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MESSAGE: z am FAXin 8 a copy of the final technical report aud
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Call me if you have any questions.

We are transmittingthis fax to you by meansof our Omnifax G36D.

Please cag Sandy WatSon at (208) 885-7966 if you do not receiveallof the pages.

Departmentof Bacteriologyand Biochemistry
Co]l_e of Agriculture
Unlve=_ty of Idaho
Moscow, Idaho 83843

Phone: (208) 885-7966
FAx: (208) 885-65t8



28-1993 10:49 FROM U.I. BACT/BIOCHEM TO 86155?62865 P.132

.'...'_._,

UnlversnyofIda
"'_'_"_;' College ofAgriculture

B_t_'iolC_y Depa_'nent of Bacteriology
Biochemistry and Biochemistry

Moscow,Idaho83643

Telephone:208-886-7966
FAX: ,208-885-6518

 993

Mr.Dalles Hoeffer
• • • r_

Contra_._Management I)iv_.io
Financial AssistanceBranch
USDOE
785 DOE Place, 1221 Mail Stop
Idaho Fails, ID 83401-1562

RE: Expired Gr,mt DE.FG0?-86ER-13586

Dear Mr.Hoeffec.

I received a call from Linda Janson, accountantwith the UI Grants and Contracts
_officelast week. She had received a call from you raking for a final technical report

r th_ above refer_::nced._ant. Once again I am submi_ this report, for me rh/td
time. This report was imti.a_,y submitted October 21, 199_. A _ was receweo.m
February 1993 asking for this samerep.ort as i.thad not. yez.oe,en re_ivea. JtmalLe(t
another copy to you at mat ".ume.This is not _.e.m_.t ume tm.sn_ n_ppeneo to me.
Your apparent l_.ckof coordinated e_ort or ability to property reter.en_ ,
informatxonhas me rather upset and concerned. I trust tliis copy will cure the
deficiency in your records.

Accor"dingto Ms. Janson, Cathy Waldrop has contacted you regarding the need for
the final rel_rt. I have FAXeda copy of this letter and repo_to her also: Please
make sure this report _sfiled and properlyreferenceo so anomer request ts not
received from you. Thank you.

Sincerely,

Don L Crawtord, Prof.e_.-or
Department of Bacteriology and Biochemistry

/sfw

TIDeUn#_ ot I_(IhOiSCn_:IU_ OggOtt_w_/laffirm_vo(K_on 0¢nl_ and oducatmnaJinlfilut_m
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" "Universityofldaho.to _4 , 7

' College of AgricuLture
Bacteriology Del_lment of Bacteciolc_y
Biochemist#/ and Biochemistry

Moscow,Idaho 83843

October21, 1992 208.885.7966

Dr. Robert Rabson ..
Dizector, Division of Energy Biosciences
Office of Basic Energy Sdenccs, ER-t7
U,S. Depar_cat of Energy
Washington, D.C. 20585

Dear Dr. P,absorl:

Enclosed is the F'x=_!Technical Report formy recently expired grant DE-FG07-
86ER-13586, Biochemist_'yand Geaetics of Lignin Biodegradationby Streptomyces. I
havesl.sosentacopytotheIdahoOperationsOfficeoftheDepartmentofEnergy.Let
me knowR youneedanythingadditior_al-

I__date thefunding_st yourprogramprovided me between1950andtoday.That
fundingwas exlzemelyimportanttothesuccessofmy ligninbiodegr_ationreseazch

program.Whiledisappointedthatyou chosenottocontinuemy grantforanother
•' round,Iunderstandrh=tryou h_tvelimited Rindsto _rt: tesea_hinthispaz_ul_

azea.ltiss pitythat_,eazchonligninbiod_on hasnow cometobeessentially
totally dominated by p]uzn_rochaere xe,searchers who tend to have very nszrow
_tives. Their dominanceandself-centeaednesshasinturnaffectedthe grantpeer
review process to apointwheretheyaxenow pret_ much abletobe self-_erpettmting.

the meantime, my reses_h group has moved on. We are now using the
b_cche_cal, genetic, and enzymolcgical knowledge ba_e accumulated over the pa_
decadeto develops new generationof biodegradablesyntheticpolymersand
chemicals.We sm alsodoingmolecularecologyresezzchthatwillu1_y
detem_e the" relative importance of different _olytic mi=oor_,anismsin the

: processof ]i_ turnover in soil. We _e also developing sdected bioremediation
processes thataremuch mor_effectiveandpracticalthantheuseofp/umerochaete.-
Our funding base hasbegun to shift to the U.S, EPA, U,S. DOD, andprivamhzd.us_.

