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ABSTRACT: The diverse roles of tyrosine residues in proteins may be attributed to their dual hydrophobic
and polar nature, which can result in hydrophobic and ring stacking interactions, as well as hydrogen
bonding. The small homodimeric DNA binding protein, factor for inversion stimulation (FIS), contains
four tyrosine residues located at positions 38, 51, 69, and 95, each involved in specific intra- or
intermolecular interactions. To investigate their contributions to the stability, flexibility, and spectroscopic
properties of FIS, each one was independently mutated to phenylalanine. Equilibrium denaturation
experiments show that Tyr95 and Tyr51 stabilize FIS by about 2 and 1 kcal/mol, respectively, as a result
of their involvement in a hydrogen bondalt bridge network. In contrast, Tyr38 destabilizes FIS by
about 1 kcal/mol due to the placement of a hydroxyl group in a hydrophobic environment. The stability
of FIS was not altered when the solvent-exposed Tyr69 was mutated. Limited proteolysis with trypsin
and V8 proteases was used to monitor the flexibility of the C-terminus (residue38)land the dimer

core (residues 2670), respectively. The results for YO5F and Y51F FIS revealed a different proteolytic
susceptibility of the dimer core compared to the C-terminus, suggesting an increased flexibility of the
latter. DNA binding affinity of the various FIS mutants was only modestly affected and correlated inversely
with the C-terminal flexibility probed by trypsin proteolysis. Deconvolution of the fluorescence contribution
of each mutant revealed that it varies in intensity and direction for each tyrosine in WT FIS, highlighting
the role of specific interactions and the local environment in determining the fluorescence of tyrosine
residues. The significant changes in stability, flexibility, and signals observed for the Y51F and Y95F
mutations are attributed to their coupled participation in the hydrogen-bsaitibridge network. These
results highlight the importance of tyrosine hydrogen-bonding and packing interactions for the stability
of FIS and demonstrate the varying roles that tyrosine residues can play on the structural and spectroscopic
properties of even small proteins.

Research conducted over the past decade has underscordd4—16, 26), its more general impact on the local dynamics
the importance of hydrogen bonding to protein stability- ( of the native state and its corresponding functional conse-
6). The mutation of a tyrosine residue for phenylalanine is quence have received less attention. Of all the properties of
one of the most conservative mutations that can be made intyrosine residues, their contributions to spectroscopic signals
a protein to probe the role of hydrogen bonding in protein have been investigated the least, especially when compared
stability. Thus, tyrosine residues of several proteins have beento the data available for tryptophan residuex/-35).
mutated to phenylalanine to investigate the importance of Furthermore, there is no comprehensive study that investi-
hydrogen bonding to protein stability,(7—10), as well as gates the contribution of tyrosine residues to the function,
for studying other roles of tyrosine residues, such as their stability, dynamics, and spectroscopic signals of a protein.
biological function 9, 11—-17), dimerization {8, 19), and In this work we have used the protein factor for inversion
contribution to spectroscopic signa)(25). While the role stimulation (FIS) to gain a global understanding of how its
of tyrosine hydrogen bonding in maintaining the proper four tyrosine residues contribute to the various properties of
conformation for binding various ligands has been studied this protein.

FIS is a 22.4 kDa homodimeric DNA binding protein
found in Escherichia coliand other enteric bacteri@—
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identity conservation (Figure 2) and is involved in hydrogen
bonding with charged residues (Figure 3D). Tyr95 differs
from Tyr51 in that it is involved in intramolecular interac-
tions within the D-helix and across to the B-helix of the same
subunit (Figure 3).

The differences in the local environments surrounding the
tyrosine residues in FIS suggest that their contributions to
protein stability, local dynamics, spectroscopic properties,
and function may be different from each other. Therefore,
FIS may be a good model system for a comprehensive study
to determine the contribution of tyrosine hydrogen bonding
to these properties. To investigate the roles of the environ-
ment and hydrogen-bonding potential of each of the tyrosine
residues, four independent phenylalanine substitutions have
been performed, creating the mutants Y95F, Y69F, Y51F,
and Y38F (collectively, the Y— F FIS mutants). DNA
binding assays, equilibrium denaturations, limited proteolysis,
and fluorescence and near-UV CD spectral analysis were
performed on the four Y— F FIS mutants. The results

Ficure 1: Ribbon diagram of the 3D structure of FI&2( 43, 47, empha5|ze Fhe utility of ty.ros.'”e ﬂ.uorescence for mon!torlng
49) with the tyrosine residues highlighted. The fauhelices are ~ Protein folding and add insight into our understanding of
labeled A through D. The figure was prepared using the program the interplay between the local environment of tyrosines and
MOLSCRIPT @9). the resulting effect on the spectroscopic signal, function,

flexibility, and stability of even small proteins like FIS.
38) and is involved in various functions, including the

stimulation of site-specific DNA inversion reactions cata- MATERIALS AND METHODS

lyzed by the Hin and Gin family of recombinase941). Generation, Expression, and Purification of FIS Mutants.
It has four tyrosine residues scattered throughout the protein,The Y — F FIS mutations were made as previously described
at positions 95, 69, 51, and 38 (Figure 1), and no tryptophan (44). In the first PCR reaction for Y38F and Y51F FIS, the
residues. A blast search of the available genomic databaserimers 5>TGAGCAAAAAAGTTCTTCAG-3 and 3-AC-
reveals that over 30 bacterial species contdis gene, and CAGCTCAAAGAGGTCATTC-3 were used, respectively
their deduced amino acid sequences indicate that these foumutations shown in bold, codon region underlined), together
tyrosines are highly conserved (Figure 2), suggesting thatwith plasmid pLF330 and a second primer, oRO320 (5
they may have important functional or structural roles. An GGAATTCCATATGTTCGAACAACGCG-3), that anneals
examination of the crystal structuréd? 43) of E. coli FIS to a sequence at the beginning faf and creates ahldd
reveals that the tyrosines are involved in both intra- and and anEcdRl recognition sequence. Plasmid pLF330 con-
intermolecular interactions. Tyr38 is in the A-helix on the tains the wild-type (WTYis gene inserted within thalde
N-terminus of FIS (Figure 1) and is conserved with 97% andBanH]I restriction sites of the expression vector pET11c
sequence identity among known FIS sequences (Figure 2).(New England BioLabs). The resulting PCR products were
Only 25% of Tyr38 is solvent exposed in the crystal structure, separated by electrophoresis on a 5% polyacrylamide gel,
and its hydroxyl group is buried inside a hydrophobic pocket purified by the crush and soak methotb), and used as a

of the protein with no hydrogen-bonding partner (Figure 3A). megaprimer for a second PCR with pLF330 as template and
Tyr51, which is 20% solvent exposed, is located at the the primer oRO319 (SCGGGATCCAAGCATTTAGCT-
beginning of the B-helix, close in three-dimensional space AACC-3) that anneals to a sequence downstream of the
to the C-terminus of FIS (Figure 1). Tyr51 makes complex termination codon ofis and creates 8anHI recognition
intermolecular hydrogen-bonding interactions with charged sequence. In the first PCR for Y69F FIS, an upstream primer,
side chains in the B- and D-helices of the opposite subunit 5-GGTGATGCAATTCACCCGTGGTAAC-3, was used
(Figure 3B). The importance of this interaction seems to be together with the primer oRO319 and pLF330 as template.
reflected in the 100% identity conservation of Tyr51 among The product of this PCR was separated by electrophoresis
the various known FIS protein sequences (Figure 2). Tyr69 and used as a megaprimer for a second PCR together with
is located on the B-helix at the opposite end of Tyr51 (Figure the upstream primer oRO320. In creating the Y95F FIS
1) and is involved in an intermolecular ring stacking mutant, only one PCR reaction was required, using oRO320
interaction with Phe39 (Figure 3C). It is the most solvent- and a primer at the end of tiss gene (5CGGGATCCT-
exposed (50%) tyrosine in FIS and makes no hydrogen bondsTAGTTCATGCCGAATTTTTTCAATTTTTTACAGCA-

to other residues. Tyr69 has the lowest sequence conservatioCG-3) containing the sequence of the termination codon
of the tyrosine residues in FIS, at only 66% sequence identity of fis, a BanmHI recognition sequence, and a mutation
(Figure 2). However, this residue is a histidine in 23% of specifying the change of the Tyr95 codon to a phenylalanine.
the sequences (Figure 2), which should be able to replaceThe resulting DNA fragments carrying the entfie gene
Tyr69 in the ring stacking interaction. Tyr95 is mostly buried with each Y— F mutation were purified by gel electro-
with only 10% of the side chain exposed to solvent. It is phoresis, cleaved witNdd andBanH|, and ligated into the
located at the C-terminus of FIS in helix D (Figure 1), which Ndd and BanHlI sites of pET11c. The resulting plasmids
is a highly charged region of the protein. Tyr95 shows 86% were transformed int&. coli strain RO8454#ra A[lac- pro]




