchool

of Medicine
St. Louis,MO

Dr. Mike Beck Protocolfor isolationof 2/88
ClemsonUniversity totalRNA from planttissue
Clemson,SC

Dr. RobertFluhr
Weissm_,nInstitute _ 2 mgvoidglucan elicitor 4/882 mgPre-A glucan elicitor
Rehovot,Israel

Dr. DavidJ. Meyer Aliquotsof hybid:)masupematants 4/88
Universityof Nebraska (MH 4.4E4 and CCC 2.2E10)
Uncoln,NE

Dr. DarrylL. Kropf 3 mlaliquotof hybddoma 4/88
OregonState University supematant(MH 4.4E4)
Corvallis,OR



Investiqator Sample(s}andProtocol(s)Sent Date

Dr. Jean-LucMontillet ~ 1 mgvoidglucanelicitor 4/88
CENC
SaintPaul Lez Durance,France

Dr. BenediktTimmerman TCL protocol 5/88
CidadeUniversitaria
Rio De Janeiro, Brazil

Dr. MauricioBustos TCL regenerationprotocol 6/88
Texas A&M University
CollegeStation,TX

Dr. Margaret K. Essenberg TCL protocol 6/88
OklahomaState University
Stillwater,OK

Dr. Nien-Tai Hu TCL bioassayprotocol 6/88
AGR BiotechLab
Taichur_, Taiwan

Dr. EricTerzaghi TCL protocol 6/88
MasseyUniversity
PalmerstonNorth, NewZealand

Dr. Tim Nelson 1-2 mgcellwall fragments 8/88
Yale University (EPG_A4mix,Syc-B)
New Haven, CT

Dr. Frank Dazzo LPS samples 8/88
MichiganState University
East Lansing,MI

Dr. CharlesWest Voidglucanelicitor 8/88
Universityof California
LosAngeles,CA

Dr. MargueriteKopp 13-glucanelicitor 9/88
CNRS-IBMP Oligogalacturonideelicitor
Strasbourg,France

Dr. KathleenJeong ~ 2 ml aliquotof MH 4.4E4 hybridoma 10/88
Universityof California supematant
Berkeley,CA

Dr. Wemer Zitzmann Cultureof Acer pseudoplatanus 10/88
ZF-F Biotechnologie
Leverkusen,FRG

Dr. DarrylL. Kropf ~ 3 mlaliquotsof hybridoma 10/88
Universityof '._;.ah supematants(MH 3.2B4, MH 4.2A4,
Salt Lake City, UT MH 4.3E5)

; Dr. BernardFritig Giucanelicitor 11/88
CNRS-IBMP
Strasbourg,France

Mr. HongchaoLi - 5 mgvoidglucanelicitor 12/88
BeijingPlantCell Bioengineering

Laboratory
- PR China



Investi.qator Sample(s)andProtocol(s)Sent Date

Dr. BernardFdtig Glucanelicitor 12/88
CNRS-IBMP
Strasbourg,France

Dr. LarryGriffing ~ 4.5 mgvoidglucanelicitor 1/89
Texas A&M University
CollegeStation,TX

Dr. Osamu Kodama ~ 3 mgvoidglucanelicitor 1/89
IbarakiUniversity
Ibaraki,Japan

Dr. KeithRoberts RG-I and RG-II 2/89
John InnesInstitute
Norwich,UnitedKingdom

Dr. BernardFritig Glucanelicitor 2/89
CNRS-IBMP
Strasbourg, France

Dr. G.B. Fincher Xylosidase 7/89
La TrobeUniversity
Australia

Dr. DavidF. Kendra Pecticfragmentpreparation 9/89
EniChemAmerica, Inc. (EPGaA4)
MonmouthJunction,NJ

Dr. FeliceCervone 6 oligonucleotideprobes 10/89
Universityof Rome
Rome, Italy

Dr. BernardFritig Voidglucanelicitorfrom 11/89
CNRS-IBMP Phytophthora megasperma
Strasbourg,France

Dr. ChristopherJ. Lamb Voidglucanpreparation 12/89
The Salk Institute
La Jolla,CA

Dr. EverardoLopez-Romero Strains of C. lindemuthianum 12/89
Universidadde Guanajuato and E. carotovora
Guanajuato,Mexico

Dr. EugeneW. Nester 2 mg xyloseequivalentof 2/90
Universityof Washington glucuronoarabinoxylan,
Schoolof Medicine 3 fractionsof xyloglucan
Seattle, WA

Dr. Jean Guem Oligosaccharins 3/90
CNRS-ISV
Gif surYvette, France

Dr. SondraGlucksmann Voidglucan elicitor 3/90
MIT from Phytophthora megasperma
Cambridge,MA

Dr. A.G.J. Voragen RG-I and RG-II 3/90
WageningenAgriculturalUniversity
I+_,_0111111'_0111 I II_ I"I11F..61,1101 |011%11,_,_



Investiqator Samole(s) and Protocol(s)Sent Date

Dr. ThomasPesacreta EPG 5/90
Universityof SW Louisiana
Lafayette,LA

Dr. Jean Guem Oligomannuronicacid 5/90
CNRS-ISV
Gif sur Yvette, France

Dr. BeatKeller 4 mgactiveglucanfrom tobacco 9/90
Eidg.Forschungsansteltfor leaves
Lendw-Pflanzenbau
Zurich,Switzerland

Dr. EgonM6singer ~ 3-5 mg Pmg Pre-A glucan 10/90
Sandoz A_.roLtd. ~ 3-5 mg Pmgvoidglucan
Basel,Sw=tzedand

Dr. MartinPamiske ~ 10 mg Pmgvoidglucan 10/90
Phillips-Universit_t
Marburg,Germany

Dr. KarI-ErikEriksson 250 ml sycamorecell wall enzymes 10/90
The Universityof Georgia (wholecell extract)
Athens,GA

Dr. AndrewStaehelin 2 mL MH 4.34 10/90
Universityof Colorado 2 mL CCC 8.10A3
Boulder,CO 2 mLCCC 8.2E6

2 mLCCC 8.12H8

Dr. KeithRoberts 5.5 mg sycamoreextracellular 11/90
John InnesInstitute xyloglucan
Norwich,UnitedKingdom

Dr. PaulJ.J. Hooykaas Mixturesof oligogalacturonides 11/90
ClusiusLaboratory (Pool1,3, 4)
Leiden,The Netherlands Xyloglucanoligosaccharides

(SEPS XG7, SEPS XGg)

Dr. VemonN. Reinhold Xyloglucanoligosaccharides 11/90
HarvardSchoolof PublicHealth (XG7, XG8, TXG9)
Boston,MA