Ilookforwardtop:k_blyworkingwithyouinthefunn'e.

' Sincerely
i
I

: Don L.Cmwford

ProfessorofBacteriology CC.IdahoOperationsOfficeofDOE
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Summary of Resear_ Accomplished

Our researchgoal was to define the involvement of lignin peroxidases and other
exWacelIular enzymes in lignin degradation by 3wepwmyces. We examined the
biochemistry and genetics of lignin degrading enzyme productionby several swains of
Streptomyces. The lignin peroxida,_ ALiP-P3 of S. viridospoms was characterized
kinetically and its activity optimized for oxidation of 2,4-dichlomphenol and vanillyl-
acetone. Sensitive spectmphotometricassays were developed for monitoringoxidation
of these substrates. AI_-P3 reaction _emig_ was ex_ed using both
spectrophotometricassays and gas chromatography/mass Sl_troscopy. Results showed
that the enzyme oxidizes phenolic lignin substructuremodels in strong preference to
nonphcnolicones.The peroxidase was also showntodepolymefizenative lignin.We
alsoclonedtheALiP-P3genein5'.//r/daminplasmidvectorplY702.Theclonedgene
was partially sequenced. We also immunologically characterizedthe lignin peroxidase
of S. viridosporas T7A and showed it to be mactumlly related to peroxidasesprod_
by other lignin-solubilizing Streptomyces, but not to the H8 lignin peroxidase of P.
chrysospoMum. Studies with peroxidase deficient mutants of strain T7A showed that
lignin peroxidases of $. v/r/dosporus are directly involved in the solubilization of
lignin. Additional research showed that other enzymes are also probably involved in
lignin solub'flization, possibly including extracellular esterases. Overall the results
expanded our knowledge of the biochemistry and genetics of actinomycete lignin
degradation and helped define the role of peroxidases in lignin solubilization. The
ultimateaim ofthezesearchistoutilizeligninolyticStreptomyces,orrecombinant
mainsderivedfromthem,and/ortoutilizetheirenzymes,forl)thebioconversionof
Hgnintousefulchemicals,2)thebiologicalpulpingorbio-bleachingofpulp,3)the
enzymatic activation of lignin polymers, and/or 4) the degradationof toxic aromaticsin
pulp mill waste effluents.
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Background and _t Rcsem'ehProgress

Ch_, Enzymology and Genetics of Lignocellulose Degradation by
S_eptomxces and Other Actlnomycetes. Lignin-degrading.white rot fungi such as
Phanerochaete chrysosporium, and .lignin-_lubilizin.g bacte_., such .as.S._ep_n_c.es
species, produce ex.wa_.llulat pe__ that are mvotveo.m me mm.___oxt.aa.,uv_e
dbDolvmerizationof lignin (1-4). In 1". cnrysosporium, mese ngnm.peroxz_ uun_
__ tom3nselectiveiyand nonstereos__c_lyoxidizec.h_n_c_,bo_ _.sml.ct_
wRh ngninbywithdrawina gle fromastib e  nkap::msm
resuRsin thefornmionof a _fionradicalwithinme molecme,wmcn genera_.s
unstable structures that re_..t .withH20 or 02 and taut. the lignin n_..exomol_e to

linkageswith_.li.gmn_d. w_. ca.tatyze.me,ox_on, ornumer0usomr. compouno.s
(3).oncetheinRi_oxidative.¢_po_ymenzauonotu_. occurs,.meresm.nngpron_m
becomesubstratesforothercatabolicenzymes..the.ttg.mnperomc_aes,rous,serveme
importantfunctionofoxidizingandde.polyme_glignintog.en.e_te.lowermotecmar
weightcatabolic intenuediates, Whale more_sknownconcerning lignin peromaases oz
P. chrysosporium, it appea_s that the peroxidases of this fung_ (2,3) and of lignin-
solubilizingStreptomyces (1,2,4; also see Recent Results) functtonsimilarly.