2966 Biochemistry, Vol. 43, No. 10, 2004 Boswell et al.

«—A —> B < C—> <«-D_—>
1 5 10 15 20 25 30 35 40 45 50 55 (] 63 T 75 80 B 0 95
MHTADT LMTERANPFS APAQPAEE . S TALPRGQOSLR DCVMEKSYNNY FQHLD . GOQDY SOvVYEMVLAE WEAPMLEVVM KYTRHNQTKA AQVLGLNRGT LRKKLKOGYGL

L

© MTTMTTE TLYVEGTTPVE DMNANLEKGHLT TPTAQFGQTER RBSVEKALHNY FAHLE GGPFY TOVYNMWLCE WEAPLLETHMM HNHVEGNAOTKA SELLGLNRET LREELKCYD!| L
MTTTTE DHNANLEKEGHLN TPSEAGOQTLR DBSVEKALRENY FAHLE GAAN TOVYNLVLSE WEAPLLETVMM QYVEKGNAOTKA SELLGLNRGT LREKLKCYDIL L
MTHMMTE ONAMLKGHLN TPSEEGQTLR DESVEKALHNY FAHLE @ATH TOVYNLWLSE WEAPLLESWMM NYVKEGNOTKA SEMLGLNRGT LRKEKLEGNDL L
RMTMMTE ONVHNLEKGHLN TPSEEGQTER GEVEKALHNY FAHLE GASM TROVYNLWLSE WEAPLLESWM HNYVKGNQTKA SELLGLNRET LRKKLECYDIL L

L

MMTE TLVEGTTPVE DNVNLEGHLN TPSEEGOQTAR GSVEKALHNY FAHLE GASM TOVYNLVLSE WEAPLLESVM HNYVKGNAOTKA SELLGLNRET LREELKCYD!L
P ... ... .MYARY LRDLD.GCDA NOLYNMWLRE MEIFLLYVEML NHCEGBNGSRA AALLGIHRAT LEKKLEKENGL |

FE ... ... MYARY LRDLD.GCDA MOLYMNMVLRE MEIFLLYVEML NHCEGBNOSRA AALLGIHRAT LEKKLEKENGL W
MNVYPSRPEY SRGSPKSPLR EHVAGVYWYRRY LRDLD .GCDY HNDOLYNMMLEHE MEIPLLYVEWML NHCEGHNOSRA AALLGIHRAT LREKLKENGI! v

Kuxo B e B MHNAAPBRFDT SRGAPKSPLR EHVARSVARY LRDLD . &5DA DOVYE INLRE MEIPLFYEML NHCEGNGsSRA AAMLGIHRAT LRKKLKEYGL T

Xeam B e . MHNAAPBRFDS SRGAPKSELR EHVARSVARRY LRDLD . &Es5DA DOVYE IMNLRE MEIPLFYEML NHCEGNGSRA AAMLGIHRAT LEKKLKEYGL T

Sonei MFOG TTNTEMHOLT MGK IETAN GTIKPQLLR DAMKRAY TMF FAGLD GOEA OEVYEMYLSE WEAPLLD ! |M GHTRGNGTRA ANMLGINRGT LRKKLKEYGM N
Baph MSEE SMDTGF. LV INTKDKQD KTYK KPLR (LI KKSLEMY FLHLDks@cM sHLYQLVUSE LEGPLLD I |M GHTRGNAGTRA AS | MGINRS[T LRKKLKRYGM N
Bap . .MLEK KTMTEF..LV LETTNTEO . . KNIK.GQPLC ELWKKSLKY ¥ LENLN . GKDY NNLYELALSE LEQPLLDMIM QY TRGNQTRA ALMLGINRST LREKKLEKEKY=M N
Mhae MLEQ cPTQNP . LT MTMLNAGA QoyN KPLR DNVKAALKNY LS@LN GEDF TELYELVUSE EHPMLDMYM GYTRGNQTRA ATMLGINRGT LRKKLKKYGM G
Histim MLEG RWPAEA. LT WSvLNSOS Q¥TH KFLR DSVKOALRNY LSQLD 60DV NDLYELVLAE VEHPMLDMIM GOYTRGNQTRA ATMLGINRGT LRKKLKKYGM G«
Frml CMLECE RMPADA . LT WMSVLNSG:s  © GOVIN KPLE DSVEKQALKRNY L5QLD GGQDY NLLYELYLAE VEHPMLDMYM OQYTRGNOTRA A IMLGINRGT LREKLEKYGM
Hin CMLECE RMSADA . LT WMESVINAGE . GOVTE KPLE DSVERQALENY LAGLD GQDY HNDLYELVLAE VEHPMLDMIM OQYTRGNOTRA ANMLGINRGT LREKKLKKYGM
Veho MFEG WLTBEA. LT MTTVTSQD QITQ KPLR DSVKASLKNY LAGLN GQEW TELYELVLAE WVEQPLLDTIM GYTRGNQTRA ATMMGINRGT LRKKLKKYGM N
Pl COMPEQ MNLTSEA . LT WMITTWTEGQD . . QI7Q KPLE DSVEASLENY LAGLN . GQEWN TELYELYLAE VEQPLLDTIM QY TRGHNOTRA ATMMGINRGT LREKKLKKYGM N
Pyl CCMIEQ RWNSDY . LT WATWVNEGQD . 4QVTO KPLE DSVKQALKHNY FAGLN GQDV HNDLYELVLAE VEQPLLDMVM OQYTRGNAOTRA ACMMGINRGT LRKKLKKYGM N
Ypew . MFEQ [RVNSDV . . LT WATVNSQD . .G¥TQ KPLR DSVKQALKNY FAGLM GQDY SDLYELVLAE VEQPLLDMYM GQYTRGNGTRA ALMMGINRGT LRKKLKKYGM N
Frar . MFE@ RVNSDV .. LT VSTVNSGA . .QVTQ KPLR DSVKGALKNY FAQLM.GOQDY SODLYELVLAE VEQPLLDMVM GYTRGNQTRA ALMMGINRGT LRKKLKKYGM N
Smiar L OMIEQ RVNSDY . LT WSTVHNESGQD . OQVTQ2 KPLE DSVEKQALKNY FAGLMN GQDYV HNDLYELVLAE VYEQPLLDMVM OQYTRGNOTRA AIMMGINRGT LREKKLKKYGM N
St .. MFEQ RVYNSDY..LT WSTVYNSGD . .QVTQ KPLR DSVKQALKNY FAGQLN.GQDY MNDLYELVLAE VEQPLLDMYM OYTRGNQTRA ALMMEGINRGT LRKKLKKYGM N
Kpne . MFEQ RVNSDY . LT V¥STVHSQD . Q¥TQ KPLR DSVKQALKNY FAGLN GOGDV WOLYELVLAE VEQPLLDMYM OYTRGHNOGTRA ALMMGINRGT LRKKLKKYGM N
Eclo WMYEQ RWNSDY LT VSTYNSDO QvTe KPLR DSVKGALKNY FAQLN GODV NDLYELVLAE VEQPLLDMVM OYTRGNQTRA ALMMGINRGT LRKKLKKYGM NI
Koy MYEQ RVNSDV . LT WSTYNSQD Q¥TQ KPLR DSVKQALKNY FAQLN GODV NDLYELVLAE WVEQPLLDMVM OYTRGNQTRA AlMMGINRGT LRKKLKKYGM NI
e . MVEQ RVNSDY..LT WSTVNSGD . .QVTO KPLR DSVKQALKNY FAGLN.GODV NDLYELVLAE VEQPLLDMYM OYTRGNQTRA ALMMEINRGT LRKKLKKYGM N
[Fca MFEQ RVNSDV LT WSTYNSGQD Q¥TQ KPLR DSVKQALKNY FAGLN GODV| NDLYELVLAE WVEQPLLDMVM OYTRGNQTRA AIMMGINRGT LRKKLKKYGM N
Metir MTMINENE | A LCIRRAYVEAY FODLD GEKFP CPINEMY IRS WEKPL IEIAM HYAQGHNOSKA AFELLGINRENT LRMELTEHC R
Nmen . C B PR . CMPHTLPDIS QC | RENLE OF FKDLN STEF COGVY¥OMMLHD WEKPLLYCMM EQCGENGSKA SYMLGLNRENT LREKKLIOHGL L

