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ABSTRACT. Conservative (F and Y) and radical (H and S) mutations have been engineered at a rigidly
conserved aromatic residue 5¥Vof the isolated recombinant kringle 2 domain of tissue-type plasminogen
activator (r-K2pa), an amino acid residue predicted from the X-ray crystal structure to be important in
the ligand binding properties of this isolated protein domain. The variants were expresBahim
pastoriscells. The binding constants efaminocaproic acid (EACA), 7-aminoheptanoic acid (7-AHpA),
andtrans{aminomethyl)cyclohexanecarboxylic acid (AMCHA) to each of these mutant polypeptides were
determined by titrations of the alterations in intrinsic fluorescence of the variant kringles with the ligands.
As compared to wild-type r-Kga, increases in th&y (dissociation) values of approximately 15-fold and
20—200-fold were found for the WF and W?SY mutants, respectively, toward these three ligands. Neither
the WPSH nor the W3S variant interacted with these same ligands. Differential scanning calorimetric
analyses were also performed on each of the peptides to determine whether the alterations affected the
conformational stability of wir-Kga. The data demonstrated that all of these mutants were thermally
destabilized, possessing temperatures of maximum heat capBgjtyglues that were 1220 °C lower

than that of wtr-Kga. Addition of EACA resulted in increases=(2 °C) in the Tp, values of r-[W3F]-

K2pa and r-[WF3Y]K2pa, a result showing that EACA stabilized the native conformations adopted by
these kringle domains. As expected from its greatly diminished binding to*#K2pa and r-[W3S]-

K2ipa, high concentrations of EACA had little effect on tfiig of thermal denaturation of these latter
mutants. 'H-NMR analysis of the two aromatic mutant kringles was employed to assess their overall
comparative folding properties. The high upfield chemical shift8.08 ppm) of the Chf" protons of

L47, a major signal of proper kringle folding, were slightly lowered+6.83 to—0.86 ppm in the cases

of all of the mutants. This is due to alterations in th&AL*’ side-chain spatial orientations, possibly

the result of slight conformational alterations that affect the distance relationships of these two amino
acid side chains. Assignments of nearly all of the protons of the aromatic residues if¥havl W3Y
mutants were accomplished, and few additional differences from their wild-type counterpart were noted.
Reactivities of the mutants against four different monoclonal antibodies directed to wir+i€2ealed

the possibility that some small local conformational alterations might have resulted from the residues that
have replaced the ¥ We conclude that W possesses an important direct role in the ligand binding
properties of r-Kga. This residue also contributes significantly to the stability of the native conformation
of this kringle domain and perhaps to maintenance of local conformations.

Kringles are structural motifs found in a number of function as recognition units for other proteins in solution
proteins related to those involved in blood coagulation and and for components of cell surfaces. As examples, the
clot dissolution. These modules contain approximately 80 kringle modules of Pg and Pm interact with platelets (Miles
amino acids and are covalently stabilized by three rigidly et al., 1988), peripheral blood cells (Miles et al., 1988),
conserved disulfide bonds in a6, 2—4, 3-5 pattern. These  endothelial cells (Wu et al., 1992), and bacterial cells
modules occur singly, as in uPAGunzler et al., 1982), and — : : :
with great multiplicity, as in apo-L@), where 1141 copies " Abbreviations: tPA, tissue-type plasminogen activatoriK2he
h b f d (McL t al. 1987 Koschinsky et al kringle 2 region (residues €—C?6Y) of tissue-type plasminogen
ave been foun ( cLean € a'j ; Koschinsky €t al., activator; Pg, human plasminogen; Pm, human plasminsgKihe
1991; Kraft et al., 1992; Marcovina et al., 1996). Of the kringle 1 region (residues®-C*% of human plasminogen; k3 the
proteins involved in fibrinolysis, Pg contains five kringles kringle 2 region (residues *&—C>*) of human plasminogen; k3
(Sottrup-Jensen et al., 1978), one exists in UPA (Gunzler etthe kringle 3 region (residues®-C** of human plasminogen; K4
" ! . the kringle 4 region (residues’€—C*3) of human plasminogen; k5

al., 1982), and tPA possesses two such structural unitSine kringle 5 region (residues*@—C5*) of human plasminogen; uPA,

(Pennica et al., 1983). urcgkina;se-type plasminogen activatogpi the kringle region (residues
. . . C%0—C®3Y) of human urokinase; BSA, bovine serum albumin; &)p(
The krlngle modules 'n_ serine protease_s of these_ ty_pes dOIipoprotein(a); MAb, monoclonal antibody; EACA, 6-aminohexanoic
not constitute part of their catalytic domains but principally acid; 7-AHpA, 7-aminoheptanoic acid; t-AMCHArans-(aminometh-
yl)cyclohexanecarboxylic acid; DSC, differential scanning calorimetry;
ELISA, enzyme-linked immunoadsorbent ass@y-MADb, total con-
T Supported by Grant HL-13423 from the National Institutes of centration of monoclonal antibody necessary for binding to 50% of
Health and the Kleiderer/Pezold family endowed professorship (to the molecules containing its epitope; TOF-MALDI-DE-MS, time-of-

F.J.C)). flight matrix-assisted laser desorption ionization with delayed-extraction
* To whom to address correspondence. Telephone: (219) 631-6456.mass spectrometryT,, temperature of maximum change in heat
Telefax: (219) 631-8017. capacity; TOCSY, total correlation spectroscopy; NOESY, nuclear
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(Ullberg et al., 1990). The kringles of HPm bind to its tion of the amino acid side chains that interacted with the

plasma inhibitor,o.-antiplasmin (Sugiyama et al., 1988; ligand, and site-directed mutagenesis investigations provided
Hortin et al., 1989), to its substrates, fibrinogen (Lucas et a great deal of direct information on this topic (De Serrano

al., 1983) and fibrin (Thorsen et al., 1981, Lucas et al., 1983), & Castellino, 1990, 1992a,b, 1993, 1994a,b; De Serrano et
to the plasma protein effectors, histidine-rich glycoprotein al., 1992a,b; Hoover et al., 1993; McCance et al., 1994).

(Lijnen et al., 1980) and tetranectin (Clemmensen et al., The amino acid positioned at 8n K2p, is invariant in
1986), and to cell-bound actin (Lind & Smith, 1991) and g kringles. As revealed through X-ray crystal structures,
enolase (Miles et al., 1991). Further, thgrKand K2ra  this amino acid side chain is situated in such a manner as to
modules have been shown to mediate binding of tPA and jnteract with the hydrophobic regions efamino acids, and
UPA to their fast-acting plasma inhibitor, plasminogen NMR analysis shows that this side chain is perturbed by
activator inhibitor 1 (Wilhelm et al., 1990; Kaneko et al., addition of these types of ligands. While these methods
1991; Mimuro et al., 1992). In the case of UPA, a region of gyggest that W functions in ligand binding, its relative
the molecule that includes itSuKA domain interacts with importance in this regard has not been assessed by these
components of the cell matrix (Stephens et al., 1992a), andprevious studies. Specifically, only predictions of side-chain
for tPA, its K2 region also interacts with fibrin (Ichinose et jnhvolvement in binding can be made from X-ray analysis,
al., 1986; van Zonneveld et al., 1986; Wilhelm et al., 1990). and whether perturbations of NMR resonances of the
Add|t|0na”y, this module also pal’ticipates in the b|nd|ng of po'ypep“de by ||gand are direct or indirect are not read”y
tPA to its endothelial cell receptor (Hajjar et al., 1994) and ascertained. However, these techniques, in combination with
to other cell types (Bizik et al., 1993). In a final example, sjte-directed mutagenesis studies, are invaluable as a cluster
the Lp() kringles mediate binding of this protein to low-  of approaches to rigorously resolve these questions. The
density lipoprotein (Frank et al., 1996) and to fibrin (Scanu amino acid residue, ¥, is strategically ideal for mutagenesis
& Edelstein, 1994). studies because it exists in a spatial location in the crystal
Some of the above interactions are inhibitedd»amino  structure that predicts its involvement in ligand binding, its
acids, such as EACA and lysine, thus providing a molecular 1H-NMR resonances are perturbed by ligand binding, and
basis for the hypothesis that proteins containing carboxy- NOE connectivities with the ligands are observed. Addition-
terminal lysine residues are able to interact with proteins gjly, the rigid conservation of this amino acid residue in both
containingw-amino acid binding kringles. The importance  |igand binding and non ligand binding kringles also suggests
of this mode of proteirrprotein interaction is emphasized that W3 might be a determinant of proper kringle folding
by the observation that digestion of virgin fibrin clots by and/or stability of the native conformation of these modules.
plasmin, thereby exposing carboxyl-terminal lysine residues, |n order to evaluate this broad range of possible functions
enhances binding of Pg and tPA to these clots and, in thisof Wes in kringles, we have undertaken a site-directed
manner, stimulates clot lysis (Christensen, 1985; Tran-Thangmuytagenesis-based study of the effects of replacements of