AS discussed below, ligninperoxidasesof P. chrysospodum o_d't_ numero_
chemicalstructures.Thus,thefungusde_..reposesa ya_etyoi:x.enomoucsW'O:
fact, P. chrysosp..oriumis the most versatile xenobiotic_...e_..mpos_ngmxcroorgamsm.s
thus far described. Srreptomyc_ arealso noted for their .ab_ties _ 0ec_mposc.aroma.uc
compounds (2), and some of these compoundsare metavoazeo wa pamways mvoxvmg
peroxidases (4).

Streptomyces are _entous, aerobic ,bacte_(8) _t t_.'_ipate in the
decomPOSttion of plant residues and orgam.c polymers m soil, particularly
polysac_hadde_ such as .chitin, ¢_Jlulose, hemicellulose, and starch (8,9). They
_iecomposelignocenulose m a process involving the oxidative depolymerization and

_lubilization of li.g_ (1,10) concomitant with the hydroly.ds and assimil_'OnarOef
cellulosic and hemlceHulodcpolysaccharides (1). Thus, mese a_tmomy.ca_es .
xmpor_t to the long term maintenanceof soil f.e_ty._ parttcq:mte,m
humification vxa the degradationof ligninintowatersomme polymeric n'agments mat
become incorporatedinto soil.humusfractions (11-13).

Streptomyces and other actinomycetesthus far c_ ..havelesser abilities
to decomposeHgninthandowhite-rotfun.gi(2):.They.t_icalI.y..o_atzeandd_.'o.ml_se
lignin m water soluble polymedc.ln_lucts_, caaea acx_ preml_.m0tepo.tyroeta.c- a_gnms
(APPLs)(2,10.,11,14,15). Though.most__.ept_c_ mcomp_ezetymm._ n[_.,
they _lyze x_ oxi.0ativ.eae_ty_a,enzaaon_ wa me ex_n ot _nm-_,__
_xi_ that are mvolve_lm ttgnm ¢le_tton vxa me generauono_ _ .
(2,4,15-17).Peroxlda_deficientmutantsof 3. v_rM_Tsporuaarealsodefter m
APPL-pr_u.mg ability, but wh._ such mutants _ the tec_mb_n_,t ..plasmid-
encoded M_-P3 lignin pero_, gene. or ,_. v_.(uwsporus..._,_,_),mey .are
compUm back APVproducing bmty (17,1S).As wm r. ^cnCy,
lignin pero._ (2z3),theS/repwmy_ _ro__.__ ou_ uoatpna_u_a
cleavage of dimerio ligninsubstructuremoaem pt,zu_. "xne acunomyccte enzymes,
however,prefer.phenolicsubstratesasoppos_l,tononphenolicon_,preferredby P.
c.hrysospoHum n_dn ,pero:mdase(20)..Thus.,it .appe_.t_ _¢. "mifi.alo_da_i.'onof
Hgn_ by Streptomyces revolvesa peroxidase-basedmecVan,_matm to mat ot wntr_rot

4
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.... of the Stre to ees to extensively mineralize lignin, must be thefungi. The inability ,p my .........................
result of their having lesser cnzy_, tic capaoutues to mrm._ _ ugnm _rd_,,l_.ta,
and/or less powerful lignin pcmmdases than those prc_uc.eaoy mngL

Low molecular weight aromatic substrates derived from lignin are readily

degraded by actinomy_tes. $¢rep_myces have been shown to d(21e_.26_single ringaromatic compounds wa classic aromatic catabolism pathways . Individual
strains, however, vary greatly in their versatility. Some lignin-solubilizcrs such as S.
viridosporus TTA degrade a small number of aromatic compounds (22,27), while
others such as $. setonii 75Vi2 degrade, a wide range (24-28). Th.e ability..Of
actin'omy.Cetesto.de.grade,single ring aromaticsb not always,correlated..wl_._e, ab_

research has been devoted to determining.... now acunomyceres camooazz mm -
aromatic comuounds, some strains do metabolize multi-ring substrates .(21). The
extracellular t_eroxid_es of lignin-solubilizing St_..ptomyc_. s.uch _ S. _rh_sporu_.
,,1_,,,_lwe reactions that oxidatively split dimenc lignin substructuremoae_
....compounds-:'-:mtosingle-fing products (4_20).. Therefore, it is likely that multi-ring
aromatics are degraded by a variety of actinomycetes.

