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NMR Structures Reveal How Oxidation Inactivates Thrombomodulin
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ABSTRACT. Oxidation of Met 388, one of the three linker residues connecting the fourth and fifth EGF-
like domains of thrombomodulin (TM), is deleterious for TM activity. An NMR structure of the smallest
active fragment of TM (TMEGF45) and a crystal structure of a larger fragment (TMEGF456) bound to
thrombin both show that Met 388 is packed into the fifth domain. Using multidimensional NMR, we
have solved the structure of TMEGF45 in which Met 388 is oxidized (TMEGF450x) and the structure of
TMEGF45 in which Met 388 is mutated to Leu (TMEGF45ML). Comparison of the structures shows
that the fifth domain has a somewhat different structure depending on the residue at position 388, and
several of the thrombin-binding residues are packed into the fifth domain in the oxidized protein while
they are exposed and free to interact with thrombin in the native structure and the Met-Leu mutant. This
observation is consistent with kinetic measurements showing thatthfer TMEGF450x binding to
thrombin is 3.3-fold higher than for the native protein. Most importantly, the connection between the two
domains, as indicated by interdomain NOEs, appears to be essential for activity. In the TMEGF450x
structure which has a reducdgy for protein C activation by the thrombiiTMEGF450x complex,
interaction between the two domains is lost. Conversely, a tighter connection is observed between the
two domains in TMEGF45ML, which has a high&g, for protein C activation by the thrombin
TMEGF45ML complex.

The biological activity of many proteins can be signifi-
cantly affected by oxidation of methionine to methionine
sulfoxide. Proteins that show decreased activity upon oxida-
tion include calmodulin), a;-protease inhibitord, 3), high
mobility group protein HMG-D 4), chymotrypsin %), and
thrombomodulin §).

Oxidation of Met 388 in thrombomodulin (TM)with
chloramine T or HO; results in a 7590% loss of cofactor
activity (6). The physiological function of TM, which is an
endothelial cell surface glycoprotein, is to form a 1:1 complex
with thrombin. When thrombin is in complex with TM, it
no longer has procoagulant fibrinogen cleavage activity, but
instead has new anticoagulant function to activate protein C
(7). This process is essential for maintenance of hemostasis
(8, 9). The 81-amino acid TM fragment composed of the
fourth and f.'fth EGF-ike domal_ns (TMEGF45) is the Ficure 1: Schematic diagram of the smallest active fragment of
smallest active TM fragment (Figure 1J1Q). Cofactor  thrompomodulin. The amino acids are indicated in single letter code
activity assays and binding kinetic studies have shown thatand Met 388 is in bold. The disulfide bonding pattern determined
previously @6) is indicated in solid lines between the cysteine
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%"s@fr%safébi ngr?mai(fAeEgﬁ?féggfésghédﬁ%g) 534-3058; FAX:  TMEGF45 has full cofactor activity (as measurediayfor
tThese two authors contributed equa”y_ ’ protein C activation by the thrombiTMEGF45 complex),

! Abbreviations: thrombomodulin, TM; epidermal growth factor, but binds to thrombin 10-fold less tightly than the fragment

EGF,; trifluoroacetic acid, TFA; nuclear magnetic resonance, NMR; of TM th | ntains the sixth domain (Baerga-Ortiz
N-acetylglucosamine, GlcNac; TMEGF45, the fragment of thrombo- ° that also contains the sixth domain (Baerga-Ort

modulin containing the fourth and fifth EGF-like domains; TMEGF450x, Unpublished). Met 388 is located in the short three-residue
the fragment of thrombomodulin containing the fourth and fifth EGF- linker between the fourth and fifth EGF-like domains. It is

like domains and Met388 oxidized; TMEGF4SML, the fragment of - conserved in mouse, bovine, and human TM, and if Met 388
thrombomodulin containing the fourth and fifth EGF-like domains but . d h id her th h f
with Met 388 substituted for Leu: heteronuclear nuclear Overhauser IS Mutated to any other residue other than Leu, the cofactor