plasma carboxypeptidase B-type enzymes to attenuate clobf this study are reported herein.

dissolution potential (Bajzar et al., 1995). Other proteins

that contain carboxyl-terminal lysine residues (Hortin et al., MATERIALS AND METHODS

1988; Miles et al., 1991), or even internal lysig@amino

groups with carboxylate groups of D and E side chains, Materials Bovine fXa was donated by Enzyme Research
appropriately spatially positioned to mimic free EACA, also Laboratories, Inc. (South Bend, IN). Restriction endonu-
interact with plasmin (Sugiyama et al., 1988). The kringle cleases were obtained from Fisher Scientific Co. (Springfield,
domains that are known to bind these types)edmino acid NJ). RecombinanPfu DNA polymerase was purchased
ligands, and thus probably involved in these interactions, arefrom Invitrogen (San Diego, CA). T4 DNA ligase was a
Klpq (Lerch et al., 1980; Menhart et al., 1991), g2Marti product of New England Biolabs (Beverly, MA).

etal., 1994), K4, (Lerch et al., 1980; Rejante et al., 1991;  Hybridoma cell lines expressing MAbs 364, 623, 663, and
McCance et al., 1994), ki (Novokhatny et al., 1989; 700, all directed to wtr-K@,, were obtained from Genentech,
McCance et al., 1994), kz (Cleary et al., 1989; De Serrano  Inc. (South San Francisco, CA).

& Castellino, 1992a,b; De Serrano et al., 1992b), and several e pichia pastorisexpression kit and the yeast transfer
of the Lp@) kringles (LoGrasso et al., 1994; Scanu et al., vector, pPICIK, were purchased from Invitrogen.

1994; Klezovitch & Scanu, 1996; Mikol et al., 1996). . .
These types of observations have stimulated detailed study, Descriptions of the plasmids, pUC119[Pg] and pSVI7/SG-

of the nature of the binding ab-amino acids to kringle [K2tp4P], containing the entire coding sequences of Pg s
domains. Such work has been facilitated by the successfulthe I_<2pA-pr9tease region Of tPA, respect|\_/ely, were provided
large-scale expression of these modules in bacterial Ce”Searller (Whitefleet-Smith et al., 1989; Nilsen et al., 1997).

(Menhart et al., 1991; De Serrano & Castellino, 1992b; De Construction of the Fusion Protein Expression Plasmids
Serrano et al., 1992a; Menhart et al., 1993; Marti et al., 1994; The cDNAs of K2,P and plasminogen were used as
McCance et al., 1994; Chenivesse et al., 1996; Klezovitch témplates for PCR-based mutagenesis. The first step con-
& Scanu, 1996) and determination of the three-dimensional Sisted of construction of the tandem&1EGR-K2px fusion
structures of several of these ligand-bound isolated domainPolypeptide. For this, two pairs of oligonucleotides were
units in the crystal state (de Vos et al., 1992; Mulichak et synthesized that contained restriction endonuclease sites for
al., 1991: Arni et al., 1994: Mathews et al., 1996; Mikol et Avrll site at the >end andNot at the 3-terminal region of

al., 1996) and in solution (Atkinson & Williams, 1990; Byeon the final cDNA construct.

et al.,, 1991; Li et al., 1994). Information forwarded from The first pair of PCR primers was used with pUC118-Pg
these structural studies was of predictive value in identifica- as the template.
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1. 5 forward primer, 5GAT C'CT AGG TCA GAG (recognition sequence-&MATC-3'). The circular, nicked
TGC AAG ACT GGG Qurll site underlined). After double-stranded DNA was then transferred into XL2-Blue
cleavage byAurll and insertion of the product into the same competent cells, which repaired the nicks in the mutated
restriction site of theP. pastoristransfer vector, pPIC9K, plasmid. The final product was amplified in XL2-Blue and

this primer encodes the sequence PR¥HG. The se- subjected to complete nucleotide sequencing to confirm the
quence is preceded by tierll recognition site. The first  mutations and the integrity of the entire constructs.
two amino acids restore the-8nd of the polylinker site of Expression and Purification of the Fusion Polypeptide

the transfer vector, and the next two amino acids flank the K1pyIEGR-K2pa The plasmid pPICIK[Ka I EGR-K2pn)
first C residue of Kig The next three amino acids are and the mutant constructions were linearized with the
residues 2-4 of Klpg , restriction enzymesBglll, Sal, or Sad and used for

2. 3 reverse primer, 5STGC ATT GGA fct tcc tic gat  transformation ofP. pastorisstrains GS115 or KM71 by
ATC ACA CTC AAG A (the fXa cleavage site, IEGR, isin  means of electroporation. A two-step procedure was em-

lower case letters). This primer encodes the sequencétEC ployed for selection of transformants that were Hand
DIEGRSNA, where LEC represents the COOH terminus G418 resistant. First, after transformation, the cells were

of Klpg, followed by DIEGRSNA (the fXa-sensitive cleav- p|a’[ed on His p|ates and were allowed to grow fo5

age site which is excised at Ry the enzyme). _days. Colonies were selected from these plates and trans-
The second set of PCR primers was employed with ferred to nutritionally rich plates with variable concentrations
plasmid pSVI7/SG[K24P]. (0.25, 2.0, and 4.0 mg/mL) of G418. The colonies that grew

3. 3-GGA AGA TCC AAT GCABAC TGC TAC TTT on 4 mg/mL G418 were considered as positive transformants

GGG. The first 15 bases (italicized) of this forward PCR with multiple copies of G418-resistant genes and target
primer overlap those of primer 2, above, and encode the genes.

sequence GRSNA. The first two amino acids originate from
the carboxy terminus of the fXa-sensitive cleavage site (GR). ¢
The next three (SNA) begin the construction of#62 These
are then followed by amino acids at the amino terminus of
K2:pa, viz., DCTYFG.