fun B e B PP ... . MSKHNHNIE OEVRDSLGMY FoDLD . GsNPF HOVYOMW ISC WMEKPLLEVML EQAGENGS LA AEYLGINRNWT LREKKLODHBL L

Rsol MSRNP IE RCIRDSADTY YRDLD .GENFP SHNVY¥DMYLOA ITERPLLETHWM EWASHNGQS LA ADYLGINRENT LREKLGCHGIL L

Rmet .. .MDR HMLECHAGRR RARQOQDZETG! ACRMSRNAID OQCIRDSLDTY FROLD . GEVF SHMYMMVLEA WERPLLEAMM TRAERNGS LA AAYLGINRNT LEKKLODHBL L
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Ficure 2: Comparison of bacterial FIS sequences identified in a Blast se&&taligned using MultAlin 63). The shaded residues
designate the identity conservation at each position. Dots represent gaps to bring the sequences into alignment. The numbers at the top
indicate the position of residues according to thos& o€oli FIS, and the labeled arrows indicate the regions contaiaimglices. The

position of the four tyrosine residues and their percent identity among the FIS sequences are indicated underneath. The bacterial abbreviations
in order of appearance from top to bottorktdeg Microbulbifer degradansPaer, Pseudomonas aerugingsavin, Azobacterinelandii,

Pput Pseudomonas putigid@flu, Pseudomonas fluorescer@syr, Pseudomonas syringaXfan Xylella fastidiosaAnn-1; Xfdi, Xylella
fastidiosaDixon; Xfas Xylella fastidiosa Xaxg Xanthomonas axonopodiXcam Xanthomonas campestriSonej Shewanella oneidensis

Baph Buchnera aphidocotaBsp Buchnerasp. APS;Mhae Mannheimia haemolyticaHsom Haemophilus somnu®mul Pasteruella

multocidg Hin, Haemophlus influenzad/chg Vibrio cholerag Vuul, Vibrio wulnificus Puul, Proteuswulgaris;, Ypes Yersinia pestis

Ecar, Erwinia carotaora; Smat Serratia marcescenstyp Salmonella typhimuriummKpne Klebsiella pneumonigeEclo, Enterobacter

cloacae Kcry, Kluyvera cryocrescensSfle Shigella flexneri Eco, Escherichia coli Neur, Nitrosomonas europagedNmen Neisseria
meningitides Bfun Burkholderia fungorumRsol Ralstonia solanacearuniRmet Ralstonia metallidurans

thi) recA56:Tn10 srl fis:767A[DE3] F'prolaclS?Z,;15Tn5), sequence were identified in a Blast sear8)(that re-
and the mutations were verified by DNA sequencing using sulted in 34 additional bacterial FIS sequences. The se-
alkali-denatured plasmid DNA and Sequenase version 2.0quences were aligned using MultAli&3), available at http://
(U.S. Biochemicals) as specified by the supplier. prodes.toulouse.inra.fr/multalin/multalin.html.

WT and mutant FIS proteins were overexpressedt.in Sample PreparatiorzIS concentration (in monomer units)
coli strain RO845 by induction with 0.2 mM isoprop§ip- was obtainedn 1 M NaCl and 25 mM tris(hydroxymethyl)-
thiogalactoside (IPTG) fol h and purified as previously aminomethane hydrochloride (Tris-HCI) at pH 7.0, using an
described 46). The mutations were verified through elec- extinction coefficient at 278 nm of 6340 Mcm™* for WT,
trospray ionization (positively charged ion mode) mass 4475 Mt cm* for Y38F, 4670 Mt cm™ for Y51F, 4742
spectra obtained on an Agilent 1100 series LC/MSD systemM~1 cm™* for Y69F, and 4480 M' cm™* for Y95F,
(Palo Alto, CA). Samples were introduced into the ion source determined using a previously described mettgil. Unless
using a syringe pump at a flow rate oful /min or using otherwise stated, all experiments were performed using 36
the autosampler. In the latter case, samplesl(®ul) were uM FIS at 20°C in 10 mM potassium phosphate buffer (PB)
injected into the flow (20Q:L/min) of a 50:50 mixture of at pH 7.2 with 0.1 M NaCl. Urea concentrations for all
acetonitrile with 0.2% formic acid. experiments were determined from the refractive index,

Structure and Sequence Analysiour FIS crystal struc-  measured using an Abbe refractomet&s)(
tures were compared for all discussions about the environ- DNA Binding AssayVarying amounts of purified prepa-
ment of the tyrosine residues: 3FI&7], 1FIA (48), 1F36 rations of WT or mutant FIS proteins were incubated with
(49), and 1ETY @3). The solvent-exposed surface area was 1 fmol of the %?P-end-labeled 430 base pair (bp) DNA
determined using the accessible surface calculation pack-fragment, containing the distal FIS binding site of the
age available at http://mendel.imp.univie.ac.at/mendeljsp/ recombinational enhancer involved in th®almonella
index.jsp 60, 51), which uses a probe size of 1.4 A (IMP  typhimuriumHin-mediated DNA recombination reactiob)
Bioinformatics Group, Vienna, Austria). The backbone atoms in 20 4L of binding buffer (20 mM Tris-HCI, pH 7.5, 10
were not included since the conservative nature of the Tyr mM EDTA, 80 mM NaCl, 1Q«g/mL sonicated salmon sperm
to Phe mutation is not expected to alter the backbone DNA). After the mixture was incubated for 10 min at room
arrangement. Sequences homologous to Ehecoli FIS temperature, &L of gel loading buffer (binding buffer made
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FiGURE 3: Stereoview structures demonstrating the environment around each of the tyrosine residues in WT FIS, Y38 (A), Y51 (B), Y69
(C), and Y95 (D). Each residue is being viewed from the solvent-exposed face or edge. Labeled residues highlight interacting residues
proposed to be key to each tyrosine and are labeled as from chain A or B when intermolecular interactions are involved. The broken lines
represent hydrogen bonds. The figure was prepared using the 4BjArfd 1ETY @3) FIS structures and drawn with MOLSCRIP89j.