Dr. ThomasM. Zinnen Fungalglucanpreparation 11/90
NorthemIllinoisUniversity
Dekalb,IL

Dr. John M. Labavitch 1 mL aliquotsof hybridoma 11/90
Universityof Califomia CCC 8.2E6 and CCC 8.12HB
Davis, CA

Dr. EugeneNester 3 pools(3-4 mg each) of 1/91
Universityof Washington oligogalacturonideswithdiffering
Seattle,WA degreesof polymerization

Dr. JacekHennig ~ 5 mgvoidglucan elicitor 1/91
RutgersUniversity
Piscataway,NJ



Investicjator Sample(s)andProtocol(s)Sent Date

Dr. Keith Roberts Hybridoma supematants 2/91
John Innes Institute (3 mL each)
Norwich, United Kingdom

Dr. Jean D6nari#/Dr. Georges Truchet Large and small oligogalacturonides 2/91
CNRS-INRA
Castanet-Tolosan, France

Dr. Jean Guem Sodium borotritiide-reduced 2/91
CNRS-lSV tridecagalacturonide
Gif Sur Yvette, France ~ 1mg 13mer, 13mer modified by

treatment with uronic acid oxidase

Dr. W.J. Lucas 10 mgvoidglucan 2/91
Universityof Califomia
Davis,CA

Dr. Ann G. Matthysee ~ 2 mgsycamoreextracellular 3/91
Universityof NorthCarolina xyloglucan
ChapelHill, NC

Dr. ErwinHebede-Bors Samplescontainingoligogalacturonides3/91
Althanstrasse14 ofdifferentsizeranges
Vienna,Austria

Dr. Jean Guem 12 m_lof pooledoligogalacturonides 4/91
CNRS-ISV containingthe range that are active
Gif Sur Yvette, France inpotass=umeffluxassay

Dr. JonathanAdas ~ 50 mgVoidglucanelicitor 4/91
The Salk Institute ~ 5 mg Pre-Aglucanelicitor
LaJolla, CA

Dr. Friedman ~ 50 mlsycamoresuspensionculture 5/91
Marquette University
Milwaukee, Wl

Dr. Mike Adams 1 g sycamore cell walls 5/91
The University of Georgia
Athens, GA

Dr. Lars Ljungdahl 2 g sycamorecell walls 5/91
The Universityof Georgia
Athens, GA

Dr. RussellPressey 3 mg sycamoreRG-I 5/91
USDA
Athens, GA

Dr. KeithRoberts 1 mgsycamoreRG-I 5/91
John Innes Institute 3 mg sycamoreRG-II
Norwich,United Kingdom

Dr. Wolf-DieterReiter CCRC-Ml-hybddoma supematant, IgG1 5/91
MSU-DOE Plant ResearchLaboratory CCRC-M2-hybridomasupernatant,IgM
East Lansing,MI

Dr. Jean Guem ~ 14 mg oligogalacturonides 5/91
CNRS-ISV DP ~ 1-7
Gif Sur Yvette, France



Investiqator Sample(s_Jand Protocol(s)Sent Date

Dr. JonathanArias ~ 100 mg voidglucanelicitor 6/91
The Salk Institute ~ 12 mg fractionC glucan elicitor
La Jolla,CA

Dr. John Mundy ~ 8 mgvoidglucanelicitor 6/91
CarlsbergResearchCenter
Copenhagen,Denmark

Dr. LarryGriffing 8 mg Pre-A glucan 6/91
Texas A&M University ~ 8-9 mg fractionC glucan
CollegeStation,"IX 1.1 mg hepta-_glucosideelicitor

Dr. AlexeiV. Babakov ~ 2 mgvoidglucanelicitor 6/91
Instituteof AgriculturalBiotechnology
Moscow,USSR

Dr. LouiseBrisson ~ 100 mgvoidglucanelicitor 7/91
The Salk Institute
La Jolla,CA

Dr. RolandBourrillon 12 glycopeptidesamples 8/91
Universit_ParisVII
Paris,France

Dr. Narn-HalChua 2 oligogalacturonidesamples 8/91
The RockefellerUniversity
NewYork, NY

Dr. Mike McNeil 10 mgsycamoreEPG-released 8/91
ColoradoState University material
FortCollins,CO

Dr. MargueriteKopp 200 mgPmg cellwalls 8/91
CNRS-IBMP
Strasbourg,France

Dr. FeliceCervone EPG, PG II and PGIP antibodies 9/91
Universityof Rome
Rome, Italy

Dr. GaryStrobel Glucanand oligogalacturonidesamples 9/91
MontanaState University
B_Jzeman,MT

Dr. FeliceCervone EPG, PG II and PGIP antibodies 10/91
Universityof Rome
F_cme,Italy

Dr. Adan; Kondorosi 2.12 mg mixtureof cyclic_-l,2-1inked 11/91
CNRS-ISV glucans
Gif surYvette, France

Dr. PeterBezukladrikor ~ 3 mgvoidglucanelicitor 11/91
Far-EastDivisionof the Academy

of Sciencesof the USSR
Vladivostok,USSR

Dr. RalphDean EPG antibodies 11/91
ClemsonUniversity
Clemson,SC



Investigator Sample(s)and Protocol(s)Sent Date

Dr. FeliceCervone EPG, PG II and PGIP antibodies 12/91
Universityof Rome
Rome, Italy

Dr. Nesterenko 50 ml sycamorecell suspension 1/92
Academyof Sciences
Moscow,FSU

Dr. MichaelMcNeil 1 mg sycamoreRG-II 2/92
ColoradoState University
FortCollins,CO

Dr. Jean Guem 40 I_1of 1.3 mg/ml A. niger EPG 2/92
CNRS-ISV 40 ld of 1.0 rng/mlF. moniliforme EPG
Gif sur Yvette, France 40 I11of 3.0 mg/ml F. moniliforme EPG

Dr. J. Vendrig ~ 10 mgoligogalacturonides 3/92
KatholiekeUniversiteitLeuven ~ 600 I_gpure
Leuven-Heverlee,Belgium undecagalacturonide

Dr. MarthaC. Hawes Oligogalacturonicles(DPs 6-20) 3/92
The Universityof Adzona Oligogalacturonides(DPs 3-8)
Tucson,AZ