4. 5-AT GC'GGCCGC TTA CTA GGA GCA GGA GG.
This primer codes for the sequence P&stop)(stop), where
PSC? represents the carboxyl terminus of K2 followed
by;mofaglpp%)gopquﬁg w:sgtlr?gnsg%étsj?gf wlrt]ﬁ (X\NM High biomass fermentation of the selected yeast clones

+ i :
and cloned into the polylinker site of pPIC9K through these (Mut colonles_ were used for Igrge-sca_\le ferr_nentatlons
same restriction sites. whenever possible) was accomplished with a BioFlo 3000

Oligonucleotide-Directed Mutagenesighe QuickChange bench-top fermentor (New Brunswick Scientific, Edison, NJ).
protocol (Stratagene) was employed to alter the codon for The inoculum for the fermentation was obtained from shaker
W83 of K2ipa to those that individually code for H, F, S, and ﬂ‘,"‘SkS containing 200 mL. of phosphate-buffered YNB (yeaSt
Y. The sequences of the pairs of oligonucleotides used in Ntrogen base)/1% (v/v) glycerol and was grown overnight

this procedure were as follows (the codons used for thie W at 30°C to an QD of 2-6 absorbance units. Th_e details O.f
mutants are in lower case letters): our fermentation protocols have been published earlier

(Nilsen et al., 1997). The only differences in the procedures

The multicopy Hig/GS115 transformants were selected
r the Muf (methanol utilization slow) and Mat(methanol
utilization plus) phenotypes as described in Ehepastoris
expression kit manual, version C (Invitrogen). The His
KM71 transformants are naturally of the Muthenotype
(because of interruption of th®OX1gene by that oARG,

and further determination of the methanol growth properties
was not necessary.

W63E: 5-GAT GCC AAG CCC ttc TGC CAC GTG CTG-3' between Wir-Kga and thg mutants involyed the time of
fermentation. While the wild-type polypeptide construct was
3'-CTA CGG TTC GGG aag ACG GTG CAC GAC-5' allowed to ferment for 4860 h after methanol induction,

some of the mutantsjz., K1ps IEGR-[WSH]K2pa and Klpg
IEGR-[W?3S]K2pp, were found to be degraded in the (2
3-CTA CGG TTC GGG gta ACG GTG CAC GAC-5' portions under these conditions. When this occurred, shorter
fermentation times of 14 h after methanol induction were
used. Despite the resulting lower yields of polypeptide, the

3.CTA CGG TTC GGG tca ACG GTG CAC GAC-5' quality of the material obtained was very high.
' , Purifications of the fusion polypeptides were achieved by
W63Y:5-GAT GCC AAG CCC tac TGC CAC GTG CTG-3 affinity chromatography. Specifically, the supernatant was
3.CTA CGG TTC GGG atg ACG GTG CAC GAC-5' adjusted to pH 7.4 with NaOH and loaded onto a lysine-
Sepharose column, equilibrated and washed with a buffer
The p|asm|d Containing the %;IEGR'KZPA Coding Containing 50 mM Tris-HCI/50 mM NacCl, pH 7.7. The
sequence in pPICIK was amplified froBscherichia coli ~ fusion polypeptides were adsorbed to the column by nature
strain DHSx. This plasmid was thermally denatured and ©f the specific affinity of Kkq (and in some cases also
reannealed to the above oligonucleotide primer pairs contain-through the Kz portion of the construct) and were then
ing the desired mutagenic nucleotides. Then, using the €luted after adjusting the column wash buffer to 0.2 M
nonstrand-displacing action d¥u DNA polymerase, the ~ EACA. The purified polypeptides were then dialyzed against
primer was extended with incorporation of the mutagenic H20 and lyophilized.
primers, a process that resulted in nicked circular DNA  Bovine fXa-Catalyzed Digestion of the Fusion Polypeptides
strands. The nonmutated parental DNA template, which and Isolation of the K2a Region. The KlpyIEGR-K2;pa
contained methylated G (@), was digested withDpnl constructs were mixed with bovine fXa at a peptide:enzyme

WO3H: 5-GAT GCC AAG CCC cat TGC CAC GTG CTG-3'

W63S: 5-GAT GCC AAG CCC agt TGC CAC GTG CTG-3'
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ratio of 50:1 (w:w) and allowed to incubate at 3C for 3 the plate overnight at 4C. The wells were then blocked
h. The digest was then applied to a lysine-Sepharose columrnwith 200 uL of 9% milk for 1 h atroom temperature and
and washed with a solution containing 50 mM Tris-HCI/50 then washed three times with a solution of 0.05 M Tris-
mM NacCl, pH 7.7. After the baseline absorbance (280 nm) HCI/0.1 M NaCl, pH 7.4 (TBS), containing 0.05% Tween
decreased t6:0.05, a gradient of EACA (start solution, 50 20. Various concentrations of anti-lt2 MAbs, 364, 623,
mM Tris-HCI/50 mM NacCl, pH 7.7; limit solution, 50 mM 663, or 700, dissolved in TBS/1% BSA, pH 7.4, were added
Tris-HCI/50 mM NaCl/100 mM EACA, pH 7.7) was applied (150 uL/well) at varying concentrations and incubated at
in order to resolve the two kringles by virtue of their room temperature for 2 h. The wells were washed three
differential lysine binding capacities. times with TBS/0.05% Tween 20. Alkaline phosphatase,
Intrinsic Fluorescence TitrationsThe binding ofw-amino conjugated to goat anti-mouse IgG, diluted 1:1000 with
acid ligands to the kringle domains was measured by titration TBS/1% BSA, was added to each well (1B0/well) and
of the intrinsic fluorescence change in the kringle that incubated at room temperature for 1 h. The plates were
accompanied the kringle/ligand interaction. The procedureswashed with TBS/0.05% Tween 20 three times. Sigma
used have been described in earlier reports from this substrate 104 (Sigma Chemical Co.), at 0.4 mg/mL in
laboratory (Menhart et al., 1991; De Serrano & Castellino, 10% diethanolamine/Mg&l(pH 9.8), was added (106L/
1992a,b, 1993). The experiments herein were conducted atvell), and the absorbance at 405 nm was measured in a

25 °C in a buffer containing 50 mM TrisOAc/150 mM
NaOAc, pH 8.0 (Menhart et al., 1991). Thke values that
characterize the Kgi/w-amino acid binding were calculated

THERMOmax microplate reader (Molecular Devices Corp.,
Menlo Park, CA) at different times (absorbancies increased
linearly with time up to a least 1 h, and the data collected at

from the fluorescence titrations by nonlinear least squaresthe 30 min time point were used herein). Data were fitted

iterative curve fitting of the titration data (Menhart et al.,
1991).
Differential Scanning Calorimetry The samples were dis-

solved in a solution containing 100 mM sodium phosphate,

pH 7.4, or 50 mM sodium phosphate/50 mM EACA, pH

by nonlinear least squares analysis to simple saturation
binding behavior, an@s, values (total concentration of MAb
required for 50% saturation) for the Kz-MAb interaction
were obtained from the plots.

Mass Spectra of Polypeptidedlolecular weight analysis

7.4. Thermograms were obtained with use of a nano differ- of the K2p, samples was measured by MALDI-TOF-DE-
ential scanning calorimeter (Calorlmetry Sciences Corp., Salt MS on a Voyager-DE spectrometer (PerSeptive Biosystems,
Lake City, UT). Thermal denaturation scans were conducted Framingham, MA). Samples were prepared by mixing 0.5

between the temperature range of 25 and A0@&t a scan
rate of 1°C/min. The baseline for each run was obtained
in an identical experiment with the buffer in each cell. The
temperature of maximum heat capacify, was obtained

uL of a 1074—10"% M aqueous solution of polypeptide and

0.5uL of 50 mM a-cyano-4-hydroxycinnamic acid in 50%
CH3;CN/0.1% TFA on a 100-well sample plate. The:ll
drops were air-dried and analyzed in the instrument after

from computer software that accompanied the equipment.jrradiation with a nitrogen laser (337 nm, 4 ns pulse time).

IH-NMR. The samples were prepared for NMR analysis
by first dissolving the polypeptides in a solution composed
of 0.05 M sodium phosphate, pH 7.4, that was fully
preexchanged witPH,O. These solutions were lyophilized
and then redissolved in the same volume?dfO. This
procedure was repeated two additional times.