While it is apparent that peroxidases play an important role in lignin
solubilizationby Streptomyces, other enzymes appearto also be involved. Work in our
1_oratory has shown that extracellular.esterasesproducvd by _;. viridosporus may be
importantm thecleavage of aromaticacids from lignocellulose (29). Recentresults (see

' " esterases ma be Lm t to the lignin solubilizafion pr(r,ess,below) indicate that y . portan . . .
_ssiblv bv acting to hvdrolvze lignin pol_ha_e bonds during lign_ulOSe
_egrad_.tiom_.Ex_ellula_oxfdasesarealsoproducedby 5. _r/dosporus,._cl.u_ng
oxidasesthat oxidize unsaturatedaromatic aldehydes (30) anu mostU,.atommze snort
chainaliphaticaldehydes (18) m the _rresponding acid. The_. enzymes .al.mge.ner_.
H?O7 as a byproduct o_ _e oxidation. _ucn oxictases nugnt act outing
so]ub_dizat/onby oxidizing lignin's aromatic _.dehyde groups _ _ cortes_.ndi_g
acids,,and they .mayalso be importantin generatingex_mar n2o2 mr use oy me
orgamsm's peroxidases.

Confirmatory Research of Others.. My _h .gro.up ims, until fairly
recently, been pretty much alone in s.mdying li.gin desfl'a_,on oy a_inomycetes.
However, other researchershave recently t_.ome mtereste_ m our findings and have
either obtained our Srreptomyce_ strains (5. _rido._. .rus T7A and 5. badius 252),
and/or have used their own strains of lignin-solubi"_n8 acenomy_ to carry out
r_h on lignin biodegradation(2). As their findings have beea.publish_, _ey lm..ve
confirmed and extended our work. As a resutt, me reucence ot some to believe mat
actinomycetes might possess..lignin-oxi'.cling ..enzymes sh,o_.d,now have_be__
overcome. There zs substm_tmlaccummazeo ttmmmre on. ugnm m_usm .oy
actinomycetes, frp.m multiple laboratories..Other l_.___m__n.'esnow acuvety ..aomg
researchwith lignmolytic _epwmyces mciu__ mose OLW.:/__ ..e_ t_urx,cen),a_
M_y (LtverpooD, H. Giroux (Canada), tc _,ort_ (mano?,_. vlcuna t_au 7,.-
R. Blondeau (Fr_ce). Among the key _tory ooservanons reporumfrom mese
laboratorie_are:

1) the oxidative, enzymatic solubilimfion of lignin by actinomycetes (31-36),

2) the excretion of extra_lhL_, peroxidases by Streptomyce_ during growth on
lignoc_ulose and duringlignin solubilization(35,36),

M_I '
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3) theoxidationof vera_lalcoholby ligninolyticStreptomycesand th_
oxyl.Iu.lax' enzymes(36,37),and

4)theproductionofotherextracellularenzymesrelevanttolignindegradation,
includingesterasesandoxidases(I,31-37).

In particular,McCarthy'sgroup(3..4-36)_ found thatexUacel]:_.pe .m__
and vera.try1_alcoholoxidaseacu.'viti_Uecame ug..tt_yo0una"to solubittz_ttgmns

on Ugno_]J.Blose. Gtroox s work (,:_z,_J) gas sauwn umr ¢.Au_ra_tam _"-.,x*,,
preparatiom from ¢ulmrm of both S., viridospoms and S.._us will solubiliza and
 .ep01ymerxra mon.deausw .kOS,andunpubned.dm) .ow ..matS.
wBdoaporusproduces_.t_umr peromoasesmat appearto oe mvoiveom rtsdegradationof humic acids

Thus, .the literature on lignin degradation by Streptomyces and other
actinomycetes ts now accumulatingat a more rapidpace, and publications from other
laboratoriesare confirming and cxt_ding our previous findings. Futm'eresearch with a
variety of actinomycetes will,of court.,more al.earlyde.fine the rolesof extracellular
peroxidases,oxidases,esterases,anu poty_oes m me ligninsolubilization
process.

Research F'mdingsand Accomplishments

Our most recentresearchwith.lignin." .peromd_e.deficientmutants .of S.
v,r_daa_,..rN hasfurther_ our..._..rs_mg o_me_=zx,rt__e*or.p_xt_..d possibxyest me oy.
requiredfor efficient sotuoilizationoz ugnm oy u-us.ac_o.myce_, reroxma_ u__n_,_t
mutantsaresignificantly_.pai__inAPPLpr_.ucttonability._aesemutantsatsotena
tobealteredintheproductionofcertainextraceUu._esterases.