to 7.5% Ficoll and 0.1% bromophenol blue) was added to on the gel were measured using a Storm 860 Phospholmager
each sample, and the resultant mixture ws immediately and ImageQuant software (Molecular Dynamics, Inc., Sunny-
loaded onto a 8% acrylamidéisacrylamide (60:1) gel in  vale, CA). The percentage of bound DNA fragments was
TBE buffer (0.089 M Tris-borate, pH 8.3, 2.5 mM EDTA).  plotted against the molar FIS concentration and used to obtain
Electrophoresis was performed at 2.0 mA/cm for 5 min and the dissociation constank{), defined as the concentration
then at 1.6 mA/cm for 3 h. The intensities of DNA signals of FIS required to achieve 50% DNA binding. For each FIS
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protein analyzed, the results from four separate binding only, due to the steep baselines seen for some of the FIS
assays were combined in one curve and fitted with Kaleida- proteins 46).
Graph v.3.5 software using the equatre [FIS]/([FIS] + Limited ProteolysisLimited trypsin proteolysis was car-
Kq), whereY is the fraction of bound DNA. ried out on WT and the Y- F FIS mutants at 20C using
Circular Dichroism.Circular dichroism (CD) spectra were a trypsin to protein ratio of 1:500 (w/w). Trypsin-fL-
recorded on an OLIS CD instrument (Bogart, GA) equipped tosylamido-2-phenylethyl chloromethyl ketone (TPCK) treated]
with a dual beam optical system. Equilibrium urea denatur- was purchased from Sigma (St. Louis, MO). A sample was
ations in the far-ultraviolet (far-UV) were monitored at 222 made containing 3GM FIS in reaction buffer (25 mM Tris-
nm, and 250 nm was used for baseline correction. SamplesHCI, 1 mM ethylenediaminetetraacetic acid, pH 7.53)(
were prepared independently at each urea concentration, and rypsin was diluted into reaction buffer from a concentrated
the signal was measured after equilibrating for at least 4 min, stock (stored frozen in 0.01 M HCI) and added to the FIS
which is sufficient time to achieve equilibriurd4). Equi- sample. Aliquots were removed at times ranging from 0O to
librium was confirmed by obtaining the same results when 500 min.
preparing the FIS samples using a codilution method, as Limited proteolysis with V8 protease (ICN Pharmaceuti-
previously described4d), and from kinetic refolding and  cals, Irvine, CA) was performed at a 1:1 (w/w) protease to
unfolding experiments (data not shown) in urea, which show protein ratio. One reaction sample was made containing 27
that 4 min is sufficient time for the unfolding and refolding uM FIS in 25 mM Tris-HCI and 0.2 M NacCl, pH 8.0. V8
reactions to be complete. Full wavelength scans in the near-protease was added directly from stock protein stored frozen
UV were taken from 315 to 250 nm. Far-UV CD denatur- in water, and V8 proteolysis was carried out for over 100 h.
ations were performed in a 0.1 cm cell, while near-UV CD The trypsin and V8 protease cleavage reactions were stopped
data were collected ugina 2 cmcell in order to obtain by mixing 1:1 (v/v) with sodium dodecyl sulfatgolyacryl-
sufficient signal to accurately observe the near-UV signal. amide gel electrophoresis (SBBAGE) sample buffer,
Fluorescence and Fluorescence Anisotropgtrinsic boiling for 5 min, and then freezing the samples2(Q °C)
fluorescence and fluorescence anisotropy measurements werantil ready to run on a 16% tricine SBFAGE gel. All
performed on a Hitachi F-4500 fluorescence spectropho- proteolysis experiments were conducted on WT and the Y
tometer (Tokyo, Japan) at 2€ usirg a 1 cmpath length — F FIS mutants at the same time, using the same reaction
cuvette. Full wavelength scans were taken from 285 to 360 buffers and protease samples for each mutant, to be internally
nm using an excitation wavelength of 276 nm. The excitation consistent and minimize error in the results, especially for
and emission slits were set to leaa 5 nmband-pass through  the experiments involving the V8 protease.
the monochromators. Scans of unfolded FIS were obtained Proteolyzed FIS samples were also analyzed using matrix-
using samples containing 10 mM PB (pH 7.2) and 5.5 M assisted laser desorption ionization (MALDI) mass spec-
urea. trometry (MS) as previously describet¥). The MS samples
Steady-state fluorescence and fluorescence anisotropy weravere reacted exactly as described above, but the reactions
used to observe the urea-induced equilibrium denaturationswere stopped by addition of trifluoroacetic acid (TFA) to a
of WT and Y— F FIS, monitoring the emission at 305 nm. final concentration of 0.2% (v/v) and then boiled. Samples
The denaturations were performed by a codilution method were desalted and concentrated using Millipore brand Zip-
(44), in which FIS samples of progressively higher urea Tips (Bedford, MA).
concentrations were made by repetitive withdrawal from a  Data Modeling.For comparison of data collected from
FIS sample (originallyn O M urea) in the cell followed by  the different mutants, the data were internally normalized
addition of the same volume of an unfolded FIS solution using the formula:
(7—9 M urea). Each sample was equilibrated for 4 min prior
to recording the signal. For each fluorescence anisotropy (Yo = Y)/(Yy = Yp) 3)

value, at least five measurements were recorded and aver- ) . ) .
aged. The integration time was 1 s. Fluorescence anisotropyVN€reYo is the signal at a given urea concentration ahd

was calculated from the formulas: andY, are the first and last data points, respectively. By using
this method of normalization, we were able to preserve the
_ Ly = Gl 1) original baseline slopes.
I, + 2Gl, The data from the urea denaturation experiments were fit
to a two-state dimer model, with native dimer gNin
G= I/l (2) equilibrium with unfolded monomers (2U):
wherel, I, Ihn, andly, are the fluorescence intensities when N,<> 2U ()

the excitation and emission polarizers, respectively, are set
in the vertical (v) or horizontal (h) positions57). The The equilibrium constant,, is defined a, = [U]%[NJ].
fluorescence anisotropy urea denaturations were not analyzedsince the measured signal is proportional to the fraction of

taking into account the quantum yield change upon unfolding, hative €.) and unfolded,) protein, it can be expressed as
since we do not know the exact quantum yields of the native

and unfolded states of FIS. Nevertheless, due to the very Y, =Y, (1—F)+ Y,(F) (5)

low signal change (only 2550%) upon unfolding of WT

FIS and the Y— F FIS mutants, the effect of quantum yield where F, is determined as previously described4)
changes on the fluorescence anisotropy should be minimal,Equation 5 was used to fit the denaturation data to obtain
as shown by Eftink46). Urea denaturations performed using the thermodynamic parameters listed in TableKg2.was
steady-state fluorescence were taken for qualitative purposeslefined according to the linear free energy model, which
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states that the changes in free enerys() that accompany

- - - . Table 1: WT and Mutant FISDNA Binding Activities
protein unfolding are linearly dependent on the concentration

of denaturantg9, 60): protein DNA bindingKq (nM)?
WT 40+£0.8
AG,= —RTInK,= AG, o, — m[denaturant] (6) YOS 15.3+2.7
2 Y69F 3.6+1.8
. . o Y51F 34.1+5.7
The baseline slopes and intercepts were used as fitting Y38F 5.4+ 0.7

Va_“at?"?s as shown in eq 5, in additionniandAGy0. Fits a2 DNA binding affinity (Kq) was measured using a gel mobility shift
of individual data sets to the two-state model were performed assay on a DNA fragment containing the Hin recombinational enhancer
with KaleidaGraph v.3.5 (Synergy Software). The difference distal Fis binding site. Errors are based on the fit of the average of
in AG, between the WT and mutant FIS proteins was data from four individual experiments.

calculated as previously describegll(62):

used in stimulation of DNA inversion i8. typhimuriun{56).
The results show that Y38F and Y69F bind DNA with
_ affinities comparable to that of the WT protein (Table 1),
wherelinLis the average value oh. ~ suggesting that their overall effect on the native structure
The deconvolution of the contribution of each tyrosine may be minimal. The Y95F and Y51F mutant proteins
residue to the net fluorescence signal of WT FIS was taken ghowed a moderate reduction in DNA binding affinity (3.8-
from data gathered on the same day to have the most reliableyng 8.5-fold, respectively), suggesting the existence of small,
comparison between the signals from WT FIS and the'Y  pyt perceptible, structural alterations in the C-terminal region
F FIS mutants. The raw fluorescence data were divided by of these mutant proteins. These observations suggest that the
the first point (O M urea) to internally normalize the data. foyr Y — F mutant proteins have three-dimensional structures
The data were then fit to the two-state denaturation model,Very similar to that of WT FIS and that slight changes in

denaturation profile for each protein. The contribution of jifferences in DNA binding affinities.
Tyr95, Tyr69, and Tyr38 to the WT FIS signal change was  gqujlibrium Denaturation ExperimentShe urea-induced
determined by subtracting the corresponding mutant datagenaturations of the Y= F FIS mutants were monitored

from the WT FIS data. Due to the dramatic differenc€i  sing far-UV CD and steady-state fluorescence anisotropy

FIS data from that of WT FIS and have the deconvolution The denaturation transitions all demonstrated concerted,
accurately represent the Tyr95 contribution to the WT ¢oncentration-dependent behavior (data not shown), and the
fluorescence signal, the YO5F FIS data were translated suchy,yajues of the Y— F FIS mutants were constant with
that theCr, matched that of WT FIS. Such adjustments were yarying protein concentration (data not shown), which is a
not necessary for the Y69F FIS data, becausedhes the  requirement for defining an oligomeric protein as having a
same as WT FIS, or for the Y38F FIS data, because the signakyo-state equilibrium denaturation mechanistd)( There-
change is nearly identical to WT FIS (Figure 6). Since the fore the urea denaturation transitions were fit to the two-
Y51F FIS mutation appears to be influencing the fluores- giate model, N < 2U (Figure 4). Indeed, the agreement
cence of other tyrosine_ residues, we avoided direct SUb'FraC'between theC,, and m-values between the far-UV CD and
tion of the YS1F FIS signal from that of the WT to obtain  fjyorescence anisotropy data (Table 2) further demonstrates
the fluorescence contribution from Tyr51. Therefore, the inat the equilibrium denaturation of Y69F, Y51F, and Y38F
contribution of Tyr51 was determined by subtracting the s js a two-state process. However, there is a significant
combined contribution of the other tyrosine residues from discrepancy in then-value seen for YO5F FIS by fluores-
the WT FIS data. These calculations can be confirmed by cence anisotropy compared to that observed by far-UV CD
summing the fluorescence signal contribution of each ty- (Taple 2), which points to a possible intermediate. Minor
rosine residue, which results in the WT FIS denaturation nconsistencies between the fluorescence anisotropy and far-
profile. UV CD data could be due to the use of intrinsic fluorophores
RESULTS for the anisotropy measurement(57). Thus, the far-Uv
CD data were taken to be the most reliable measurement of