HomonucleatH-NMR spectra were obtained at 3€ on
a Varian (Palo Alto, CA) Uniti?lus600 MHz spectrometer.
Two-dimensional TOCSY (mixing times, 30 and 85 ms) and
NOESY (mixing time, 200 ms) data sets were collected with

The instrument was operated in the delayed extraction mode
(Vestal et al., 1995). The accelerating voltage w&9 or

—20 kV. Signal transients were recorded with a digitizer at
a time resolution of 5 ns. Spectra were generated from the
sum of 50-100 laser pulses using external calibration.
Estimated mass accuracy over the observed mass range was
+0.05%. Linear mode positive and negative ionizations
were used.

DNA Methodology.All methods employed for manipula-
tions of the DNA samples have been published earlier

the usual pulse sequences (Bodenhausen et al., 1988{Menhart et al., 1991: De Serrano et al., 1992a,b).

Griesinger et al., 1988) at a spectral window of 6755.6 Hz

using the hypercomplex phase-sensitive method (States eResyLTS

al., 1982). Typically, 484; increments of 96 scans each

were sampled in 2048 complex data points. Spectra were Fusion polypeptides containing the Klmodule linked

obtained and processed as 42K complex data sets with

through a fXa-cleavable peptide (IEGR) to thegs2lomain

baseline corrections and Gaussian weighting functions ap-were prepared by recombinant DNA technology. This
plied using Varian software that accompanied the spectrom-construct allowed separate mutagenic manipulations of the

eter. Suppression of the residdbkO signal was achieved
by presaturation.

cDNA of K2 while still retaining the ability for a one-
step purification of the resulting translated product through

The proton resonances were assigned by combining thethe specific interaction of Kgywith a column containing an

procedures of spin-system identification using TOCSY,

followed by sequential assignments through NOE connec-

tivities (Wuthrich, 1986). Chemical shift resonances are
reported ind (ppm) with respect to 4,4-dimethyl-4-silapen-
tane-1-sulfonate (DSS), which was set to 0 ppm.

ELISA Assays.A solution (0.15 mL of 3ug/mL) of the
K2pa variant dissolved in 0.15 M sodium borate, pH 8.3,
was placed in individual wells of a polyvinyl 96-well assay
plate (Costar, Cambridge, MA) and allowed to remain on

immobilized amino acid ligand, specifically lysine. After
purification of the fusion polypeptide, fXa-catalyzed cleavage
resulted in a symmetrical excision between the two kringle
domains. Their separation was then accomplished by
repassage over the affinity column. With wtr-K2 which
also adsorbs to this column, gradient elution with EACA
resulted in simple purification of the products with baseline
separation of Kdg, which elutes first, from K@, However,

in casesyiz., with r-[W®H]K2pa and r-[WP3S]K2pa, Where
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Ficure 1: Positive ion linear mode TOF-MALDI-DE-MS analysis
of the W3-based mutants of Kz, The samples were irradiated
with a nitrogen laser (337 nm, 4 ns pulse time). The instrument
was operated in the delayed extraction mode, with a delay time of
100us. The accelerating voltage was 20 kV. Signal transients were
recorded with a digitizer at a time resolution of 5 ns. Spectra were
generated from the sum of 94 laser pulses using external molecula
weight calibrations with hen egg white lysozyme. The panels refer
to wtr-K2pa (A), r-[WGsF]KthA (B), r-[W63H] K2pa (C), r-[W63S]-
K2pa (D), and I’-[V\F3Y]K2tpA (E)

nearly complete downregulation of ligand binding is a
consequence of the mutations, the liberateg-Kehutants
eluted early in the column wash. With the other mutants,
viz., r-[WEF]K2ipa and r-[WP3Y]K2pa, Where partial loss of
the binding resulted from the mutations, their elutions
occurred late in the column wash step.

Highly purified samples of the Kgy, mutants were ob-
tained by these procedures. Amino-terminal amino acid
sequences of each of the mutants, as well as that of wtr-
K2pa that was produced by these same procedures, demon

r
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Ficure 2: Titration of the change in relative intrinsic fluorescence
of r-K2pa (5 uM) mutants against the free concentration of
7-AHpA: (A) wir-K2pa, (B) r-[W83F]K2pa, and (C) r-[WHBY]-
K2ipa. The experimental points are best fit to lines generated
employing values oKy = 7.9 uM (A), 92.3 uM (B), and 1500
uM (C). The stoichiometry was set at 1.0 for these iterations, and
the calculations provided values of tKg, saturating concentration

of ligand, and free ligand concentrations.

Table 1: Dissociation Constant&d) for w-Amino Acids to
W63-Based Variants of Kga at 25°C

Kq (uM) for
peptide EACA 7-AHpA t-AMCHA
witr-K2ipa 84 8 24
r-[W63H] KZIPA
r-[W63F]K2ipa 134 92 307
r- [W 638] KZIPA
- T-[WEYIK2pa 2700 1500 520

strated single amino acids at each cycle with the sequences

through 10 amino acids of SNADEFGNG. These results
are exactly as expected from the nature of the constructions
Additionally, the mutations were verified by TOF-MALDI-
DE-MS. In this case, as shown in Figure 1, single mass
peaks were obtained for each of the samples. Their
molecular weights were 9553.1 (calculated, 9555.7) for wtr-
K2pa (A), 9516.6 (calculated, 9516.6) for r-[{F]K2pa (B),
9510.6 (calculated, 9506.6) for [fH]r-K2pa (C), 9458.8
(calculated, 9456.5) for r-[WY]K2pa (D), and 9527.1
(calculated, 9532.6) for r-[WS]K2pa (E).

The binding of threew-amino acid ligands, EACA,
7-AHpA, and t-AMCHA, to the K& variants was examined
by titration of the fluorescence alterations that accompany
this binding. No fluorescence change was observed for
mutants r-[W3H]K2pa and r-[WE3S]K 2 with any of these

ligands, suggesting that binding did not occur. This conclu-
sion is fortified by the observation that these mutants were
not significantly retained by the lysireSepharose column.
However, in the cases of r-[fF]K2pa and r-[WBY K2 pa,
titratable decreases in fluorescence took place with all three
ligands (Figure 2), and a higher degree of retardation
occurred on the lysineSepharose column. THh&, values
calculated from these titrations are listed in Table 1. In
general, large decreases in binding affinity of the ligands to
K2ipa accompany the conservative alterations &f,Wiith
the WA3Y variant showing considerably higher downregu-
lation of ligand binding than the ¥% mutant.

The effects of these mutations on the stability of the native
conformation of K& was examined by DSC analysis. The
results obtained for all of the mutants are illustrated in Figure
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3 3 particular pH, these scans are not reversible andAtHe
values are very low, with uncertainties of at least 15%.
Further, since EACA does not interact with th& Biutant,

it is not easy to rationalize the manner in which it can alter
in a specific fashion the thermal denaturation profile of the
mutant kringle. For these reasons, we are not normally
concerned with calorimetridH values in these cases, and
our purpose in these experiments is to obtainThealues,
which are highly reproducible and informative.

A series of MAbs generated against tPA, which were found
to interact with the K@ domain? were employed to assess
o o o T B 0 b b e 5 B 5 e possible changes in the isolated kringle region as a result of
3 3 the mutations. Binding isotherms of these MAbs to witr-
ol c ol K2wpa are illustrated in Figure 4, and th€s, values

characteristic of this interaction are provided in Table 2.
Similar experiments performed with the mutants lea@4g
values also summarized in Table 2. The data show that three
of these MADs, viz., 623, 663, and 700, react nearly
identically to that of wtr-K&,, whereas another, 364,
displays greatly diminished reactivities to three (F, S, and
Y) of the mutants.