Using polyclo_., antibodi_., we have _ examined. _ "._mu:n.ol.o,'._1
relatednessof the ligninperoxida____._.uceo 0Y. sev_ .ugnm-somo_
Streptomyces, to one anotherand to me H8 _ .perom_ _ r. _..sosp?n.u m _xo):
PolvcIonaI antibcMies prepax_.., against purified ALiP-P3 protein vma u3_mc
pe.x0xidasesof- other lignin-."" _olubilizing St_ep.tomycea.However,.they do no bind the _z_
iigninase, nor does an anti-H8 antibody bind .t_. ALiP-.P3.._c.. Thus,_ the
ac_omyce_ peroxi_da_ _ p be stru..ctX,y _mi_, butaistinctm structurefrom
thefungalenzyme,atleastatthexmmunotogtcat_wm.

We have also further_ the reaction cho.mi.s_ pf the S. _fr/dospoms
AIAP-P3 ligninperoxidaseusing phenolic_ nc_ph_.enoHc_ subs_ model.
compounds and _ve lignins..as substrates(2o,;_). mm WOrnsnows ..matme en_..me
preferentially o_ phenottc guos_, as _seo.to ..non.pnenoucon._., very
importantly, the ALiP-P3 pemmda_ ..dj_.I_yme"r_ .nauve ttgmn w.nenreacuons.are
run ..usingthe procedure of Hammel (40). This finding confirms a lignin catabolism
function of this actinomycexeetmyme.

Finally, we have recently used our knowledge of lignin degt_. ".ree_
chemistry tOsyntheaiz_ a.gmup of mMtfied _ dyesthatare_ exceuent,oy,m., out
aremuch more readily bzod_ed by lignin"01ytic.actinomyce_ano nmgt man are
currentcommemialaz_dyes(41).By intt_uc'mglignin-likesubstitutionpatternsinto

6
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aromatic ring components of these dyes, they were made to be .susceptibleto oxidation
and completedegradationby the ligninolytic systemsof these nucroorganisms.

Our re_ts and that of others shows that there is potentiat for developing Lignin
bioconversion prcr._ses that can address this nation's long term needs for chemical
feedstocks, energy in the form of altenmteliquid fuels, and a cleaner environment.The
enzymes and genetic systerasused by micro6rga_sms to degrade tignln.arenow being
elucidar_l rapidly. Results of studies with extrzcellularperoxidases indi_ that these
Hgnin oxidizing enzymes, or chemical processes that mimic them, might replace the
cldorin,e-based technologies currentlyused to d¢llgnify and bleach pulp. If developed,
optimized biologic_l or biomimetic delignification processes would Ix_I_. energy
intensive and more .en_nmentally benign than cuxTently used clflorme-based
p_: Lignin-oxidizing enzymes may also prove useful for the con_olled
modification of lignin to produce useful, m.o_ chemically reactive polymers. A
possibly soon to_be _ use of Iignino!yti¢ mtczoorganism_.will be for the
bioremediationof toxic chemicals (5-7,39)..The iraoxidase_ of ligninolytic fungi (5-
7,41) and of ac.tinomycetes(2_0,39)non_caH _ attack a variety of chemical bond
structures within a variety of nitroaromatics, chloroarornatics, azo dyes, and other

actively smaleo _or meir oiorem.ediation potential. When useo m concert with
cellelolytic _.or hemi'.ce!lelolyttc microorganisms .(or isolated cenula_ or
he_micellu]ases_,lignin-oxidizing enzymes may also prove importantto the development
of bioconversion pmce,_ses for prcxiuctionof liquid or gaseous _ (e.g., ethanol,
methane) or chemical feedstocks from lignoccUulose. For such btoconversions to
proceed, the "lignin barrier" must be removed or opened to allows ce.11ulasesto

,, penetrate and _ polysaccharide components..Ligni_ves might,serve this function
in _h_. _ficationprocesses. On..ecan dso enviston using recombinantStreptomYceS,

mthep.uctiono.fli.gnin..mxida , and/orother to
oioconver_lignin into lOWmmecmarweight chemimb.
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