Appendix 3: Analytical Services and Training

Summary of Training Courses

Two training courses were held at the CCRC, sponsored jointly by the
USDA/DOE/NSF Plant and Microbial Carbohydrate Center and the NIH Biomedical
Carbohydrate Resource Center. Course 1, Separation and Characterization of
Oligosaccharides, was held May 21-26, 1990 and May 13-17, 1991, and Course 2,
Structural Analysis of Oligosaccharides, was held May 29-June 2, 1990 and May 20-24,
1991. The first course concentrated on the separation and characterization of
glycoprotein carbohydrates, and the second on the structural analysis of
oligosaccharides. The lab manual was written specifically for these courses and
included selected analytical techniques and a bibliography. The courses were organized
and led by Drs. Roberta Merkle, Russell Carlson, and Richard Cummings. The following
CCRC staff presented lectures and provided hands-on instruction during the courses:

Ramadas Bhat Russell Carlson Richard Cummings
Terry Dorman-Smith RobertaMerkle Malcolm O'Neill
Izabella Poppe Donald Powell V. Puvanesarajah
David Smith Herman van Halbeek

Participants in the first course were exposed to basic techniques for the isolation
and characterization of oligosaccharides. Lectures and demonstrations covered
techniques of carbohydrate analysis such as: sugar quantitation by colorimetric assays;
lectin blotting, thin-layer chromatography of glycolipids; enzymatic desialylation of
glycolipids; overlay assay of glycolipids; separation of individual components from
mixtures of oligosaccharides derived from glycoproteins by chromatographic procedures
such as amine adsorption HPLC, Dionex HPLC, paper chromatography; lectin affinity
chromatography; composition and methylation analyses, gas liquid chromatography; fast
atom bombardment-mass spectrometry; and 1H-NMR spectroscopy.

Trainees in the second course learned the techniques of glycosyl-residue
(composition) and glycosyl-linkage (methylation) analyses using gas-liquid
chromatography-mass spectrometry. Lectures and demonstrations covered other
techniquesfor structuralanalysisincluding:fast atom bombardment-massspectrometry,
lH-NMR spectroscopy, and methods for the separation and purification of
monosaccharidesand oligosaccharidesusingDionexHPLC.

Both courses emphasize hands-on laboratory work and included demonstrations
and lectures. Each course is limited to 10 participants, and experience with basic
biochemical techniques is a prerequisite for participation. The cost of registration per
course is $250 for individuals from non-profit institutions, $500 for others. The cost of
travel, lodging, and food is not included. Participants are chosen on the basis of their
potential for benefiting from the course, i.e., for application of the techniques learned to
their own projects. We asked each group of participants to evaluate their course, and
the responses were positive and enthusiastic.

The following pages in this appendix include a list of participants in each course
and their affiliations, as well as summaries of participants' comments evaluating the
courses. The course training manual is included as Appendix 5.



Participants in the 1990 and 1991 Training Courses

Course 1: Separation and Characterization of Glycoproteln Oligosaccharides

May 21 - 26, 1990

Dr. IbrahimS. Barsoum,ResearchScientist
VanderbiltUniversitySchoolof Medicine
Departmentof Microbiologyand Immunology
Nashville,TN

Dr. Ellen L. Berg, Postdoctoral Associate
Stanford University Medical School
Department of Pathology
Stanford, CA

Dr. Somsankar Dasgupta, Research Scientist
Department of Neurology
Medical University of South Carolina
Charleston, SC

Dr. Jamie A. De Stefano, Graduate Student
Department of Anatomy and Cell Biology
University of Cincinnati Medical Center
Cincinnati, OH

Dr. Michael L. Dumas, Research Scientist
Miles Inc. - Cutter Biological Division
Berkeley, CA

Dr. Hans Marquardt, Program Manager
Oncogen
Seattle, WA

Dr. Dennis Piszkiewicz, Research Scientist
Baxter Healthcare Corporation
Hyland Division
Duarte, CA

Dr. Therese Timmons, Research Scientist
Baylor College of Medicine
Department of Cell Biology
Houston, TX

Dr. Edward Yeh, Professor
Massachusetts General Hospital
Harvard Medical School
Arthritis Research
Charlestown, MA

Dr. C. David Zarley, Research Scientist
Lederle-Praxis Biologicals
American Cyanamid Company
Pearl River, NY



May 13 - 17, 1991

Ms. Carol Arnosti,GraduateStudent
Woods Hole Oceanographic Institution
Chemistry Department
Woods Hole, MA

Dr. Sheilah Asher
Amgen Inc.
Amgen Center
Thousand Oaks, CA

Dr. Paul G. James, Research Scientist
Glycomed, Inc.
Alameda, CA

Dr. Ludmila Novik, Research Scientist
Miles Inc., Cutter Biological
Berkeley, CA

Dr.Mark C. Plucinsky, Research Scientist
Centocor
Malvern, PA

Dr. Maryline Sharp, Postdoctoral Research Associate
Washington University School of Medicine
St. Louis, MO

Joseph Andrade, Research Scientist
Baxter Hyland Division
Duarte, CA

Course 2: Structural Analysis of Oligosaccharides

May 29 - June 3, 1990

Dr. Paul Aeed, ResearchScientist
The UpjohnCompany
BiopolymerChemistry
Kalamazoo,MI

Dr. Somsankar Dasgupta,Research Scientist
Department of Neurology
Medical Universityof South Carolina
Charleston,SC

Ms. Jamie De Stefano, Graduate Student
Department of Anatomy and Cell Biology
University of Cincinnati Medical Center
Cincinnati, OH



Dr. Rajan P. Nair, Research Scientist
Howard Hughes Medical Institute
University of Michigan Medical Center
Ann Arbor, MI

Mr. Brian O'Connell, Graduate Student
Department of Biochemistry
University of Rochester Medical Center
Rochester, NY

Dr. Nate Wardrip, Research Scientist
Department of Biochemistry and Biophysics
University of California
Davis, CA

Dr. S. Betty Yan, Program Manager and Research Scientist
Eli Lilly and Company
Department of Biochemical Research
Indianapolis, IN

May 20 - 24, 1991

Ms. CarolArnosti,Graduate Student
WoodsHoleOceanographic
Institution

Chemistry Department
Woods Hole, MA

Dr. Alexis Eberendu, Research Scientist
Carrington Labs Inc.
Dallas, TX

Dr. Sylvia Harwig, Research Scientist
UCLA Center for Health Sciences
Los Angeles, CA

Dr. David Hawke, Research Scientist
Applied Biosystems
Foster City, CA

Dr. Paul James, Research Scientist
Glycomed, Inc.
Alameda, CA

Dr. Mark C. Plucinsky, Research Scientist
Centocor
Malvern, PA

Ms. Rebecca Robbins, Graduate Student
UCLA Dept. of Biology
Los Angeles, CA



Dr. Gary N. Rogers, Research Scientist
Amgen
Amgen Center
Thousand Oaks, CA

Dr. Dave Sertl, Research Scientist
Ross Laboratories
Columbus, OH

Dr. P. K. Tsai, Research Scientist
Merck Sharp & Dohme
Research Laboratories

West F)oint,PA



Training Course Evaluation Questionnaire

We would like to make this course as useful as possible for future participants, and
would, therefore, appreciate your evaluations of the course content, the lab manual, and
the laboratory exercises. Please respond to the following questions.