Lastly, a combination of standard TOCSY and NOESY
methods was employed to assign #&NMR resonances
of key residues of the two aromatic mutants ofds2to
determine whether more subtle conformational changes
occurred as a result of these amino acid substitutions.
FicurRe 3: DSC thermograms of r-Kz, mutants and their changes  Examination of the chemical shift data in Table 3 demon-
as a result of addition of EACA. The change in heat capacity at girateg that major changes do not oceur in the environments

constant pressureAC,) is plotted against the temperature. The . .
buffers employed were 100 mM sodium phosphate, pH 7.4, or 50 Of these protons. Of the alterations that do exist, those

mM sodium phosphate/50 mM EACA, pH 7.4. The temperature involving W2 and L*" are of interest since the close spatial
of maximum heat capacityTf,) for each sample was determined  proximity of the side chains of these two residues is a crucial
as the temperature of maximalC,. The concentrations of the  monijtor of proper folding of kringle domains. Regarding

peptides were approximately 0.5 mg/mL. Panels: (A) £y these residues, the data indicate that the upfield protons of
K2wn (B) -IWPHIK2ipa, (C) 1-IWSIK2pn and (O) FIWYE ) o oup of 147 are not as influenced as ie;(?/\nﬁ-(r)stg >°

301 30

251

20+ EACA

Cp (kJ/mole/K)

25 25+

20 20+

0 1 1 1 1 1 L 0 I I 1 1 L L
30 40 50 60 70 80 90 100 39 4 s0 60 70 8 90 100

Temperature (°C)

K2¢pa.

o by the ring current of WP in the mutants. This indicates
3. TheTy, (and calorimetricAH) of wir-K2pa, of 75.6°C that small changes do occur in this region ofd&2s a result
(68 kcal/mol) (De Serrano & Castellino, 1994b), was of these conservative mutations af3WWhen the resonance
dramatically lowered to 58.5C (40 kcal/mol), 56.6C (56 positions of these ¥ methyl protons are examined in the
kcal/mol), 56.6°C (57 kcal/mol), and 63.3C (45 kcal/mol) W83H an WSS variants, the chemical shifts-0.84 and
for the mutants r-[\8F]K2pa, r-[WEH]K2:pa, r-[WSS]K2pa, —0.83 ppm, respectively) observed for the £kprotons are
and r-[WP3Y]K2 pa, respectively. This value of th&, for similar as those for the ¥% and WSY mutants.
r-[W83H]K2pa was only minimally altered (66C) by a high An example of some of the strategies used for spin assign-

concentration of EACA and that for r-[f86]K2pa was ments is detailed here for wtr-l and its Y3 mutant. Both
unchanged (56.2C) in the presence of EACA. On the other of these polypeptides contain only one F residue at sequence
hand, this sam&, for the WEF and WY variants was position 3. The resonances of the aromatic protons of this
increased to 66.0 and 68°C as a result of addition of residue were easily identified in the TOCSY spectrum (mix-
EACA. TheT,, value for wir-K2pa was altered to 86.1C ing time= 85 ms) as shown in Figure 5 for r-fAY]K2 pa.

in the presence of saturating levels of EACA (De Serrano Both the H and H; protons resonated at the same chemical
& Castellino, 1994b). In all cases, thB, values were shift, of 7.38 ppm, and exhibited cross-peaks to th@itdton
independent of the thermal scan rates of the samples. Thus(7.31 ppm) and the Hand H protons. These two later
stabilization of the native conformation occurs with all protons also resonated at the same chemical shift, of 7.25
mutants that interact with the ligand. The lack of any ppm. In the NOESY spectrum (mixing tinre 200 ms)
significant change in th&, values by EACA for r-[VW3H]- illustrated in Figure 6, the resonance signal of theadd
K2ipa and r-[WE3S]K 24, at least up to 50 mM EACA, adds  Hg protons showed cross-peaks to the £ptrotons at 2.94
further proof that this ligand binding site is nearly completely and 3.06 ppm. Finally, using the TOCSY spectrum, the
downregulated by these particular mutagenic changes. Inresonance signal of the*Hproton (4.90 ppm) was assigned,
the cases of theAH values, all were increased by ap- as both methylene proton signals exhibited cross-peaks with
proximately 25%-50% in the presence of EACA. Thelone the H* proton signal. The proton resonances of tfé F
exception was for [WS]K2ps, wherein the AH was residue in r-[WeF]K2;pa were assigned in the same way.
apparently decreased in the presence of EACA by ap- The resonances corresponding to the aromatic protans H
proximately 25%. It is difficult to account for this aberrant Hs, Hs, and H of the W residues showed mutual cross-peaks
behavior of the $ mutant without knowledge of the initial
and final conformations of the polypeptide. Also, at this  2B. Keyt, Genentech, Inc., unpublished data.
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Ficure 4: The reactivity of wir-Kga with MAbs at 25°C. ELISA assays were performed at different levels of the various MAbs with a
constant amount of the kringle polypeptide adsorbed to the plate. Panelsa)(MAb-364, (B) () MAb-623, (C) (¢) MAb-663, and (D)
(V) MAb-700.

Table 2: Binding of MADbs to r-K@x Variants at 25°C of proton resonances given in Table 1 are based on the
observation of NOEs between side-chain protons as fol-
lows: L3t and H5 H% and L7, Y52

Cso-MAb? (nM) for MAb

peptide 364 623 663 700 The proton signals of 4 were unambiguously assigned
Wtr'léazlPA 0.7 4.1 3.2 03 using the TOCSY spectra. Several NOEs were observed
EM%E]]}EZ;A g'g 18 1:3'3 %3 between the Ck protons of 147, W25, and Y5 aromatic
WESTK 20 167 06 16.9 06 protons for the wild-type peptide and both mutants. In the
r-[W83Y]K2 pa 5.6 0.7 12.6 0.3 NOESY spectrum of the wild-type protein, the protons of
» Concentration (total) of MAb required for 50% binding to the POth CH? methyl groups exhibited cross-peaks to the H
kringle domain. (weaker) and H(stronger) protons of W. Meanwhile the

Y% mutant showed only a NOE connection between the
CH3® protons at—0.83 ppm and &l of W2, In this case,
the CH? at 0.53 ppm displayed a NOE connectivity with
H; of W2. For r-[W83F]K2pps, Nno NOE was observed
between the Ck' protons at—0.82 ppm and the W
aromatic protons. Further, the @Hat 0.52 ppm exhibited

a NOE only to the Hof W2, The NOE between the GM

at 0.52 ppm (0.53 ppm for r-[¥Y]K2pn) of the L47 and
the H ¢ protons of Y was observed for all three polypep-
tides.

in the TOCSY spectrum, as evident in Figure 5 for tHfé Y
mutant. The Hsignals of W residues exhibited cross peaks
with the CH# protons in the NOESY spectrum (Figure 6).
Identification of the CH’ proton signals enabled assignment
of the CH* resonances from the TOCSY spectrum in the
usual manner.