effects, hNOEs. activity of TM decreasesi().
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Structural studies of TMEGF432) and of the TMEGF- analyzed on a Perseptive Biosystems Voyager DE STR
456—thrombin complex 13) suggest that Met 388 may play MALDI-TOF mass spectrometer. To do this, lyophilized
a critical function in the interaction between the fourth and TMEGF45 and TMEGF450x were resuspended g©OHo
fifth EGF-like domains of TM. In both structures, Met 388 ~0.1 mM, and were mixed 1:10 with matrix. The matrix
is the central player in side chain interactions that connect used for all TM samples consisted of a saturated solution of
the fourth and fifth domains. Alanine mutagenesis revealed 10 mg of sinapinic acid (Aldrich Chemicals) suspended in
that Phe 376, located in the fourth domain, is critical for 0.3 mL of acetonitrile and 0.7 mL of 2% TFA. Besides Met
cofactor activity, and this residue is seen to participate in 388, the TMEGF45 expressed B pastoriscontains an
many hydrophobic contacts with Met 3882-14). In additional His and Met at the N-terminus, retained from its
addition, Met 388 is seen inserted into the disulfide bonded secretion signall(0). MALDI-TOF mass spectrometry of the
core of the fifth domain, interacting mainly with the Cys deglycosylated protein showed that the difference in mass
390-Cys 395 and Cys 409Cys 421 disulfide bondsle, between TMEGF45 and TMEGF450x was consistent with
13). In the structure of the fifth domain alone, Met 388 does addition of two oxygen atoms (32 mass units) in TMEGF450x,
not interact with these disulfide bonds and has no apparentone to each of the two methionines.
structural role 15). In comparing the structure of the fifth Kinetic Measurementd.he kinetics of the reaction of TM
domain alone with that of the fifth domain in TMEGF45, with thrombin that result in the production of activated
we hypothesized that insertion of Met 388 into the hydro- protein C are described by three kinetic constari€s: for
phobic core of the fifth domain may function to expose the TM binding to thrombin Knrv), K for protein C binding
thrombin-binding residues within the fifth domait. These to the TM-thrombin complex Kmnpd), and k. for the
residues pack against the disulfide bonds in the structure ofconversion of protein C to activated protein C. The kinetic
the fifth domain alone, but are solvent-exposed in the constants for TMEGF45, TMEGF450x, and TMEGF45ML
structure of TMEGF45. Itis also possible that the interaction were measured as previously describ&0d).(The thrombin
between Phe 376 and Met 388 may connect the fourth andconcentration was 0.1 nM, protein C concentrations were
fifth domains in a way that perhaps is important for 0.2, 0.4, 1, 2, and 4M, and the chromogenic substrate
anticoagulant cofactor activity. (S-2366, Chromogenix, Inc.) concentration was 0.015 mg/

Because Met 388 makes extensive hydrophobic contactsmL. The TMEGF450x concentrations used were 0, 200, 500,

with both the fourth and fifth domains, oxidation of this 1000, 1250, 1500, and 2000 nM aM protein C and O,
residue could have a large effect on the structure and function200, 500, 1000 nM at all other protein C concentrations. The
of both domains. We present here the structure of TMEGF45 TMEGF45 and TMEGF45ML concentrations used were 0,
in which Met 388 has been oxidized (TMEGF450x) and the 0, 100, 200, 300, 400, and 500 au¥ protein C and O,
structure of TMEGF45 in which Met 388 has been mutated 50, 300, 500 nM at all other protein C concentrations. A
to Leu (TMEGF45ML). A comparison of both structures nonlinear regression of plots ofversus [TM] andv versus
with the wild-type protein reveals that an interdomain [PC] yielded theKnmv and theKneg and these values were