1. Was the course taught at the proper level, too basic, or too advanced?

2. Which laboratory exercises were the most useful to you? Were there any you
would prefer that we did not cover?

3. In what ways could this course be improved? Would you like to see particular
techniques covered that we did not include?

4. Was the laboratory manual organized weil? Were the procedures easy to follow?

5. Was the laboratory environment easy to work in? Did you receive enough help
during the laboratory exercises? Too much help?

6. Was it useful to have lectures related to the lab exercises?

7. Did the lectures cover topics you were interested in? Would you like us to cover
other topics?

8. Did you find it useful to have trainees work in pairs?

9. Please make any other comments regarding this course.



Summary of Evaluations for Training Ccurse 1: Separation and Characterization
of Glycoproteln Carbohydrates, May 21 - 26, 1990

The comments of the ten trainees on the course evaluation forms were very
positive and enthusiastic. The trainees felt the course was taught at the proper level,
that the laboratory exercises were useful, and the laboratory facilities well-organized and
easy to work in. The trainees also commented on the good organization of the
laboratory manual and the ease of following the procedures for the lab exercises. The
trainees believed that it was useful to have a variety of people from different scientific
backgrounds give the lectures. Ali the trainees found the course helpful and were
enthusiastic that it should be continued in the future.

Summary of Evaluations for Training Course 2: Structural Analysis of
Oligosaccharides, May 29- June 2, 1990

Ali the comments of the seven people in this course were generally very positive.
The students felt the course was taught at the proper level (that it was not too basic or
too advanced) and that the exercises were very good. The students commented that the
manual was well-organized and easy to follow, and they praised the laboratory
equipment and learning environment. The technical help for the laboratory exercises
was excellent. The technical help for the laboratory exercises was excellent. The
students remarked that the lectures and demonstrations on the GC-MS analysis of
permethylated oligosaccharides, FAB-MS analysis, Dionex separations of
oligosaccharides and monosaccharides, and NMR techniques in particular were
excellent. The students did mention that they would have preferred the symposium (May
23) to have been scheduled between Courses 1 and 2 so that students from both
courses could attend. The students emphasized that they would have liked even more
laboratory work.

Generally, ali the students thought that the course was very good. They would
have liked to use some of their own samples in the laboratory exercises. They ali
thought that the course was very helpful to their research and that it should be continued.
They stated that the faculty and staff were excellent: extremely knowledgeable, friendly,
and helpful; and that the Complex Carbohydrate Research Center was an excellent
atmosphere in which to work.



Summary of Ev_:luationsfor Training Course 1: Separation and Characterization
of Glycoprotein Carbohydrates, May 13 - 17, 1991

The majority c.,f the participants thought that the course was taught at an
appropriate level, that tile laboratory manual was well organized and would serve as a
good reference source, and that the laboratory environment was easy to work in. They
thougl_tthe procedures were easy to follow, that it was helpful to work in pairs, and that
they received enough assistance while performing the laboratory exercises, and, in fact,
some commented that they would like to have a broader range of topics included.

Suggestions for improvements included adding more exercises such as
sequential exoglycosidase digestions and preparation of lectin affinity columns, and
having more formalized follow-up discussions to some of the exercises.

Summary of Evaluations for Training Course 2: Methods for the Analysis of
Complex Carbohydrates, May 20 - 24, 1991

Participants in this course thought that it was taught at the proper level, that the
laboratory exercises were very useful, that the laboratory manual was well organized,
the laboratory environment w_s good, the lectures were good, the topics covered were
appropriate and useful, and that it was beneficial to work in pairs. The participants would
have liked to have had laboratory exercises in NMR, FAB-MS, and DIONEX, more
discussion after the laboratory exercises, and more lectures on NMR spectroscopy.



Advertisements for Training Courses

Ad Size Issue Cost

1990

Bio/Technology 1/2-page March $1,560.00
Science 1/2-page March 23 3,180.00

$4,740.00

1991

ASPP small display ad March FREE
Blo/Technology 1/3-page March $1,290.00

Cell 1/2-page March 22 550.00
Science 1/3-page March 15 2,361.80

$4,201.80

1992

ASPP small display ad March/April FREE
Bio/Technology 1/3-page March $1,420.00
Cell 1/2-page March 20 595.00
Journal Biological 1/4-page March 25 349.00
Chemistry

NIH Research 1/3-page March 800.00
R ,sources Reporter

Science 1/3-page February 28 2,410.00
$5,574.00



Sample Advertisement for 1992 Training Courses in Techniques for Separation and
Characterization of Complex Carbohydrates

Courses in Techniques for Separation and Characterization
of Complex Carbohydrates

June 8 - 12 and June 15 - 19, 1992

Two courses will be offered at the Complex Carbohydrate Research Center
(CCRC) of the University of Georgia. The first course (June 8-12, 1992), "The
Separation and Characterization_of Oligosaccharides Isolated from Glycoproteins", is
intended for scientists with no experience with carbohydrate analysis. The second
course (June 15-19, 1992), "Structural Analysis of Oligosaccharides", is intended for
scientists with some experience with glycoconjugates or for those who have
completed the first course, and will focus on techniques of composition and linkage
analysis. Both courses will consist of hands-on laboratory work, demonstrations and
lectures. A lab manual including selected analytical techniques and references will be
provided. Each course is limited to I0 participants. Experience with basic
biochemical techniques is a prerequisite for participation. The cost of registration per
course is $250 for individuals from non-profit institutions, $500 for others. Lodging
and food expenses are not included in the registration fee.

The courses are supported jointly by the Plant and Microbial Carbohydrate
Center (a unit of the USDA/DOE/NSF Plant Science Centers Program sponsored by
the Department of Energy), and the NIH Biomedical Resource Center of the CCRC.
For further information or to apply for the courses contact: Dr. Roberta K. Merkle,
Technical Director for Biomedical Carbohydrates, Complex Carbohydrate Research
Center, 220 Riverbend Road, The University of Georgia, Athens, Georgia 30602.
Phone: 404-542-4402. Facsimile: 404-542-4412.