The H, and H; protons and the Hand H; protons of a
given Y residue resonated at the same chemical shift,
respectively. Therefore, the TOCSY spectrum exhibited one
cross-peak between aromatic proton signals for each Y DISCUSSION
residue. The cross-peaks between the same pairs of aromatic
protons also appeared in the NOESY spectrum. The signals We have recently shown that the pastorisexpression
of the CH and CH: protons were then assigned in a similar system is very suitable for production of large amounts of
manner as in the case of the F residues. recombinant kringles that are correctly folded (Nilsen et al.,

We were not able to identify all H side-chain proton 1997). We have further explored in this paper whether this
resonances, as only spectra of the lyophilized samples insame expression system would be suitable for production of
2H,0-exchanged buffer were measured. The assignmentsandem kringles that are linkedia a readily exscisible
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Table 3: Proton Chemical Shifts of Aromatic Residues of rfK]2
Mutants at pH* 7.4, 3PC

chemical shifts (ppm)

residue proton  wtr-K@a  r-[WEF]K2pa  r-[WSY]K2pa
Tyr? He 5.32 5.30 5.33
HA 3.13,2.34 3.06, 2.42 3.12,2.34
Hap 6.47 6.53 6.48
Hss 6.96 6.94 6.96
Phe He 4.98 4.90 4.97
HA 3.07,2.94 3.06,2.94 3.06,2.91
[ PY 7.26 7.25 7.24
Hss 7.39 7.38 7.38
Ha 7.41 7.31 7.31
Tyr® He 4.42 4.46 4.43
H? 3.18, 3.08 3.18, 3.08 3.18,3.11
Hap 6.78 6.70 6.77
Hss 7.18 7.19 7.20
Trp?® He 4.07 4.11 4.09
HA 3.79,3.15 3.74,3.22 3.78,3.22
H, 7.43 7.46 7.53
Ha 7.83 7.86 7.95
Hs 7.04 6.51 6.80
He 5.58 7.22 7.30
H- 7.65 7.82 7.88
Tyrss He 4.48 4.62 4.48
H# 3.76, 2.95 3.67,2.92 3.37,2.82
Hae  7.12 7.04 7.02
Hss 6.80 6.80 6.71
Leu’ He 3.54 3.66 3.63
HA 1.60, 0.44 1.60, 0.50 1.59, 0.48
H” 1.12 1.12 1.13
H? 0.52,-0.98 0.52,-0.82 0.53,-0.83
His®0 H* 4.50 4.52 4,51
HA 2.82,1.63 2.94,1.66 2.79,1.65
H, a 7.64 7.64
Ha a a 6.84
Tyr>? H* 5.15 5.16 5.21
H? 3.30,2.64 3.30,2.63 3.32,2.64
H.s  6.30 6.30 6.31
Hss 6.72 6.74 6.73
Trps He 5.60 4.71 (PH®) 4.29 (Tyf)
HP 3.70, 3.39 3.15,3.04 3.01,2.72
H, 7.72
Ha 7.29
Hs 5.66
He 7.23
H- 6.66
Hap 7.24 6.70
Has 6.86 7.10
Ha 6.82
His?® He 5.16 5.14 5.02
HA 2.86, 2.76 2.86 2.80, 2.68
H, 7.64 a 7.78
Ha 6.78 a 6.64
Trp™ He 5.57 5.70 5.62
HA 3.27,3.14 3.40, 3.10 3.34,3.08
H, 7.06 7.09 7.10
Ha 6.78 6.74 6.66
Hs 5.44 5.46 5.50
Hs 6.83 6.86 6.86
H- 7.18 7.26 7.22
Tyr’e He 5.18 4.96 4.86
HA 3.11,2.82 3.16, 2.84 3.10,2.81
Hap 7.36 7.38 7.36
Hss 6.89 6.96 6.93

aWe were not able to assign these residues.
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Ficure 5: Region of the TOCSY spectrum (mix 85 ms) of
r-[We3Y]K2pa showing connectivities between the aromatic protons
for selected aromatic residues.
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Ficure 6: Region of the NOESY spectrum (mix 200 ms) of
r-[W83Y]K2pa displaying NOE correlations between the aromatic
and H protons for selected aromatic residues. The intraresidue NOE
correlations are labeled.

sensitive site to another kringle which was the subject of
the current mutagenesis investigations., K2pa. The
construction strategy was based on the fact that the tandem
kringle would be readily purified by affinity chromatography
by nature of the strong lysine binding affinity of the 1
domain, especially in cases where the lysine binding affinity
of the target kringle was downregulated by the mutations.
These predictions were confirmed in this report. Subsequent
cleavage of the tandem kringle construct by fXa, followed
by repassage over the affinity chromatography resin (lysine
Sepharose), then provided the target kringle, as was also
found in previous studies (De Serrano & Castellino, 1992b;
De Serrano et al., 1992a; McCance et al., 1994). In cases
where the lysine binding capacity of k2 was not com-
promised by the chosen mutations, or when wtg=K2vas
desired, gradient elution from the affinity chromatography

protease-sensitive site and have selected the fXa recognitiorfolumn, as described herein, was successful.

site (IEGR) for this purpose. Our intention was to link a
lysine binding kringle, in this case, I&J. through this fXa-

Four mutations at W of K2;pp were selected for this
study. Two of these, F and Y, were aromatic and conserva-
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tive, one, H, was nonaromatic and more radical, and the final,

S, was clearly a radical mutation. All tandem kringles were w25

expressed in yeast cells, and a very small amousrii@o) K33 0 H65

of glycosylated material was present &tdfl K2p4 (this latter ,.H—/J

subpopulation could be removed by affinity chromatography é/-"— v V34 L47
on concanavalin A, if desired). Fermentation conditions, =T =5)

initially chosen on the basis of our prior work with isolated

K2pa (Miele et al., 1997; Nilsen et al., 1997), were found W63

to be generally suitable for the expressions conducted in the
present study, with some modifications. Specifically, the
pH was lowered to 5.0, and the fermentation times decreased
to 14 h. These changes were made because we observed _‘
that the IEGR bond in the tandem kringle could be cleaved @ D57
by yeast-derived proteases, and this was minimized by the w74
lowered pH and fermentation times. The yields of material

were considerably decreased by these changes but were

nonetheless very suitable for the studies conducted herein

(ca. 100 mg/L for the construct containing wtr-i, viz., Y76
Kleg|EGR-K2ps, and 26-50 mg/_L for_those containing t_he FIGURE 7: Representation of the X-ray structure of witr{2
mutants). After cleavage and reisolation of the target kringle, emphasizing the steric relationships between important residues that

quantities of 36-60 mg of KZpa mutants were readily  are believed to directly or indirectly influence ligand binding¥K
obtained fran a 4 L fermentation. V34, Y35 D57, D59, W83, H5, W74, and Y’9) and residues that are

The final isolated Kga mutants were subjected to amino- known conformational determinants fand L#7). Residues are

terminal sequence analysis and molecular weight determi-Shown from theirfs-carbons, outward. The sequence position of

. | I . inal the amino acids begins at ©f the K2pa sequence and continues
nation. In all cases, amino-terminal sequences were CoM-consecutively to the last C £ of this domain. Hydrogen atoms

pletely consistent with the expected cleavage of the tandemare excluded to minimize overcrowding. Aromatic and aliphatic
kringle, viz., between the R of the fXa-sensitive site at the hydrophobic amino acid side-chain carbon atoms (plé% &te in

COOH terminus of Kig and the S that initiated the stretch black, nitrogen atoms are in blue, and oxygen atoms are in red.