connection modulated by the residue at position 388 is critical then used to solve the equation for ¥ga. TheKn's were
for thrombin-binding and anticoagulant cofactor activity. =~ measured at six different TM and five different PC concen-

trations, and the error was determined as the standard
EXPERIMENTAL PROCEDURES deviation of these measurements.
NMR Spectroscopyll samples used in NMR experiments
Preparation of'®N-Labeled ProteinsThe TM fragment  for the TMEGF450x and TMEGF45ML structure determina-
TMEGF45 corresponds to residues E346-E426 (81 aminOtions were prepared from lyophilized protein resuspended

acids) with an additional two amino acids (His-Met) on the in either 90% HO/10% DO or 100% BO with 2 mM NaN;
N-terminus. TMEGF45ML was produced in exactly the same at pH 6.5.25N-labeled sample concentrations were between

way as TMEGF45 except that residue 388 was mutated t00.8 and 1.0 mM with a final volume of 0.45 mL, and
leucine by site-directed mutagenesis using standard protocolsynlabeled sample concentrations were 1.5 mM with a final
Both TMEGF45 and TMEGF45ML were expressed both yolume of 0.5 mL. The pH was adjusted by adding aliquots
unlabeled and uniformly*N-labeled in Pichia pastoris  of 100 mM NaOH or NaOD. Although the oligosaccharides
purified, and characterized as previously descriliéii 17). are not essential for TM cofactor activity, they are essential
Oxidation of TMEGF45 with bD,. To prepare TMEGF-  for solubility, and all of the structures solved here were of
450x, TMEGF45 was lyophilized in six 1-mg portions, fully glycosylated protein (approximately 5 kDa in sugars).
resuspended to a final concentration of 0.1 mM in oxidation ~ All experiments were collected at 310 K on a Bruker
buffer (0.2 M HO,, 93 mM sodium phosphate, 0.28 M DRX600 spectrometer operating at 600.13 MHz. Data
sodium chloride, 9.3% (w/v) mannitol at pH 7.3), and reacted collected for the assignments and structure determination
for 4 h at 23°C (6). The oxidation reaction was quenched included the following 2D experiments: a sensitivity and
by acidification to pH 3.5 with HCI and the samples were gradient enhancedH,**N) HSQC with 512fH) x 256 (°N)
immediately injected on a Waters C18 reverse-phase columncomplex data pointsl®); 2D TOCSY (19, 20) experiments
(19 x 300 mm) equilibrated with 0.1% TFA. TMEGF450x with a 75 ms mixing time in both 0 and BQO; and 2D
was eluted with a gradient of 0.1% TFA;-Q0% acetonitrile NOESY @1, 22) experiments with a 150 ms mixing time in
over 10 min, 26-40% acetonitrile over 40 min at a flow both HO and BO with 512 scans. Three-dimensional NMR
rate of 10 mL/min. Peaks corresponding to TMEGF450x experiments included 50 and 150 ms mixing tiffi
were lyophilized, assayed for specific activity, and analyzed NOESY—HSQC experiments collected with 512 x 64-
by mass spectrometry. To verify that the TMEGF45 was (**N) x 128(H) complex data points and 48 scans. An
completely oxidized, samples were deglycosylated and HNHA experiment 23) was collected to measurBunp
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coupling constants. Hydrogen/deuterium exchange experi-distance restraints and 33 dihedral angle restraints. The NOE
ments collected at 20 min intervals showed all amides were distance restraints consisted of 390 intraresidue, 250 sequen-
fully exchanged by 2 h. Thé'H}-5N steady-state NOEs tial, 69 medium-range, and 168 long-range restraints. The
were determined by recording spectra in the presence andorce constant was set to 30 kcal mblA~2 for both the
absence of a proton presaturation perié8 s achieved with distance and dihedral angle restraints. Fifty structures were
120° H pulses applied every 5 ms. Each experiment was optimized using simulated annealing for 50 000 steps of 0.2
run in triplicate, collected with 51 256 complex points  ps and those with error functions 3.0 were subjected to
and 48 scans. 500 steps of conjugate gradients minimization. All resulting
Resonance Assignments, Distance and Dihedral Angleminimized structures were then refined using XPLQ8)(
Restraints Assignments were done using the Felix Assign The same standard slow cooling refinement protocol as was
module as described for TMEGF45. NOE distance restraints used for TMEGF45 was used to refine the TMEGF450x and
were derived from 30°N-edited NOESY-HSQC and 2D TMEGF45ML structuresX?). For TMEGF450x, out of the
D,O NOESY spectra. Peak volumes were integrated and39 minimized structures, 23 had no NOE violation9.5
converted to interproton distances for each spectrum sepaA and no dihedral angle violatior 5°. From these, 12
rately. Distance restraints were classified into three ranges,structures were chosen based on good agreement with
strong (1.8-3.0 A), medium (1.8-4.0 A), and weak (1.8 experimental data and low energy.
5.0 A). Comparison of the TMEGF45, TMEGF45ML, and  For the TMEGF45ML structure, the final DGII calculation
TMEGF450x HSQC spectra showed that some cross-peaksincluded 1085 NOE distance restraints and 28 dihedral angle
had different chemical shifts, while the rest were very similar restraints. The NOE distance restraints consisted of 497
to those of TMEGF45. Residues that were significantly intraresidue, 291 sequential, 92 medium-range, and 205 long-
different were reassigned using th®N NOESY-HSQC  range restraints. The same DGII protocol and XPLOR
SpeCtra. For TMEGF450x, these included six residues in the refinement as a|ready described for the TMEGF450x struc-
fourth domain and 12 residues in the fifth domain. The ture was used for the TMEGF45ML structure calculations.
proline spin systems were assigned using th@ DOCSY  Out of 49 minimized structures, 24 had no NOE violations
and NOESY spectra. For TMEGF45ML, these included four > 0.5 A and no dihedral angle violation 5°. From these,