Appendix 3: Analytical Services and Training
Sample Training Course Syllabus from 1991

Course 1" May 13 - 17, 1991
Course 2" May 20 - 24, 1991

Course 1- Separation and Characterization of Glycoprotein Oligosaccharides

Monday, May 13

9:00 a.m. Introductorylecture: Overviewof carbohydratestructuresand
problemsin analysis. Dr. RichardCummings

10:30 a.m. Laboratory:Colorimetricassays: Assayof a Glycoproteinfor
NeutralHexoseContent

12:00 noon Lunch

1:15-2:00p.m. Lecture: Use of enzymesforpreparationof glycopeptidesand
oligosaccharidesfromglycoproteinsandforsequential
exoglycosidaseanalysis. Dr. RobertaMerkle

2:00-4:30 p.m. Laboratory:Use of N-glycanaseto releaseoligosaccharide
chainsfrom a glycoprotein
- Preparationof sample
- Begin N-glycanase reaction
- Size-exclusion chromatography of glycoprotein before enzyme
treatment

- Assay of column fractions for protein and neutral hexose

4:30-5:00 p.m. Laboratory: Neuraminidase treatment of bovine brain
gangliosides

Tuesday, May 14

9:00-9:15 a.m. Laboratory: Termination of neuraminidase treatment of bovine
brain gangliosides and of N-glycanase reaction of glycoprotein
- Dilute reaction mixture of gangliosides
- Heat reaction mixtures to kill enzymes
- Dry down gangliosides on Speed-Vac

9:15-11:00 a_m. Laboratory: Analysis of products of N-glycanase reaction
products
- Size-exclusion chromatography of reaction products of enzyme
treatment

- Assay of column fractions for protein and neutral hexose

11:00-1:00 p.m. Demonstration' High-performance Liquid Chromatography
- Separation of oligosaccharides by size
- Separation of N-linked high-mannose oligosaccharides by amine
adsorption HPLC using AX-5 column. Ms. Terry Smith, in
Graduate Studies Research Center, UGA Campus

1:00 p.m. Lunch



1:30-3:30 p.m. Laboratory: Separation of radiolabeled, cell-derived
glycopeptides by lectin affinity chromatography
- Pour and equilibrate 1-ml Con A-Sepharose columns
- Apply samples to Con A, collect fractions
- Liquid scintillation counting of fractions

3:30-5:00 p.m. Laboratory: Separation of small sized oligosaccharides and
monosaccharides by descending paper chromatography
- Spot unknowns and knowns, 24 h chromatography

Wednesday, May 15

9:00-10:00 a.m. Laboratory: Detectionof glycoproteinsby lectinblotting
- Preparedot blots
- Blockblots
- Wash blots
- Probeblotswith lectins(lunchduring1 h incubationperiod)

12:00 noon Lunch

1:00-3:30 p.m. Laboratory: Continuationof lectinblotting
- Wash blots
- Overlaywithantibody-AP
- Wash blots
- Colordevelopment

3:30-5:00 Laboratory:Analysisof resultsof descendingpaper
chromatography
- Silver nitrate dip assay

Thursday, May 16

9:00-12:00 noon Laboratory: Separation of glycolipids by TLC and identification by
overlay assay
- Preparation of solvents
- Equilibrate tanks
- Spot samples
- Separate samples by TLC
- Develop plates
- Begin overlay procedure
- Incubate plate with cholera toxin 13-horseradishperoxidase
conjugate (Lunch and lecture are scheduled during the 2 h
incubation period)

12:00 noon Lunch

1:00-2:00 p.m. Lecture: Glycolipids. Dr. David Smith

2:00-4:00 p.m. Laboratory: Complete glycolipid overlay assay
- Wash TLC plates
- Color development



4:00-5:00 p.m. Lecture: Other carbohydrate analytical methods.
Dr. Russell Carlson
- Composition analysis, GC/MS
- Glycosyl-linkage analysis
- NMR

Friday, May 17

9:00-11:00 a.m. Demonstration:Introductionto DionexHPLC.
Mr. MalcolmO'Neill
- Separationof standardN-linkedoligosaccharidesby Dionex-
HPLC

- Analysisof N-glycanase-releasedoligosaccharidesby Dionex-
HPLC

11:00-12:00noon Coursesummary: questionandanswers,evaluation

Course 2: Structural Analysis of OIi¢losaccharides

Monday May 20, 1991

9:00-10:00 a.m. Introduction
Dr. RussellW. Carlson

10:00-11:00a.m. Lecture: Methodsforcompositionanalysis. Dr. RussellCarlson

11:00-12:00noon Lecture: Methodsfor linkageanalysis. Dr. RussellCarlson

12:00 noon Lunch

1:30-2:00p.m. Lecture: Introductionto GC/MS analysis. Dr. RussellCarlson)

2:00-3:00 p.m. Laboratory: GC/MS analysisof alditolacetates and partially
methylatedalditolacetates

3:00-5:00 p.m. Lectureand demonstration:GC/MS analysisof permethylated
oligosaccharides.Dr. Ramadas Bhat

Tuesday, May 21

9:00-12:00 noon Lecture: NMR analysisof carbohydrates.
Dr. Hermanvan Halbeek

12:00 noon Lunch

1:30-3:00p.m. Lectureand demonstration:Analysisof oligosaccharidesby
FAB-MS. Mr. WilliamYork

3:00-5:00 p.m. Lectureanddemonstration:DIONEX separationof
carbohydrates. Mr.Malcolm O'Neill



Wednesday, May 22

9:00-9:30 a.m. Laboratory: Begin alditol acetate preparation

9:30-10:30 a.m. Laboratory: preparation of dimethylsulfoxide anion

10:30-12:00 noon Laboratory: Begin methylation analysis, continue alditol acetate
preparation

12:00 noon Lunch

1:30-4:00 p.m. Laboratory: Complete alditol acetate preparation

4:00-5:00 p.m. Laboratory: Continue methylation analysis, begin trimethylsilyl
methylglycoside preparation

Thursday, May 23

9:00-10:00 a.m. Laboratory: Purificationof permethylatedoligosaccharides.
Completionof trimethylsilylmethylglycosidepreparation

10:00-12:00 noon Laboratory: Beginacetylationof methylatedoligosaccharides,
end GC analysisof alditolacetates andTMS methylglycosides

12:00 noon Lunch

1:30-4:00p.m. Completeacetylationof methylatedoligosaccharides.Complete
GC analysisof alditolacetates andTMS methylglycosides.