DNA Binding Affinity.The C and D helices of FIS form  stability. The data show that while the surface-exposed Y69F
a helix-turn—helix DNA binding motif that is required for ~ mutation had no effect on stability (Table 2 and Figure 4),
DNA binding (63). Mutations of residues in this region the Y38F mutation, which removes a tyrosine residue buried
required for DNA binding (e.g., R85H, T87A, R89C), or in a hydrophobic pocket, resulted in an increase in stability
residues critical for native state stability (e.g., E59K), of 1 kcal/mol (Table 2). Y51F and Y95F FIS, which are
generally result in severe reductior Z00-fold) of DNA involved in a complex hydrogen-bonding network in the
binding affinity (ref63 and unpublished results). Of the four C-terminus of FIS, are destabilizing mutations that result in
tyrosines, only Y95 is located in the DNA binding region aloss of 0.7 and 1.8 kcal/mol in stability, respectively (Table
(helix D, Figure 1) but is not expected to be involved directly 2).
in DNA binding. Thus, effects of Y— F replacements on It should be noted that th®AGy,0 values in Table 2 were
DNA binding activity are likely to reflect changes in the calculated from eq 7, using the averagevalue between
structure of the protein. DNA binding reactions were WT FIS and each Y= F FIS mutant. If, instead, th®AG,0
conducted with the WT and each of the four-YF mutants values for Y51F FIS are calculated by subtractingAl@&,.o
using a 430 bp DNA fragment containing a FIS binding site determined using eq 6, Y51F FIS would havAAGy,c of

AAGy o= MAC,, ©)
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£06 Changes in Fluorescence and Near-UV CD Signate
204 absence of tryptophan residues and the variable locations of
= ’ four tyrosine residues make FIS a good system for examining
E 0.2 the contribution of each tyrosine to the near-Uv CD and

fluorescence signals. The near-UV CD spectra of WT FIS
) pay: and each of the Y= F FIS mutants are shown in Figure 5.
Y T The most WT FIS-like spectra are those of YO5F and Y38F
Urea (M) FIS, which show slight gains§3%) and losses~15%) in

FIGURE 4: Urea-induced denaturation of Y- F mutant FIS signal at 277 nm, respectively, relative to WT FIS. The Y69F
monitored by (A) far-UV CD and (B) steady-state fluorescence @nd Y51F FIS mutants have significantly decreased near-
anisotropy. The data were internally normalized as described in UV CD signals of about 50% and 80%, respectively.
Materials and Methods. The denaturations were performed at 36 However, the changes in the near-UV CD spectra seen in
#M for YOS (M), Y6OF @), YS1F (O), and Y38F ). The dashed  he v — F FIS mutants cannot all directly correlate to the

lines indicate the urea denaturation transition of WT FIS at/86 individual t . tributi in WT FIS b h
(46). Error bars represent the standard deviation from an averageIn Ividual tyrosine contributions in ecause when
of at least three individual data sets. The solid lines on the the mutant data are subtracted from the WT data, giving the
denaturation curves indicate a two-state fit of the data as describedexpected contribution from that tyrosine to the WT FIS near-
in Materials and Methods. UV CD signal, a summation of these signal contributions
results in a near-UV CD spectrum with 35% more signal
Table 2: Thermodynamic Analysis of the Equilibrium Denaturation  than that seen in WT EIS. Thus, some structural alteration

of FIS Based on a Two-State Model in one or more of the Y~ F FIS mutants must be occurring

_ m-value AAGy,0° that alters the environment of at least one other tyrosine
method _protein Cn (M urea) [keal/(molM)]  (kcal/mol) residue, resulting in a greater change in signal than is
far-UVCD ~ WT = 3.27+£0.02 2.37+£0.09 expected due to that particular mutation.

Y95F 2504+ 0.02 2.23:0.10 -1.774+0.12 _ ; ; ;
YEOF 390+ 001 246L003 4006 0.06 Fluorescence full-wavelength scans in their native and

Y51F 2.94+ 0.01 1.97+ 004 —0.72+ 0.06 unfolded states and representative urea denaturations of the
Y38F 3.70+0.01 2.43+0.06 +1.05+0.07 Y — F FIS mutants (Figure 6) suggest the varying degrees

fluorescence  WT  3.430.02 2.40+£0.12 in which each tyrosine residue may contribute to the

anisotropy  Y95F  2.5@&:0.03  1.67+0.03 -1.89+0.14  {,5rescence signal of WT FIS. The fluorescence-monitored
Y69F 3.30+0.02 2.41+0.12 —0.31+0.10 . e fih .

Y51F 2.88+ 0.04 1.96+0.12 —1.20=+0.14 urea denaturations were not fit to extract of thermodynamic

Y38F 3.66+0.02 2.514+0.09 +0.56+ 0.08 parameters, due to the large baseline signal changes caused

aUrea denaturation profiles were analyzed according to the linear by the tyyosing fluorescence dependence on Lﬁgﬁ_&(nd
free energy model. Errors fan and C,, were from a weighted fit of the nonsigmoidal shapes of some of the curves (Figure 6).
the average data from at least three individual experiments. The proteinThe urea denaturation profiles of the-¥ F FIS mutants

concentration was 3@M. ® AAGu,0 = NACr, where [nDis the (Figure 6B) are shown to demonstrate the contribution of
average value ofn (61, 62). The AAGyo errors were calculated by o401 tyrosine to the fluorescence signal change in WT FIS
compounding the error from the individual and Cy, values. - . . X !
which is not apparent by simply looking at the full-

) wavelength scans (Figure 6A) or analyzing the 3D structure
2.0 kcal/mol (using the far-UV CD data). Due to the of FIS. The intensities of the Y38F FIS native and unfolded
sensitivity of them-value to small errors6d), we decided  spectra are consistent with the expected 25% decrease in the
to use the averagervalue (eq 7) to calculate th&AGy,0 total fluorescence signal compared to WT FIS (Figure 6A).
data in Table 2. However, due to the large difference in Yet, the fluorescence unfolding profile of Y38F FIS is almost
m-value between Y51F and WT FIS, the use of this method identical to WT FIS (Figure 6B), with only-20% increase
could significantly underestimate th®AGp,o (65) of the in signal at 5.5 M urea. This suggests that Tyr38 does not
Y51F FIS mutant. Therefore, it is likely that the destabiliza- contribute significantly to the urea-induced denaturation
tion of FIS due to the Y51F mutation is somewhere between transition of WT FIS. In Y69F FIS, there is a much smaller
0.7 and 2 kcal/mol. increase in signal intensity{7%) upon unfolding with urea
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A upon unfolding combined with the lower native state signal

@ 2250f 5 VOSE] 2050k — EoF of YO5F and Y51F FIS implies th.at, in WT _FIS, both Tyr95 _
e A S and Tyr51 are more fluorescent in the native state and their
g 1800 ///’“‘N\\ 1800 signals are quenched upon unfolding. However, it is not
Siasof [/ 1350} possible to combine these data directly with the contribution

2 500l N ool /F from Tyr69 and Tyr38 to obtain a WT-like denaturation
§ w50 4 \‘\\\ profile. Therefore, as seen for the near-UV CD, one or more
,,,,,,,,,,, A of the Y — F FIS mutants must alter the environment and

290 300 310 320 330 340 290 300 310 320 330 340

fluorescence of at least one of the three remaining tyrosine
22500 o~ Y51F | 22500 /‘\U\ Y38F residues in that mutant.
18000 Limited Proteolysis by Trypsin and V8 Proteakéenited
proteolysis by trypsin and V8 protease was used to examine
changes in the conformational dynamics that may have
resulted from the Y— F mutations. Trypsin cleaves at
arginine and lysine residues, which are concentrated in the
290 300 310 320 330 340 290 300 310 320 330 340 C and D helices that make up the C-terminus of FIS (Figure

13500

fii
900[ /¥

Relative Fluorescence

4500

Wavelength (nm) Wavelength (nm)