residues in the fourth domain and five residues in the fifth 10 structures were chosen based on good agreement with

domain. experimental data and low energy. The final structural
Backboneg dihedral angle restraints were derived from ensembles for TMEGFE450x and TMEGE45ML were ana-
Jhno values from the HNHA experiment®Junno values  |yzed using Diamond and Procheck NMR as previously

>8 Hz = —120@30)" and *Junq values<5 Hz = —90-  described for TMEGF451Q).

(£30)°. Rotameric states gf* were estimated from short Structural Analvsi : :
N X ysisThe average domairdomain angle
mixing time TOCSY-HSQC and NOESYHSQC as previ- 504 gomain-domain twist (dihedral) for the structural

ously described12, 24). ensembles of TMEGF45, TMEGF450x, and TMEGF45ML
Structure CalculationsThe TMEGF450x and TMEGF- a6 getermined using th2eCiphermodule of Insight 98.0.

45ML structures were calculated using the NMR_Refine g e4ch individual molecule in each ensemble, the angle

module of Insightll 98.0 for DGII distance geometry. -4 hetween a vector drawn from the. 6f residue 388
Structures were minimized using both Discover and XPLOR to the center of mass for the fourth domain (including

(25) as previously described for TMEGF4E)). The starting | ogiques 349386), and a vector between the.©f residue

structure in all DGII calculations was created by using the 3gg 414 the fifth domain (including residues 391) was
lowest energy TMEGF45 structure, which included the core o« red. Also, the dihedral angle made between a vector