4:00-5:00 p.m. Lecture: Methodsfor the isolationand analysisof glycoprotein
oligosaccharides.Dr. RobertaMerkle

Friday, May 24

9:00-11:30 a.m. Laboratory: GC/MS analysis of permethylated alditol acetates

11:30-12:30 noon Course summary, evaluation, and question and answer period



Appendix 3: Analytical Services and Training

Summary of Teaching and Training Activities of CCRC Faculty

The CCRC's regular faculty members are very active in teaching courses in the
Biochemistry,Chemistry, and Botany Departments to UGA undergraduate and graduate
studentsas well as continuingto directthe researchof M.Sc. and Ph.D. students. Several of
the CCRC facultyhave participatedin teachingAdvancedBiochemistry(BCH 802), a graduate-
level course taken by ali graduate students in biochemistry, chemistry, botany, zoology,
genetics,food science,and horticulture.Since 1987 half of the 802 coursehas been devotedto
complexcarbohydrates. Most CCRC faculty have taught BCH 810 ('Biochemistry Seminar')
since1986.

Dr. Van Halbeek has taught two lecturecoursesand one laboratorycourse each year
since 1986 on the theory and use of NMR spectroscopyfor the studiesof macromolecule
structures,includingand emphasizingthose of complex carbohydrates. These courses are
CHM 617/417, "An Introductionto Modem NMR Spectroscopy,"and CHM 6181418, "NMR
Spectroscopy:Practical Aspects," which are available to both undergraduate and graduate
students. He has alsotaughtCHM 901 ('Advanced NMR Spectroscopy'), which is for graduate
students who want to leam the most up-to-date NMR techniques, lt would not have been
possibleto teach these courseswithoutthe NMR facilitiesof the CCRC.

Drs. Albersheim and Darvill (with Dr. Russell Malmberg) taught Biology 107
("Introductory Biology"for undergraduatestudentswith a chemistry prerequisite) in the fall
quartersof 1990 and 1991. Each year the classenrollsover 100 students. Dr. Darvillhas also
taughta sectionof Biochemistry804 ('Plant Biochemistry')describingplant cell wall structure
and biosynthesis. In 1988-89, Drs. Cummings,Darvill,andVan Halbeek taught"A Mini-Course
in Complex Carbohydrates"as part of Biochemistry310 for undergraduate students. Dr.
Mohnen (who joined the CCRC faculty in September 1990) was invited to give one week of
lectureson "DNA Synthesis,Transcription,and Translation"to Profs. Black and Travis's BCH
310 undergraduateclass ('IntroductoryBiochemistry'). In the springof 1993 she will assume
the teaching of BCH 310 in total. In the spring quarter of 1991, Dr. Meyer taught CHM
341/341L, an undergraduatelaboratoryand lecturecourse in "Modern OrganicChemistry." He
taught CHM 631 ('Intermediate Organic Chemistry.Mechanisms') duringwinter quarter 1992
and participatingin the organizationand teaching of BCH 812A, "MolecularModeling" (with
Profs. Wampler [Biochemistry], Allinger [Chemistry], Bowen [Chemistry], and Taylor
[Pharmacy]).

Dr. Cummingshas taught BCH 801 ('Advanced Biochemistry,"for graduate students)
and participatedin BCH 802 each year for the last five years. He has also taught BCH 811
("Celland MolecularBiology')for two quarters, and has been active in organizingand teaching
in BCH 810 ('BiochemistrySeminar'). In 1990 Drs. Cummingsand Smithorganized a winter
seminar series as part of BCH 811 ('Cell and Molecular Biology') which broughtoutstanding
carbohydratescienUstsfrom around the U.S. to speak at UGA. Dr. Erikssontaught BCH 812A
('Special Topics in Biochemistry') in the winter quarter 1991 entitled, "Biosynthesisand
Biodegradationof Wood and Wood Components." Dr. Hahn taught BOT 881 ('Biochemistry of
Plant Responsesto Microbial Infection') in Winter 1990 and gave lecturesin PAT 840 ('Host-
Pathogen Interaction'), BOT 823 ('Monoclonal Antibodies as Research Tools') and BOT
465/665 ('Plant Taxonomy"). He taughtBOT 882 ('Graduate ResearchSeminar') in the winter
quarter 1991 and BOT 823 ('Monoclonal Antibodiesas ResearchTools') again in the springof
1991 and 1992.



Drs. Carlson and Merkle, the technicaldirectorsfor extramuralservices(responsiblefor
plant andmicrobialand for biomedicalcomplexcarbohydrates,respectively)and CCRC adjunct
faculty members have conducted two hands-on, two-week laboratory training courses for
scientistsfrom otheracademicand industrialorganizationsaroundthe country(see otherparts
of Appendix3). These trainingcoursesconcentrateon the separationand characterizationof
glycoproteincarbohydratesand on the structural analysis of oligosaccharides. The 1990
courses had 17 trainees;the 1991 courses had 20 trainees. We expect to have another 20
traineesfor the 1992 coursesto be held in earlyJune.

The CCRC faculty also teach the center's own students, postdoctoral research
associates, visitingscientists,and techniciansthe skills required to do research in complex
carbohydratescience. CCRC faculty have directedthe research of 50 graduate students,50
postdocs,and 9 visitingscientistssince 1986 includingthe current research of 36 graduate
students,23 postdocs,and one visitingscientist. Seventy-three undergraduatestudentshave
workedunder the directionof CCRC faculty since 1986, including14 undergraduatestudents
currentlyworkingat the CCRC. Additionally,CCRC personnelare stronglyencouragedto help
each othermasterthe sophisticatedtechniquesrequired for their research. The CCRC acts as
a resourcefor the students,staff, and faculty of UGA andof neighboringschoolsand industries
as well as universitiesand corporationsthroughoutthe country by providinginformationabout
the best proceduresto analyze complexcarbohydrates;sometimesthe CCRC providesthese
individualswith analytical services and, when possible, makes space available in its plant
growthroomsand greenhousesto other membersof the UGA faculty.

CCRC faculty currently lead five weekly research seminar groups, four of which are
organizedaroundspecific areas of interest. Ali the individualresearchgroups have weekly or
biweeklyresearchmeetingsto discussprogressand problemsin theirvariousresearch projects.
Dr. Cummings(with Dr. Claibome Glover of the BiochemistryDepartment) has led a weekly
journalclubon cell and molecularbiologysince 1984. Dr. Meyer continuesthe fourthyear of his
weekly seminargrouporganized around topicsin carbohydratechemistry. Dr. Mohnen leads a
biweekly plant complex carbohydratescience joumal club. A CCRC-wide, weekly two-hour
researchseminarhas been held throughoutthe year from 1986 to the present for ali interested
faculty,graduate students,staff, and postdocs. In 1991 the format for this center-wideseminar
was revampedto be devoted to presentationsof seniormembers of every research group (see
speaker list inAppendix1). This researchseminarseriesis designedto keep the sevengroups
locatedin the CCRC buildingand the four locatedin the Life Sciencesbuildingabreast of each
other's research directionsand accomplishmentsand to allow for an exchange of research
ideas and problems among the eleven CCRC groups. This center-wide seminar group is
organized and led by Drs. Moremen and Pierce. These five forums provideopportunitiesfor
young scientiststo present the results of their work, to critique the work of others, and to
become familiarwiththe expertiseand researchproblemsof otherCCRC members.