B 2). However, FIS has no trypsin cleavage sites between
® 1 5F residues 36 and 71, which is the majority of the dimer core.
£ o YOSF 1.2 YOOF In contrast, V8 prot I t tic and glutamic acid
8§, _ , V8 protease cleaves at aspartic and glutamic aci
4 1.15f residues, of which there are six between residues7/dsbut
S3F none after residue 64 (Figure 2). Therefore, trypsin is mainly
012 B probing the C-terminus while V8 probes the dimer core
§ 1.0 1.05¢ involving the A and B helices.
€ T L T S The trypsin-generated proteolytic fragmen.ts of FIS (Figure
16 7A) were analyzed by MALDI-MS, a_md their masses were
e o YSIF confirmed to be equal to those previously observed for FIS
§1'4_ (44). WT and Y69F FIS show similar tryp;in proteolysis_
51'3_ patterns, as might be expected due to their equal stability
wr (Table 2). The C-terminus of Y38F FIS is cleaved somewhat
2" faster than WT FIS to the main fragments 8 and 6-71
2 1‘11 S (44) observed in the gel (Figure 7A) even though Y38F FIS

0 1 2 3 4 5 0 1 2 3 4 5 is a little more stable than WT FIS (Table 2). Y95F and
Urea (M) Urea (M) Y51F FIS both show a marked increase in their susceptibility
FIGURE 6: Fluorescence emission spectra (A) of the=YF FIS to trypsin proteolysis over WT FIS, consistent with their

mutants scanned from 285 to 350 nm with an excitation wavelength gecreased stability (Table 2), but Y51F FIS is slightly more
of 276 nm. The proteins were equilibrated under nati® ( . '
conditions or unfolded in 5.5 M ureddj. The native (N) and susceptible to cleavage than Y95F FIS.

unfolded (U) spectra of WT FIS are shown as dashed lines. A Limited proteolysis using V8 protease (Figure 7B), unlike
representative urea denaturation profile (B) of each-¥ mutant trypsin, showed that the proteolytic susceptibility of the Y
is shown @) overlaid with WT FIS datax). The denaturations . £ F|S mutants correlated well with the stability data shown

were performed by monitoring the fluorescence emission at 305 . ey . .
nm. The solid lines through the data do not represent a specific fit in Table 2. WT and Y69F FIS exhibit nearly identical

and are shown only to highlight the shape of the denaturation curves.Cleavage patterns (Figure 7B). MALDI-MS showed the major
fragments observed on the gels (Figure 7B) to bebg
than seen for WT FIS (Figure 6A), and therefore, the (~6000kDa), 65-98 (~4000 kDa), and 3652 (2500 kDa)
denaturation transition profile also differs notably from WT (data not shown). The native state of the more stable Y38F
FIS (Figure 6B). Although it has the steep baseline slope FIS mutant is cleaved somewhat slower and does not seem
observed for WT FIS, the signal change in the transition to populate the small fragments seen in WT and Y69F FIS.
region goes in the opposite direction than that observed with The dimer cores of Y95F and Y51F FIS are cleaved much
WT FIS. The loss in Signa| Change upon unfo|ding caused faster than the other two mutants or WT FIS, consistent with
by the Y69F mutation indicates that Tyr69 is an important their relative stability (Table 2).
contributor to the signal change seen in the fluorescence
denaturation profile of WT FIS.

Interestingly, the YO5F and Y51F mutations resultinvery  The Y — F FIS mutants have been used to gain a better
similar changes to the fluorescence of FIS (Figure 6A), each understanding of the role of the various tyrosine residues
having a much lower signal in the native state than would on DNA binding, stability, and flexibility and for deconvo-
be expected if each tyrosine contributed one-fourth of the luting the individual contribution of each tyrosine to the
total WT FIS signal. This implies that, in WT FIS, Tyr95 spectroscopic signals of WT FIS. It is important to note that
and Tyr51 both contribute significantly to the native state crystal structures of these mutants are not available and
fluorescence. The signal increases upon unfolding for Y95F disruption of local native structure upon mutation must be
and Y51F FIS are about 1.4- and 1.5-fold, respectively, which considered 7, 8). However, the virtually identical far-Uv
is much greater than what is observed for WT FIS (Figure CD spectra (data not shown) and the conservative nature of
6B). This dramatic increase in the total signal change these mutations suggest only minor disruption of the native

DISCUSSION



2972 Biochemistry, Vol. 43, No. 10, 2004

A — Trypsin B — V8 Protease
Mw S - gii"'!"”””“
14.4 W 0 6 s i s b e et

-t . s —

“““- e
0

S g
i

N
Bt :! '
0 20 45 120 380 10 34 77
10 30 60 200 480 4 23 58 82
MW= YOSE | Srmmmeeme g
%—- — "
| - ] et
14.4558 -
|
e | P
6? meESEEISL .

20 45 120 380 0 10 34 77

10 30 60 200 480 4 23 58 82
M F ; :
; Y69F__5i =mrrerrrenrrieTe o
14 .4} L P S penr———— L
1 L ! -
S'E 3 -
3o il | -
0 20 45 120 380 0 10 34 77
10 30 60 200 480 4 23 58 82
Mw [ Y51F 2
: = e :
| -ﬂ e had e ) ™Y
14_4_2.: ﬁ.-“-_" e L L R
| GBema [T
6 — -~
3.5 i . - -
0 20 45 120 380 0 10 34 77
10 30 60 200 480 4 23 58 a2
Mw [ Y38F =g '
= e = b b e
14.4 | — e el s 1 T
—
m-—. " "
6l . ‘M -
| o
0 20 45 120 380 0 10 4 77
10 30 60 200 480 4 » o &2
Time (Minutes) Time (hours)

Ficure 7: Limited trypsin cleavage of WT and ¥ F FIS mutants

Boswell et al.

environment around the mutated residue. Thus, eachF/
FIS mutant should provide fairly reliable information about
the contribution of the tyrosine residues to the stability,
flexibility, and near-UV CD and fluorescence properties of
WT FIS.

Tyrosine Hydrogen Bonding: Local Dynamics Effects
Traditionally, the use of limited proteolysis for monitoring
protein flexibility and dynamics is done using a nonspecific
protease so that the proteolysis is governed by the protein
dynamics and not the protease specifici®B)( However,
through the use trypsin and V8 protease we have been able
to separately observe the unfolding/dynamics of the FIS
C-terminal DNA binding domain (helices C and D) and
dimer core (helices A and B), respectively. While the relative
rates of proteolysis are consistent within each experiment,
the actual cleavage rates from the V8 proteolysis were not
consistent between different experiments, perhaps as a result
of the very long incubation times. Although it would be ideal
to show kinetic plots demonstrating the differences in
cleavage rates between WT and the=Y F FIS mutants,
due to the difficulties in analyzing the V8 data, we only show
the gels and focus on the relative rate differences. Neverthe-
less, the results from V8 proteolysis were always internally
consistent and correlate directly with the stability of FIS
(Table 2), showing the rates of cleavage to be Y38®/T
~ Y69F < Y51F < Y95F (Figure 7). FIS has six cleavage
sites (aspartic and glutamic acid) for V8 protease in helices
A and B, which make up the hydrophobic core of FIS. Thus,
since V8 protease is likely to cleave globally unfolded FIS
transiently populated due to its,N> 2U equilibrium, the
rate of proteolysis should relate directly to th&.0 (69),
which is what we observed.

When trypsin is used in the proteolysis experiment, the
cleavage rates (WE Y69F < Y38F < Y95F < Y51F) do
not correlate with stability: Most of the trypsin cleavage
sites (arginine and lysine) occur within the C-terminal DNA
binding domain, with no cleavage sites from residue 36 to
residue 71, which is most of the dimer core. Therefore,
trypsin proteolysis is mainly monitoring the local unfolding
or flexibility of the C-terminus of FIS, which may not

at 20°C, using trypsin (A) and V8 protease (B) at a 1:500 and 1:1 necessarily correlate with overall protein stability. It is
(w/w) protease:protein ratio, respectively. These gels are from a interesting that Y38F FIS has a more exposed C-terminus

representative experiment in which all reactions were carried out
on the same day as described in Materials and Methods. Aliquots
from reacting samples were removed and the reactions stopped a

than WT FIS given that it is the tyrosine furthest away from
that region. The Y51F and Y95F FIS mutants are highly

the times indicated below the gels. The last lane on the V8 proteaseSusceptible to trypsin proteolysis, with a rate that appears to
gels (B) is a control of V8 protease that was incubated without be faster, relative to WT FIS, than that seen when using V8

FIS for 82 h.