. . Amino acid side-chain carbon atoms from charged residu K
of four amino acids that were placed upstream b6{K2:pa D57, and 9 are in green. The side-chain carb%n atoms %r(the

in the particular construction employed. In addition, mo- pseydoligand, lysine residue (this is*Kfrom another Kaa
lecular weight analysis by mass spectrometry in each casemolecule in the unit cell that is inserted into theamino acid
provided molecular weight values that were within d.( binding pocket) are in orange.
0.05%) of the calculated molecular masses of the mutants.
This also attests to the integrity of the samples. & Castellino, 1992a). Regarding ¥/ mutagenesis studies

It has been previously postulated through NMR investiga- show that conservative alterations in this residue did not
tions of ligand/K2, complexes that W is one of the  affect the ligand binding properties of k2 (De Serrano &
aromatic ligands that should participate in ligand binding in Castellino, 1994b). Thus, of the amino acid residues
K2:pa, along with the ¥5, H®5, W74 and Y'® aromatic rings  implicated in ligand binding by NMR studies, only?K D>,
and the aliphatic side chain of¥(Byeon et al., 1995). The D, and W* were previously shown to participate directly
positioning of these amino acid side chains in the X-ray in interactions with the ligand. These findings are in
crystal structure of the lysine/kz complex is presented in ~ €xcellent agreement with predictions that can be made from
Figure 7 (de Vos et al., 1992). Site-directed mutagenesisthe crystal structure of the ligand/ik2 complex and are
investigations confirm the direct involvement of'DD%° generally applicable to results obtained from mutagenesis
(Weening-Verhoeff et al., 1990; De Serrano & Castellino, Of other kringles (Hoover et al., 1993; McCance et al., 1994;
1993), and K2 (De Serrano & Castellino, 1992a; De Serrano Scanu & Edelstein, 1994).
et al., 1992b) as coordination partners for the substrate amino A further extension of these conclusions can be made from
and carboxylate groups of the ligand and*&s providing the current work regarding the participation ofY8f K2pa
a hydrophobic environment energetically favorable for the in ligand binding. In this case, radical mutations (to H and
positioning of the ligand methylene groups (De Serrano & S) at this residue appear to nearly eliminate binding of three
Castellino, 1992b; Menhart & Castellino, 1995). These different w-amino acid-derived ligands, and conservative
findings are in agreement with their distance relationships mutations (to F and Y) greatly diminish these ligand binding
with the ligand as observed in the crystal structure and with energies (Table 1). In these latter instances, tHentation
information provided by NMR studies. Similar investiga- resulted in a much greater deleterious effect on the binding
tions from this laboratory have demonstrated that Nas process than did the®Fsubstitution. The most reasonable
less direct importance in ligand binding but appears to interpretation of this observation is that an alteration to Y
influence ligand binding through long-range effects on might establish new subtle active center conformational
residues that are directly involved, in particular through an relationships with the substrate due to the potential for
influence on the orientation of Wand/or B°, as argued in  hydrogen bonding through the phenolate hydroxyl group of
an earlier work (De Serrano & Castellino, 1994a). Other Y83 with other side-chain residues of the kringle. Conse-
site-directed mutagenesis studies demonstrate tfanfti- guently this residue can play an active role in affecting ligand
ences the specificity of ligand bindingia effects on the binding. In this case then, a larger problem may occur by
shape of the binding pocket but does not likely directly virtue of the residue that is inserted, rather than by the residue
interact with the ligand (Kelley & Cleary, 1989; De Serrano that is eliminated by the mutagenic change. An additional

Y35

e’

D59
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consideration that requires emphasis is the fact that not allrearrangement of the conformations of aromatic residues in

ligands are affected equally by the mutations & \(Wable
1). Detailed analysis of these findings would only be

the mutants, except possibly in the case o Wvhich is
not part of the ligand binding site. Especially noteworthy

possible with the knowledge of exact structures of the mutantis the preservation of the local environment ofAMvhich
kringles, but it does appear from the binding data that the constitutes the hydrophobic wall opposite to that of\i
aromatic group of F can partially compensate for the loss of the ligand binding pocket.

WS¢ in providing a favorable environment for the hydro-
phobic region of some ligands. Thus, the integrity of*wW
is important, but not essential, for ligand binding, and the
F83variant to a larger degree than th&Ynutant can support

These findings are generally supported by results from
analysis of the reactivity of the mutants with K2directed
MADs. Four different antibodies were examined, and the
results of Table 2 demonstrate that one of these, MAb-700,

these interactions. Consequently, it appears that some subtl@ossesse@s-MADb values for the four 8 mutants that were
redesign of the binding pocket may accompany the mutation very similar to that of wtr-K2 and to each other. Another,

of W83 to F, in that there is little difference in thi€y for
EACA and 7-AHpA in this mutant, as compared to the case
of wtr-K2,pa Which shows a strong preference for binding
of 7-AHpA over EACA. This situation is similar to that
found when H° was mutated (Kelley & Cleary, 1989; De
Serrano & Castellino, 1992a).

To assess possible conformational changes ipdBat
may have been brought about by the mutations & Whe-
and two-dimensiongH-NMR experiments were conducted
on the variants. One strong determinant of proper kringle
folding is the large upfield chemical shift of the @Hprotons
of L47 due to the close proximity of one of its methyl groups
to the aromatic ring currents of ¥¥and Y®%. The steric

MADb-364, displayed &Cs-MAb value for the 8 mutant
that was greatly diminishea&. 100-fold), when compared

to wtr-K2pa. In this case, the ¥ mutant also showed
weaker binding, byca. 6-fold, and the B variant was
marginally diminished in its avidity. These results could
indicate that r-[VE®S]K2pa and r-[WP3Y]K2pa possess local
conformations that are somewhat different than the wild-
type counterpart and that these differences are revealed by
this MAb. Interestingly, both these mutants possess a side-
chain hydroxyl group, which could generate new local
conformations by means of hydrogen-bonding interactions
with suitably placed side chains of other residues. On the
other hand, it is possible that these MAb-364 avidity

relationships between these residues can be visualized indifferences between the mutants are the result &fiWing

Figure 7. The side chain of“L is so conformationally
restricted that chemical shifts of its two equivalent£kind
CHs® proton resonances exist at the widely different values,
of 0.52 and—0.98 ppm, respectively. In all four of the
mutants, the chemical sift of the*Lresonance of the CA
protons is maintained at 0.5@.52 ppm, but that from the
CH;® protons exists at-0.82 to—0.84 ppm, a smalH0.15
ppm), but distinct, change from their chemical shifts in wtr-
K2ipa. From the cross-peaks observed in NOESY experi-

an amino acid directly involved in the interaction with the
antibody, and other amino acids at that location can substitute
for W2 to different extents. In any case, if new conforma-
tions are indeed formed with thé®3and Yé® mutants, they

do not directly result from the removal of %/ because the
H83 variant interacts identically to wtr-Kzx with this MAb.

The reactivities of the polypeptides with MAb-623 are of
interest in two different respects. First, all of the mutants
possessed nearly equal avidities to this antibody, an@4he

ments (Figure 6), the protons in the mutants seem slightly MAb values for the mutants were considerably lowet- (5

less influenced by V&, with the 4" methyl protons in the
F53 mutant seemingly less influenced by?%¥han those in
wtr-K2ipa and r-[WFBY]K2pa. From these data, we conclude
that it is likely that a slight reorientation of the side chain of
W25 occurs as a result of the loss off$v/such that its ring
current effects on the G¥l protons of 147 in the mutants
are slightly less intense. Since the environments of the’ CH

7-fold) than that of wir-Kga. It is also noteworthy that
this particular MAb was not entirely specific for kg, since

it also interacted strongly with K} (Cs-MAb = 3.0 nM).
These data show that the epitope recognized by MAb-623
is not optimized in Kga, that WF3 is not a necessary amino
acid for interaction with this MAb, and that upregulated
binding epitopes could be constructed inggZor this MAb.

protons, as revealed by their chemical shifts, are not affectedLastly, Cs;-MAb data for the mutants (Table 2) with MAb-

by any of the mutations, it is likely that their chemical
environments are largely unchanged by alterations fi. W
This suggests that the upfield chemical shift changes*in L
are not due to direct effects of the mutations off hut
probably on 5.