The faculty of the CCRC have begun to discussthe possibilitiesof obtaininga "training
grant"in carbohydratescienceto formalize ourtrainingof graduate studentsin this area. Such
a grant will also providesome stipends for studentsof our faculty in the "biomedical"groups.
Togetherwith studentswhose stipendsare paid by the Plant ScienceCenter grant,we believe
we will have a nucleus of students such that developing a training grant is a natural
developmentof the teachingcommitmentsof the CCRC. Most likelythis wouldtake the form of
a specializedline of study for studentswho would enroll in the BiochemistryDepartment. Dr.
Herman van Halbeek has agreed to take the lead in beginningto formulate our ideas for this
"traininggrant."



Appendix 3. Analytical Services and Training

Graduate Students, Postdocs, Technicians, and Visiting Scientists Trained at the CCRC and

Current Affiliation, 1985 - April 1992

Names and Position Period Curt.e.nt Affiliation/Del:l.ree

Former Postdocs:
*LuAnnAquino 1987-88 Postdoc,Departmentof Microbiology

and Immunology,EmoryUniversity,
Atlanta

*Ramadas Bhat 1989-92 CutterBiologicals,Miles, Inc., Berkeley,
CA

*Peter Bucheli 1987-89 ResearchScientist, Nestle Research
Centre,Vevey, Switzerland

GiuliaDe Lorenzo(NATO Fellow) 1987-89 ResearchScientist,Universityof
Rome, Italy

KeithR. Davis 1985-86 AssistantProfessor,OhioState
BiotechnologyCenter, Columbus,OH

R. ScottDoubet 1984-87 CarbBankDirector, CCRC
Daotian Fu 1990-92 AppliedBiosystems,Inc.,FosterCity,

CA
*Teresa Gruber 1989-91 Law Student
*MakotoHisamatsu 1989-90 AssociateProfessor,Facultyof

Bioresources,Mie University,
Tsu,Japan

Serge Kauffmann(EMBO Fellow) 1989-91 ResearchScientist,Centre Nationalde
la Recherche Scientifique,Institutde
BiologieMoleculairedes Plantes,
SVasbourg,France

*AlanKoller 1987-90 GraduateStudent, FranklinPierceLaw
Center, Concord,NH

PatriceLerouge 1991 ResearchScientist,CNRS, Toulouse,
France

RobertaK. Merkle 1984-87 TechnicalDirector,CCRC
Universityof Georgia

*Debra Mohnen 1986-90 AssistantProfessor,CCRC and
Departmentof Biochemistry,University
of Georgia

BerndMOiler(DFG Fellow) 1990-91 ResearchScientist,LAT GmbH,
Munich,Germany

KwameNyame 1987-89 PostdoctoralFellow, Brussels
Jane E. Oates 1934-86 ResearchScientist,Departmentof

BioorganicChemistry,Universityof
Utrecht,The Netherlands

*Roger O'Neill 1984-88 Scientist,Genencor, San Francisco,CA
*VincePozsgay 1989-90 ResearchScientist,NIH, Bethesda,MD
*VelupillalPuvanesarajah 1987-90 ResearchScientist,Analytical

BiochemistryLaboratories,Columbia,
MO

TadashiSeguchi 1988 Oita MedicalSchool,Japan
*Ivan _;imkovic 1991 Instituteof Chemistry,Slovak Academy

of Sciences,Bratislava,Czechoslovak=a
Anne-MarieStrang 1987-91 Cytel Corporation,San Diego,CA
ZakariaA. Teleb 1986-89 ResearchScientist,Egypt
*JanThomsen 1988-89 ProjectDirectorof Computer

Operations,CCRC, Universityof
Georgia



WolfgangVon Deyn 1986-87 ResearchScientist,BASF,
Akliengesellschaft,Ludwigshafen,FRG

Jan Yang 1989- Senior ResearchScientist,Dept.of
Biochemistry,Universityof Georgia

PaoloZatta 1988-90 ResearchScientist,Italy

Current Postdocs:
*JinhuaAn 1991- Ph.D. OklahomaState University
*Carl Bergmann 1986- Ph.D. Ohio State University
*KevinBrady 1989- Ph.D. IndianaUniversity
Tong-BinChen 1992- Ph.D. Universityof Iowa
Jamie De Stefano 1991- Ph.D. Universityof CincinnatiCollege

of Medicine
FrancoisC6t6 (NSERC Fellow) 1990- Ph.D. Universit6Laval
*Marly Eidsness 1991- Ph.D. Universityof Cincinnati
JohnGlushka 1991- Ph.D. McGillUniversity,Canada
Uhua Huang 1992- Ph.D. Clemson University
MarciaKieliszews;d 1991- Ph.D. Michigan State University
Karl-HeinzOtt 1991- Ph.D. Universityof Frankfurt,Frankfurt,

Germany
"lzabellaPoppe 1990- Ph.D. Warsaw MedicalAcademy
LeszekPoppe 1989- Ph.D. Tech. Universityof Warsaw
*JSrgPuhlmann(DFG Fellow) 1990- Ph.D. Universityof Munich,FRG
Jan Radomskl 1991- Ph.D. WarsawUniversity
MasahiroSamejima 1990- Ph.D. Universityof Tokyo, Japan
MohamedShoreibah 1991- Ph.D. The Universityof Miami Medical

School
JayanthiSdvatsan 1989- Ph.D. Indian Instituteof Science,

Bangalore,India
WolframSteffan (DFG Fellow) 1991- Ph.D. Universityof Rostock,Germany
Raja Sterjlades 1990- Ph.D. Universityof Fouder, France
NancyStults 1987-89, 1991- Ph.D. JohnsHopkinsUniversity
TimothyThudby 1992- Ph.D. Universityof Bristol,UK
*MyronWilliams 1991- Ph.D. MassachusettsInstituteof

Technology
*Sheng-ChengWu 1991- Ph.D. HungarianAcademyof Sciences
*Earl ZablackJs 1992- Ph.D. Universityof California,Santa

Barbara
MarianneZsiska 1990- Ph.D. Universityof Oldenburg,FRG

Former Visiting Scientists:
*Felice Cervone 1987-89 AssociateProfessor,Universityof

Rome, Departmentof Plant Biology
*TadashiIshii 1990-91 Forestry& ForestProductsResearch

Institute,Ibarakl, Japan
*GiuseppeImpallomeni 1989-90 CNR Institutoper la Chimicae La