state 65, 66). This is supported by the DNA binding

protease. Although the increased exposure of the C-terminus
observed for Y51F and Y95F FIS is partially due to the
decreased stability of the protein, the fact that their relative

experiments (Table 1), which show that all four mutants have rates are faster than seen in V8 proteolysis and that they do
the necessary native structure to enable high-affinity binding not correlate with their respective stability (Table 2) leads

(Kg ~ 3.6-34 nM) to a DNA fragment carrying a FIS

us to believe that the observed difference in proteolysis is

binding site. The mutants Y38F and Y69F showed binding partially due to an increase in dynamics. This is supported
affinities that were comparable to that of the WT FIS, while by trypsin proteolysis data from the FIS mutant P61A that
YO95F and Y69F showed moderate reductions in binding show a dramatic increase in the rate of proteolysis at the
affinity (3.8- and 8.5-fold, respectively), suggesting that C-terminus, even though the mutation stabilizes FIS by 4
minor alterations in the structure or dynamics of the kcal/mol @4). In the case of P61A FIS, the crystal structure
C-terminal region (required for DNA binding) might have (70) suggests that a slight repacking of the B-helix resulted
occurred in the latter mutants. The structure around eachin the disruption of a hydrogen bond and salt bridge network
tyrosine residue in FIS (Figure 3) also supports the idea thatin the C-terminus44). Therefore, the increase in C-terminal
their conservative mutation to phenylalanine should not affect flexibility seen for Y51F and Y95F FIS is not surprising,

the global protein structure6y) but only the local

considering they are directly involved in this complex
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Ficure 8: lllustration of the hydrogen-bonding/salt bridge network around Tyr95 and Tyr51 shown in stereoview (A) and as a schematic
representation (B) displayed in the same orientation as in the structural view. The stereoview structure is taken from the 2BJAdS (

drawn with MOLSCRIPT 89). The schematic has each residue labeled with A and B to designate which subunit the residue is on. Inter-
and intramolecular interactions are designated by dashed and solid lines, respectively. The line drawn through the schematic representation
separates the two FIS subunits, and the symmetry axis is shown by an oval.

electrostatic network (Figure 8). It is possible that the effects makes with Glu59 and Lys91 (Figures 3B and 8). Consider-
on the flexibility of the C-terminus could account for the ing the central role of Glu59 in the electrostatic network,
high sequence conservation of the tyrosine residues Y95 andhe disruption of this interaction may have a significant effect
Y51 (Figure 2). Similar effects on protein flexibility due to  on the dynamics of the C-terminus, leading to increased
mutations have been seen for the Trp repressor DNA bindingsolvent exposure in the native state.
domain {71). Y95F FIS shows the greatest deviation from the WT FIS
Tyrosine Hydrogen Bonding: Effects on Stability and denaturation profile and stability. The data in Table 2 show
Denaturation MechanismThe urea-induced equilibrium  that Y95F is a destabilizing mutation and has the lov@st
denaturations of Y69F and Y38F FIS clearly demonstrate of all the Y — F FIS mutants. However, the-value obtained
that they unfold in a concerted two-state fashion (Table 2, for Y95F FIS by fluorescence anisotropy is drastically lower
Figure 4) as seen for WT FISAG). Y69F FIS shows no  than that obtained by far-UV CD (Table 2), which could
change in stability upon mutation (Table 2) even though indicate the presence of an equilibrium folding intermediate.
removal of a solvent-exposed polar group usually results in The presence of an intermediate for YO95F FIS is supported
a small decrease in stabilitl@. The intermolecular ring by the fluorescence-monitored urea denaturation of Y95F
stacking interaction between Tyr69 and Phe39 (Figure 3C), FIS (Figure 6B), which completes its transition well before
which may have a stabilizing effec?Z, 73), should be the CD and fluorescence anisotropy data. The fluorescence
preserved in Y69F FIS and should also have a helix data were not analyzed to obtain thermodynamic parameters
propensity {4) similar to that of the WT FIS sequence. due to the nonsigmoidal nature of the transition, which makes
The Y38F mutation results in an increase in stability (Table it difficult to properly fit and interpret the data. The Y95F
2). This is consistent with previous work showing that the mutation is expected to affect the C-terminal region, where
burial of a polar group lacking a hydrogen-bonding partner it is involved in the complex hydrogen-bonding/salt bridge
(Figure 3A) is destabilizing3, 6, 7, 67). While tyrosine network (Figures 3D and 8). One reason that Y95F FIS may
residues can be stabilizing over phenylalanine, due to thebe more prone than Y51F FIS to form an equilibrium
formation of hydrogen bonds310), protein stabilization  intermediate is that the former is engaged in intramolecular
of phenylalanine over tyrosine has been obserged( 18, interactions, whereas Y51F FIS is involved in intermolecular
75, 76). As seen in Y38F FIS, stabilizing phenylalanine interactions within the electrostatic network (Figure 8).
mutants seem to occur at positions where favorable hydrogenTherefore, the Y51F mutation will most likely destabilize
bonds are not formed and hydrophobic stabilization domi- not only the C-terminus but also the monomeronomer
nates 8, 10, 76). interactions, thereby preserving the concerted denaturation
Y51F FIS also demonstrates a concerted two-state denaof FIS. By predominantly destabilizing the C-terminus, the
turation mechanism, but it is a destabilized mutant (Table Y95F mutation may begin to decouple the intramolecular
2, Figure 4) with a modest decreasanirvalue compared to ~ denaturation of the C-terminus from the intermolecular
WT FIS (Table 2). It is worth noting that thAAG,o of denaturation of helices A and B. The possibility of an
Y51F (0.7 kcal/mol) calculated on the basis of the averaging intermediate in the denaturation of Y95F FIS involving the
of mvalues (Table 2) is a lower limit of the destabilizing C-terminus is supported by previous data showing that a
effect of the mutation, as thAAGHZO would be about 2.0 P61A mutation in FIS stabilizes the C-terminus, but to a
kcal/mol if them-value of Y51F FIS were used directly to  lesser extent than the rest of the protein, resulting in an
determine the stability of the protein. Regardless, since no equilibrium denaturation intermediaté4).
deviation in two-state behavior is observed, the decrease in Functional Importance of Tyrosine Hydrogen Bonding.
m-value points to a difference in the solvent-accessible The DNA binding affinities Kq) of the four Y— F mutants
surface area between Y51F and WT FIS in either the native were similar or moderately reduced (3.4- and 8.5-fold)
or unfolded state®7). This decrease im-value may be a  compared to the WT FIS and suggest that their native
result of the break of the intermolecular interactions Y51F structures are not substantially different from that of the WT
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protein. The differences observed in DNA binding affinity occur in some of the Y-~ F FIS mutants. Therefore, simple
(Y69F ~ WT ~ Y38F > Y95F > Y51F) correlate well with deconvolution of the near-UV CD spectra to determine the
the differences in the dynamics of the C-terminus monitored contribution from each tyrosine was not possible due to the
by trypsin proteolysis, suggesting that the increased flexibility apparent sensitivity of the near-UV CD signal to minor
of the C-terminal region may decrease the DNA binding changes in structurd9, 82) and flexibility that could occur
efficiency. around the remaining tyrosines in each—Y F mutant.

It is not known whether the modest decrease in DNA T FIS has a very low fluorescence signal change upon
b!ndlng affinity of the Y51F and'Y95.F FIS may have in unfolding that is accompanied by steep baseline slof@s (
vivo consequences. Other mutations in FIS, having up 10 @ yrea-induced denaturation transitions of the-Y F FIS
12-fold reduction in DNA binding affinity (€.g., deletion of  mytants reveal the influence of each tyrosine residue to the
residues 1829), did not affect the ability of this protein to  sjgnal patterns observed for WT FI&g]. Y38F FIS shows
stimulate the excision of phage DNA from theE. coli a fluorescence denaturation transition very similar to that of
chromosome§3). This indicates that a reduction in DNA T F|S (Figure 6B), which suggests that it does not make
binding affinity of this magnitude does not inevitably result 5 sjgnificant contribution to the fluorescence signal change
in appreciable loss of DNA binding activity in vivo. o WT FIS upon unfolding. Y69F FIS has a different
Mutations resulting in slightly greater loss of DNA binding  genaturation profile from WT FIS (Figure 6B), demonstrating
(~15-fold) show a moderate decrease in efficiency of {he importance of Tyr69 for the net increase in WT FIS
stimulation of4 excision from the chromosome. Therefore, fi,grescence upon unfolding. It appears that the ring stacking
the 3.4- and 8.5-fold reduction in DNA binding affinity seen interaction with Phe39 quenches the fluorescence and,
for YS1F and YOSF FIS, respectively, would not be expected therefore, disruption of the ring stacking results in a signal
to appreciably affect DNA binding activity in vivo, particu-  increase upon unfolding. Although there are no reports of
Iarly under cpndmonsl of pacterlal growth in rich medlqm, Tyr/Phe ring stacking resulting in quenching, ring stacking
which result in very high intracellular levels of FIS during  ith DNA base pairs is known to quench tyrosine fluores-
early logarithmic growth phas@§). However, itis possible  conce without energy transfer or tyrosine ionizatié8-
that, under conditions of growth in nutritionally depleted 85). This quenching effect is supported by the near-UV CD

medium, where FIS intracellular levels are much lower, YS1F 45 giscussed above, demonstrating the signal contribution
and perhaps YO5F may show an appreciable reduction int ygg gue to the restricted rotation caused by the Tyr69/
DNA binding in vivo compared to the WT FIS. Itis als0  ppha39 interaction.