GlcNac sugars, and either oxidizing the residue to the R yr5.yn from the backbone nitrogen of residue 388 and the
diastereomer of methionine sulfoxide (for TMEGF450x) or center of mass for the fourth domain. and a vector drawn

replacing Met 388 with Leu (for TMEGFASML) in the  fom the Gy of residue 388 and the center of mass of the
Insight 98.0 moduldiopolymer The TMEGF45 structures & domain was determined.
all contain six disulfide bonds and the fifth domain has
uncrossed disulfide bonds that form three loops, the N-loop resyLTS
(residues Cys 396Cys 395) the B-loop (residues Cys 399
Cys 407) and the C-loop (residues Cys 4@ys 421). The Kinetics of Protein C Actiation by TMEGF450x and
disulfide bonds were included in all structures used in the TMEGF45ML.To investigate the differences in biological
iterative assignment process as they have been determinefunction between TMEGF45, TMEGF450x, and TMEGF-
chemically (6). 45ML, the kinetic parameters of protein C activation by
For the TMEGF450x structure, 749 restraints from*fihe thrombin and TM were measured. TM is an essential
NOESY-HSQC and DO NOESY were initially used to  activator for the thrombin-mediated activation of protein C,
calculate 50 structures using DGII. For the TMEGF45ML and two Michaelis constants are therefore requiteghu
structure, 996 restraints were used. In the early rounds offor the activator andKnpc for the substrate. Thé.y for
structure calculations, the NOE force constant was set to 1.00protein C activation by the thrombiffMEGF450x complex
kcal molt A~2, After this round of calculations, the three was also determined1(). The values for the kinetic
structures with the lowest energy and no NOE distance parameters are shown in Table 1 and compared to those for
violations were used for further assignments in several the wild type protein, which were remeasured but agreed
iterative rounds that each used three structures as inputwell with those previously reported@). Thek.: for protein
Dihedral angles were included at the penultimate round of C activation by TMEGF450x was 3.5-fold lower, 1.4's
calculations. The final DGII calculation included 877 NOE compared to the wild typk.,of 5.0 s'1. Thekgs for protein
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Table 1: Kinetic Parameters for the Various TMEGF45 Variants

Km ™ Km pc Keat Keal Km pc specific activity
TM fragment (nM) (mM) (s (sTmM1 (U/mg)
TMEGF45 140+ 5 0.32+0.1 5.0+ 0.1 15.6+ 0.3 3.5x 108
TMEGF45ML 1404 40 0.38£0.1 7.8+£05 20.8+ 7.8 5.1x 106
TMEGF450x 460+ 70 0.42+0.1 1.4+0.1 3.3+ 04 5.0x 10¢
C activation by TMEGF45ML was 1.6-fold higher compared ~ '° 0-15 grrmrrrrrTTTPTIITITIITITITITTY
to wild type. Although theKymv for wild type and o1k 0%;:
TMEGF45ML were the same, oxidation of Met 388 in- & = g 0 bk yeh
creased th&tv 3.3-fold from 140 to 460 nM. These results  § G 0051 )
agree with previous reports that tg of the TM—thrombin @ . é 01E
interaction increased from 4.4 to 10.9 nM upon oxidation Q , .k 0 -0.15F
of full-length TM (11). These results, on variants of E £ £ 02F
TMEGF45, reinforce our previous assertion that the sixth @ -01 ¢ -0.25 SAUULLLLLLLLLIALLLLULLULLLE
domain simply adds 10-fold in binding affinity, but doesnot  § o6 Z,“ A T IS
change the overall structure/function properties of TIg)( qE) 0.4 g C ]
The results show that oxidation affects TMEGF45 in two < 02 £ 05h 3
S ) . o o " ]
ways. It weakens the TMthrombin interaction and it slows > 0 > . 3
down the catalysis of protein C activation by the M 2 -02 T O
thrombin complex. The kinetic parameters expose the dual %4 ¥ ]
role of Met 388 in TMEGF45 function and suggest that there 08 0'5:_ E
are Significant structural Changes OCCUrring in TMEGF45 ;1 » AT IR TTINIT:
upon Met 388 oxidation. $3888°13038882008 RS e
waZ2osooaloda<ca a¥n wozodooalooao<ga oo
NMR Resonance Assignments for TMEGF450x and Residue Residue