Tecnologiadel Materiali,Polimerici,
Catanla, Italy

*Lu Yu 1989-90 Cheng-du Instituteof Biology,PRC
Marie-LouiseMilat 1986-87 ResearchScientist, INRA,Laboratoire

des Mediateurs,Chimiques,France
BenteNilsen(FulbrightFellow) 3-10/1989 Scientist,Universityof Oslo, Norway

Current Visiting Scientist:
Rafael Guillen(FulbdghtFellow) 1990- Institutode la Grasa, Seville,Spain
ZhiquanZhang 1991- Lecturer,NortheastAgricultural

College,China



Former Graduate Students:
*Thomas T. Stevenson Ph.D., 1987 Postdoc,Universityof Montana,

Missoula,MT
*JerryR. Thomas-Oates Ph.D., 1987 Postdoc,Universityof Dundee,

Dundee, Scotland
HeicleKogelberg Ph.D., 1991 BiologicalNMR Center, Universityof

Leicester,UK
*Laura L. Kiefer M.S., 1989 Ph.D. student,Biochemistry

Department,Duke University,Durham,
NC

*Steven H. Doares Ph.D., 1990 Postdoc, Instituteof Biological
Chemistry,WashingtonState
University, Pullman,WA

Marshall Skelton M.S., 1991 Eli Lilly,Indianapolis,IN
*Que Guo M.S., 1991 CambridgeNeuroscience,Cambridge,

MA
Kim Richie M.S., 1991 Ph.D. Student,Department of

Chemistry,Universityof Georgia
Rainer Stuike-Prill Ph.D., 1991 PostdoctoralResearchAssociate,

Department of Chemistry,Carlsberg
Laboratory,Valby, Denmark

ChristineMaakaru M.S., 1991 Unknown,New York
*David Go,in CurrentGraduateStudent inthe

Departmentof Biochemistry,University
of Georgia (formergraduatestudentat
CCRC)

Current Graduate Students:
Rob Alba (Ph.D.)
*ChristopherAugur(Ph.D.)
PhilBuckhaults(Ph.D.)
Jong-JooCheong(Ph.D.)
Wen Wen Chien(Ph.D.)
Somi Cho
"lvana Djelineo(Ph.D.)
Ki Young Do_Ph.D.)
Su-II Do (Ph.D.)
*Nancy Dunning(Ph.D.)
VladimirGalchev(Ph.D.)
Ajay Gupta(Ph.D.)
*KyungSik Ham (Ph.D.)
YuldIto (Ph.D.)
Sandeep Kalelkar(Ph.D.)
SeungwonKang(Ph.D.)
Tlm Kunkle(Ph.D.)
*Veng-Meng LO(Ph.D.)
Gu Lou(Ph.D.)
JianyunLu (Ph.D.)
*VictoriaMarf_ (M.S.)
J6rg Pieper (Ph.D.)
DorothyPlummet(Ph.D.)
DonaldPowell (Ph.D.)
BradleyReuhs(Ph.D.)
*Brent Ridley(Ph.D.)
Carlos Rivera(Ph.D.)
ShuclunSheng(Ph.D.)
Ali ShilaUfard(Ph.D.)
Paul Simon(Ph.D.)
*Mark Spiro(Ph.D.)
Sergio Tonen (Ph.D.)
JenniferWilliams(Ph.D.)



*Yeong-TongWu (Ph.D.)
JiunnChem Yeh (Ph.D.)
*WilliamS. York (Ph.D.)
ChillkYu (Ph.D.)
Qun Zhou (Ph.D.)

Former Technicians:
*Susan Bernard 1988-90 Student,PhysicalTherapy, Boston

University
*Eva Bucheli 1988-89 ResearchScientist,Switzerland
Sandra Cummings 1991 Homemaker
Ivana Djelineo 1989-90 Ph.D. student,Biochemistry,University

of Georgia
NancyDunning 1990 Ph.D. student,Botany,Universityof

Georgia
*Stefan Eberhard 1986-89 ReserachCoordinator,CCRC
*SallyGiles 1989-92 Internship,AgroecologyProgram,

Universityof California,Santa Cruz
*TeresaGruber 1987-89 Law student
BhagyaLakshmi 1989-91, 1992 Homemaker
HildaRivera 1991 SeaLite Sciences, Inc.,Athens,Georgia
*Sheryl Roberts 1988-89 M.S. student, Universityof Maryland
*AudreySouthwick 1987-88 Ph.D. student,StanfordUniversity
SusanneWilson 1987-89 Ph.D. student,MedicinalChemistry,

Universityof Georgia

Current Technicians:
*BarbaraBurgers
*StefanEberhard
*Mona Henddcks
SharonMattox
*Sarah Pattison
Terry Smith
MichaelSwain
GlennThomas
Nate Weymouth
*AndrewWhitcombe

Senior Research Scientists:
JeffreyDean 1990-
*MalcolmO'Neill 1985-
Jan Yang 1991-
*WilliamS. York 1985-

Former Undergraduate Students:
Apama AsaJi 1990
DeborahCeiler 1989-90
JoelM. Clement 1989
DavidCircle 1989
AmyK. Fowler 1991
CamillaH. Ulrich 1986
AmandaGraham 1990
ChadGreer 1991
Dane K. Gregory 1991
AnneMarie Haddock 1990
KarenHickey 1990
Deborah S. Houser 1988
Kacey Human 1991
AmoutP. Kalverda 1990
Seana M. Lesher 1991
*Valede Llcon 1989-91
J. Michael Long 1990



ClintMcEntyre 1991
JacquelinA. Murphy 1990-91
ElizabethPatel 1990
Reshma Patel 1990-91
Laleh Rezaei 1989, 1991
*SherylRoberts 1987-89
*DarrellSinger 1989-91
CindyL. Smith 1989
JohnThomas 1988-89
Carla K. Tucker 1988
Camilla H. Ulrich 1986
ShannonVaughn 1991
Rana Welch 1990-92
Toni M. Williams 1991
KevlnWindom 1988

Current Undergraduate Students:
RyanAdolphson
KellieBaker
John Blumer
RandyBooker
DwightCates
GeorgeChambers

Frank/. Comer
Julia Crane
RossCubbon
Dawn Farmer
StephenFeren
*Lisa Harvey
*AndrewHinze
*KeithKates
John Kim
Manley Kiser
Ralph Kline
ScottKline
JaquelynKwon
AngleMalone
*Susan Notte
KellySanders
Vince Sorrentino
Anna Maria Suit
*MelissaTempleton
ChrisWilkes
U-MinWu
NingZhang

*Individualswho have received partial support from the Plant and MicrobialCarbohydrate Science
Center grant
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