possible that other functional regions in FIS could be h . . .
sufficiently affected to diminish one or more of its functions The Y95F and Y51F_mutat|ons resultin a FIS proteln .that
in vivo has a much greater signal change upon unfolding (Figure
' : ; 6B), suggesting that the Tyr51 and Tyr95 signal decreases
Role of Tyrosines in Near-UV CD and Fluorescence . .
y upon the urea-induced unfolding of WT FIS. However,

Signals.Figure 5 demonstrates that all of the-¥ F FIS . S . .
mutants alter the near-UV CD spectra from that observed extracting the contribution of tyrosine residues to the WT
fluorescence from the data of %> F mutants results in a

for WT FIS. The minor changes to the near-UV CD spectra ) . .
due to the Y38F and Y95F mutations imply that these full spectrum with more signal than is actually observed for

residues are rather mobile in WT FIS. The loss of almost W1 FIS (data not shov_vn). The signal .Of WT FIS increases
half of the WT near-UV CD signal in Y69F FIS is aPoout20% upon unfoldingt M urea (Figure 6B), yet YOSF
unexpected from a residue located at the surface, unless i¢nd Y51F FIS each have increases in fluorescence of over
was restricted by some interaction. It is known that aromatic 40% (Figure 6). Thus, one or more of the-YF FIS mutants
ring interactions give rise to intense near-UV CD spectra must be altering the remaining tyrosine residues in the protein
(79) and Tyr69 is~3.9 A from Phe39 (Figure 3). Thus, the such that the spectroscoplc_ signals do no_t acc_urately r_epresent
signal lost in Y69F FIS indicates that Tyr69 stacks with € response from mutating the tyrosine in question. In
Phe39 in WT FIS, thereby contributing to the near-Uv CD analogy with the near-UV CD data, it appears that YO5F
signal. The Y51F mutation results in a dramatic loss of near- and/or YS1F are responsible for this discrepancy.

UV CD signal, implying that most of the signal in WT FIS Several lines of reasoning and observations point to the
is due to Tyr51. However, the Y51F and Y95F mutations Y51F FIS mutant as the most likely mutation causing the
may cause changes in the rotational freedom of other tyrosinedisruptions in the FIS protein that result in the discrepancies
residues because Tyr51 and Tyr95 are involved in anin near-UV CD and fluorescence signals. First, Y69F FIS
extensive hydrogen-bonding network (Figure 8). Thus, while should result in no structural changes around the other
Tyr51 probably makes a significant contribution to the near- tyrosines due to its solvent-exposed location. Also, the
UV CD signal, we believe that the Y51F and Y95F mutations fluorescence denaturation transition of Y38F shows very little
may alter the local structure or mobility of the remaining difference from WT FIS. Furthermore, the nearly complete
tyrosine residues, resulting in the large loss in the near-UV loss of the near-UV CD signal in Y51F FIS suggests that
CD signal in Y51F FIS and the gain of signal seen in Y95F this mutation alters the environment of at least one other
FIS. Although a change in the near-UV CD signal implies tyrosine residue. Tyrosine fluorescence is sensitive to the
loss of structure, studies on the molten globule states of charge and hydrogen bonding in its local environm®&aj,(
proteins have shown that these states can be characterizednd therefore, the drastic changes in Y51F FIS fluorescence
as being highly flexible, having no near-UV CD signal, but may arise from alterations in the strength of the hydrogen-
retaining significant native-like tertiary structur80( 81). bonding interactions around Tyr95 (Figure 8) due to the
Thus, empirical evidenc&(, 81) shows that loss of the near-  removal of Tyr51. Thus, we propose that the Y51F mutation
UV CD signal can arise due to increased flexibility as may translates an effect onto Tyr95 through the hydrogen-bonding
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0.4 appears that, in addition to the stability, the dynamics of the
—&-Tyr 95 C-terminus is very sensitive to any mutation that alters this
S 0.3 ;R: g? network. An increase in flexibility in this region can affect
8 co0.2p its DNA binding activity (Table 1). It remains to be
o 2 determined whether this may be the reason for the very high
E -§ 0.1 sequence conservation within the C-terminal DNA binding
L; €  osBlisssecsings® o domain (Figure 2). Although DNA binding is only modestly
o T FeYEET g T T EOeageEaET . . . . g .
-% o o1 affected by these mutations, their functional significance in
g T vivo cannot be ruled out at present. Second, Tyr38 was found
-0.2 to destabilize FIS by 1 kcal/mol (Table 2). While this effect
on stability is expected because of its hydrophobic environ-
B e S ment @, 87), it is intriguing that Y38 is 97% identical among
Urea (M) FIS homologues despite its destabilizing effect. The slightly

Ficure 9: The contribution of each tyrosine to the WT FIs higher susceptibility of Y38F FIS to trypsin proteolysis may
fluorescence was deconvoluted from the fluorescence data assuggest that the high conservation of this residue may be
described in Materials and Methods. related to the need to balance the stability, function, and
) ) _ dynamics of FIS in vivo. Third, as expected for a largely
network in the C-terminus of FIS, causing the observed splvent-exposed residue, the Y69F mutation did not alter the
increase in fluorescence data in Y51F FIS. stability of FIS. However, since the aromatic residue was
The fluorescence profile of the - F FIS mutants makes  preserved, it is possible that the intermolecular aromatic ring
it possible to obtain a rough estimate of the contribution of stacking between Y69 and F39 may contribute to the stability
each tyrosine to the WT FIS fluorescence (Figure 9). This of F|S.
deconvolution was performed on the basis of the assumption  pp, attempt was made to deconvolute the contribution of
that all of the Y— F FIS mutants, except Y51F FIS, were  gach tyrosine to the fluorescence profile of WT FIS. Due to
reporting fairly accura‘gely on the fluorescence signal due 10 {he |ack of a crystal structure for these mutants, it is not
the loss of each tyrosine. The YO5F, Y69F, and Y38F FIS (jear if any local conformational change may exist, and
fluorescence signals at the various urea concentrations WerGnerefore, our calculations should only be viewed as a rough
subtracted from the WT FIS data to determine the signal ggtimate. Nevertheless, it is clear that, despite the small size
contribution of each tyrosine residue, and the remaining of F|S; the tyrosine environments play important roles in its
signal was assigned to Tyr51. The environment-dependents)orescence properties. While the tyrosines were observed
changes in tyrosine fluorescence within the same protein haveyy contribute different amounts to the WT fluorescence,
been seen in other proteir®) 22). However, the molecular  Ty;51 appears to be a key residue for modulating the local
basis for this phenomenon is not clearly understood. environments in FIS, as its mutation severely affected the
observed fluorescence and near-UV CD signals. We believe
CONCLUSION that the Y51F mutation affects the signals by altering the
The variety of roles that tyrosine residues can play in interactions within the C-terminal hydrogen-bonding net-
proteins can be attributed to their twofold hydrophobic and work.
polar nature. The aromatic ring can be involved in hydro-  Even though tryptophan fluorescence has dominated as
phobic and ring stacking interactions while the hydroxyl the probe of choice for monitoring protein foldingd], this
group can engage in hydrogen bonding. In this study, the study shows that tyrosine residues can serve as good
contribution of four tyrosine residues to the stability, local fluorescence probes and emphasizes their usefulness to study
dynamics, and spectroscopic properties of FIS was investi-the importance of hydrogen bonding via the conservative
gated. Such a study had not been done for a small oligomericTyr to Phe mutations.
protein such as FIS. The lack of tryptophan residues, the
presence of four tyrosine residues strategically located within ACKNOWLEDGMENT
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