TMEGF45ML. The HSQC spectra of TMEGF450x and Ficure 2: Plot of the differences in chemical shift values for
TMEGF45ML were very similar to that of TMEGF45, the amide protons of TMEGF450x vs TMEGF45 (A) and of

making th ignment or raightforward. Th in TMEGF45ML vs TMEGF45 (C) and plot of the differences in
aking the assignment process straightforward e sp chemical shift values for the amide nitrogens of TMEGF450x vs

system corresponding to residue 388 was identified from TMEGF45 (B) and of TMEGFA5ML vs TMEGF45 (D)
sequential connections to Phe 389. Although others have '

r?ported that the OXidiZ,ed methionine may exist as two Table 2: Structure Statistics for the Ensemble of 12 Structures of
diastereomers that are interconverted slowly on the NMR TMEGE450x

time scale, we observed a single spin system for the oxidized distance restraints TMEGF450x _ fourth fifth linker
Met 388 (data not shown). Residues that showed significant

changes in chemical shift upon oxidation of Met 388 included ?éairgrﬂ%fﬁi(__jf - f)) ggg igg %1 ﬁs
Glu 346, Val 348, Ala 373, Phe 376, Ala 377, and Glu 382 medium-range (X |i — j| < 1) 69 53 16 0

in the fourth domain; Met 388 in the linker; and Cys 395, long-rangefi —j| > 4) 168 134 13 21
Ala 394, Ser 406, Glu 408, Gly 412, Tyr 413, Leu 415, Asp total _ 877 590 229 58
415, Asp 416, Leu 420, Cys 421, and Asp 423 in the fifth g%?frﬂiirfiﬁ'ti”e 108 144 64 193
domain. Residues that showed significant changes in chemi- g dihedral 33 18 12 3

cal shift upon mutation of Met 388 to Leu were Val 348, rmsd @&SD) from experimental
Tyr 358, and Phe 376 in the fourth domain; Leu 388 in the  restraint3

; ) all NOE restraints (A) 0.04@- 0.002
linker; and Cys 390, Ala 394, Cys 395, Cys 407, and Cys dihedral angles (deg) 117 0.95

409 in the fifth domain (Figure 2). rmsd (SD) from idealized
Structure Determination.For both TMEGF450x and geometry

TMEGF45ML, 50 structures were generated using distance ~ bond lengths (A) 0.01% —0.0001
. - - angles (deg) 2.18 0.093

geometry, simulated annealing refinement, and energy energies (kcal/mol)

minimization, incorporating 877 NOE restraints and 33 g, 3764 23

dihedral angle restraints for TMEGF450x (Table 2), and  Eestrainf 42.7+£5.1

1085 NOE restraints and 28 dihedral angle restraints for _ Edin 0.675+ 0.30

TMEGF45ML (Table 3). Although the 877 NOEs seem  2None of the 12 structures had NOE violation9).5 A or dihedral
substantially less than the 943 NOEs used for the TMEGF45 atnglg Vi(;"g‘tiqnf 5°b- ?de ‘t’\r']aslczak;ma:egegy fli.ndic?g the mean and

: H : : H Stanaar eviation between the structu 1Z! me was
StrUCtur.e CaICUIatIO.n’ the predomlnant difference is in defined by the CHARMM force field implemeeante?j vg\]/i(it?in XrlgLOaR.
intraresidue restraints, which numbered only 390 for c1ng finalvalues of the square-well NOE and dihedral angle potentials
TMEGF450x compared to 493 for TMEGF45, and in long- were calculated with force constants of 30 kcal mok~2 in DGII
range restraints between the linker and the fifth domain, for and with force constants of 50 kcal mlA~2 in XPLOR.
which TMEGF450x has none.