Additional possible conformational changes in the variants
were explored by a fuller assignment of aromatic proton
resonances in the®Fand Y2 mutants using a combination

663 demonstrate that thefHavidity constant is diminished
by ca. 7-fold, whereas that for the®Sand Yé3 mutants is
less affected, and the value for th& Rearly identical to
wtr-K2pa.  Once again, the weaker binding mutants could
result from generation of localized conformational differences
between the mutants and the wild-type kringle and/or from
the different abilities of different amino acid residues to
substitute for Vi® as a direct ligand for this MAb. Due to

of TOCSY and NOESY pulse sequences. We did not pursuethe small differences between théand $° mutants, the

in this same detail the NMR characteristics of th&3M/an

changes brought about by the mutations in the location of

WSE3S, since an aromatic group at that position appearedthe epitope for MAb-663 are not seemingly major.

essential for ligand binding to occur, regardless of whether

conformational integrity was maintained. As seen from

In general, the MAb suggests that major changes in
conformation of the kringle polypeptide do not result from

Table 3, nearly all of the aromatic proton resonances werethe amino acid substitutions at%y at least to the degree

located, and the largest differences in the mutants from wtr-

K2pa are seen in the §Hand H; resonances of W. None
of the other identified chemical shifts were significantly
different from those of wtr-Kga. These findings demon-
strate that replacement of \does not lead to substantial

that would influence ligand binding to such a large extent.
In the single case where such a conclusion might be
questionedi.e., binding of the 8% mutant to MAb-364, it is

3S. L. Nilsen, and F. J. Castellino, unpublished data.



7662 Biochemistry, Vol. 36, No. 25, 1997 Chang et al.

emphasized that the®fimutant interacted normally with this ~ Byeon, I.-J., Kelley, R. F., & Llinas, M. (19918ur. J. Biochem.
MADb, but ligand binding did not occur with this latter variant. _ 197,155-165.

P Byeon, I. J. L., Kelley, R. F., Mulkerrin, M. G., An, S. S. A., &
Thus, from the combination of NMR and MAb data, we Liinas, M. (1995)Biochemistry 3427392750,

believe that W plays a direct role in stabilizing ligand  chenivesse, X., Huby, T., Chapman, J., Franco, D., & Thillet, J.
binding in the binding pocket. (1996) Protein Expression Purif. 8145-150.

The effects of V¢ on the stability of the conformation of ~ Christensen, U. (1985EBS Lett. 18243—46. _ _
this kringle module have been examined by DSC analysis. €!€ary. S., Mulkerrin, M. G., & Kelley, R. F. (198®iochemistry
The changeg in the value of tfig, for the mutants range Céﬁ{%ﬁﬁgf?f Petersen, L. C., & Kluft, C. (198Bjr. J.
from approximately 12C (W®3Y) to over 20°C (WS%H, Biochem. 156327—333.
We3S, and W4F), as compared to wtr-Kz. These are rather  De Serrano, V. S., & Castellino, F. J. (199D)Biol. Chem. 265,
remarkable alterations for replacement of a single amino acid, 10473-10478.

; ; ; ; De Serrano, V. S., & Castellino, F. J. (199Z&ipchemistry 31,
especially in the case of the Y mutation, which at the least 11698-11706.

preserves the aromatic character of this sequence positionp, Serrano, V. S., & Castellino, F. J. (1992Bjochemistry 31,
Thus, we believe that ¥ is an important determinant for 3326-3335.
stability of the conformational state of the kringle, as was De Serrano, V. S., & Castellino, F. J. (199Bjochemistry 32,
the case with our previous studies witi?3(De Serrano & 3540-3548. _ _
Castellino, 1994b) and to a lesser degree witlf {De De3Serrano, V. S., & Castellino, F. J. (1994ipchemistry 33,

! : . . 509-3514.
Serrano & Castellino, 1994a), but not with"§which did De Serrano, V. S., & Castellino, F. J. (1994ipchemistry 33,
not seem to play as significant role in this regard (De Serrano  1340-1344.
& Castellino, 1992b). The absolute conservation offW  De Serrano, V. S., Menhart, N., & Castellino, F. J. (199%eh.
even in kringles that do not interact with-amino acid Biochem. Biophys. 29£82-290. _
ligands, is not based on this residue being a critical confor- Des%irﬁgﬁ?’e\;/iasﬁ SSezk\é,zl_dGE.z,fLZCastelllno, F. J. (1992b3h.
mational determinant but as a residue that contributes greatlyje vos. A. M., Fbﬁlséh' M. H., Kelley, R. F., Padmanbhan, K.,
to the stability of the native conformation. We observe that  Tulinsky, A., Westbrook, M. L., & Kossiakoff, A. A. (1992)
the lowestT,, obtainable for kringles with amino acid Biochemistry 31270-279.
mutations is approximately 5%, as was also the case with Frazgk’1%5131U{ZViCx S., & Kostner, G. M. (199Bpr. J. Clin. Invest.
the mutants that we were able to construct (Fand Y) 8 W s iocnoer ¢, otting, G., Wuthrich, K., & Emst, R. R. (1988)
(De Serrano & Castellino, 1994a) and as we are finding to ~ Am. Chem. Soc. 11G870-7872.
be the case with ¥mutations® Perhaps, because of the three Gunzler, W. A., Steffens, G. J., Otting, F., Kim, S. M. A., Frankus,
disulfide bonds that stabilize this polypeptide conformation, E., & Flohe, L. (1982)Hoppe-Seyler's Z. Physiol. Chem. 363,
this is the lowestT,, attainable by single amino acid 1155-1165.

o . Hajjar, K. A., Jacovina, A. T., & Chacko, J. (1994)Biol. Chem.
substitutions of non-C residues. 269,21191-21197.

Despite the substantially lowerdg values for the ViF Hoover, G. J., Menhart, N., Martin, A., Warder, S., & Castellino,
and WY variants, saturation of their ligand binding sites F. J. (1993)Biochemistry 3210936-10943.
with EACA leads to an approximate-4.2 °C rise in theT,, HOFVJLHS, %oLan?Lbnsofégéli" §§ EOK K. F. (198&8iochem. Biophys.
valuga for thermal denaturation, a val_ue similar to that Hortin. G. L. Trir.npe, B. L. & Fok, K. F. (1989 hromb. Res.
obtained for wtr-Kg, under these same circumstances. Thus, ' 54 21-632.
binding of EACA stabilizes the native conformation by the |chinose, A., Kisiel, W., & Fujikawa, K. (1986). Clin. Invest. 78,
same amount regardless of the initial value of The While 163-169.
this method is not of high resolution in identifying small Kaneko, M., Mimuro, J., Matsuda, M., & Sakata, Y. (1991)

conformational alterations, these data nonetheless add anotheg e'ﬁg;fhs m,_; B:??F()Zhl)ésa'ryl/qe; : (Cl:grggrgronc.hlelsnt(t)&léggb A7-4054

argument to the consensus position that changesﬁﬁdﬂ/' Klezovitch, O., & Scanu, A. M. (1996 rterioscler., Thromb., Vasc.
not lead to conformational adjustments in the resulting Biol. 16,392—398.

mutants that are of a significantly profound nature as to Koschinsky, M. L., Tomlinson, J. E., Zioncheck, T. M., Schwartz,
influence ligand binding. K., Eaton, D. L., & Lawn, R. M. (1991Biochemistry 305044

. . . . 5051.
Thus, in conclusion, the complete conservation of this Kraft, H. G.. Kochl, S., Menzel. H. J.. Sandholzer, C., & Utermann,

residue in all kringle structures identified to date is not due G, (1992)Hum. Genet. 90220-230.
to its necessity for adoption of the native kringle conforma- Lerch, P. G., Rickli, E. E., Lergier, W., & Gillessen, D. (1980)
tion, but is due to maintenance of the stability of that _Eur. J. Biochem. 1077—13.

conformational state. With regard to ligand binding, an Ui X., Bokman, A. M., Llinas, M., Smith, R. A. G., & Dobson, C.
tic residue at this location, preferably tryptophan _M. (1994)J. Mol. Biol. 235,1548-1559. .
aroma » P y tryptop ' Lijnen, H. R., Hoylaerts, M., & Collen, D. (198Q). Biol. Chem.

appears to be essential. 255,10214-10222.
Lind, S. E., & Smith, C. J. (1991). Biol. Chem. 2665273-5278.
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