For TMEGF450x, the average overall XPLOR energy was was 410 kcal/mol with the NOE and dihedral angle energies
376 kcal/mol with the NOE and dihedral angle energies contributing 42.4 and 1.19 kcal/mol, respectively (Table 2B).
contributing just 42.7 and 0.675 kcal/mol, respectively (Table These overall energies were comparable to those obtained
2A). For TMEGF45ML, the average overall XPLOR energy for the TMEGF45 structure, and all the other XPLOR
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Table 3: Structural Statistics for the Ensemble of 10 Structures of  Table 4: RMSD of Cartesian Coordinates (A) for the TMEGF45

TM45ML Variants
distance restraints TMEGF45ML fourth fifth linker atoms backbone  all heavy
intraresiduei(— j = 0) 497 306 160 31 (A) RMSD of Cartesian Coordinates (A) for TMEGF450x
sequential|f —j| = 1) 291 196 81 14 fourth domain 1.11 1.58
medium-range (¥ [i —j| < 1) 92 66 25 1 (residues 349364, 368-389)
long-rangei —j| > 4) 205 144 37 24 fifth domain 2.56 3.22
total 1085 712 303 70 (residues 387390, 394-399, 407421)
NOEs per residue 13.4 88 3.7 0.9 TMEGF450x 4.50 5.00
angle restraints (residues 349364, 368-389, 387390,
phi dihedral _ 28 13 14 1 394-399, 407421)
rmrsgsézrtasirli)gfrom experimental (B) RMSD of Cartesian Coordinates (A) for TMEGF45ML
all NOE restraints (A)  0.03g 0.002 I?:ggudeos";i'g% 4, 368-289) 1.1 1.58
dihedral ang_les (qeg) 1.840.39 fifth domain ' 212 269
rmgg (f;se%fmm idealized (residues 387390, 394-399, 407-421)
TMEGF45ML 2.16 2.54
bond lengths (A) 0.01% 0.0001 (residues 349364, 368-389, 387-390,
a_ngles (deg) 2.2#0.092 394-399, 407-421)
energies (kcal/mol) !
Etot 410.04 20.6 _ _ _
Erestrainf 424+ 3.6 at Asn 364 appears to be more restrained than it was in the
Eain 1.19+0.33 fourth domain of TMEGF45. This is a result of more long-

aNone of the 12 structures had NOE violation®.5 A or dihedral range NOEs assigned for Tyr 368 to residues Pro 350, Cys
angle violations> 5°. Rmsd was calculated by finding the mean and 351, Ala 354, and Asn 355 in the N-terminus and a new
standard deviation between the twelve structutégdealized geometry NOE restraint between Thr 366 and Pro 350. These new

was defined by the CHARMM force field implemented within XPLOR. . . .
¢ The final values of the square-well NOE and dihedral angle potentials restraints serve to pack tifeturn and sheet tightly against

were calculated with force constants of 30 kcal Mok 2 in DGII the N-terminus. _
and with force constants of 50 kcal mdlA~2 in XPLOR. For TMEGF45ML, most of the fourth domain resembles

the overall fold of the wild-type structure. The fourth domain
parameters were very similar to those for TMEGF45. None Still forms af-sheet between residues Tyr 358 and Cys 372

of the final structures had NOE violations0.5 A or dinedral &S confirmed by interstrand NOEs and by #igw. values
angle violations> 5°. Analysis of thep andy angles of the > 8.0 Hz for Tyr 358, Cys 360, Gin 361.’ Leu 369, and Cys
10 structures using PROCHECK_NMR shows that 90% of 372. However, the structures notably diverge at the C-loop

the (nonglycine and proline) residues fall within the allowed of the fc_:urth domain containing Phe 376, a region very well-
regions of the Ramachandran plot. determined for all structures. Many more long-range NOEs

Structural Variati f the Fourth D iStruct ¢ were observed to Phe 376 in thgONOESY spectrum for
TMEré‘I’:zga 3r't"’r‘1'°”T&E GeF 4°“rh Obr_“a' r“CI “re;’ ‘:h TMEGF45ML (38) than in TMEGF45 (21) and TMEGF450x
an € rombin compiex botf (23). One prominent difference is that long-range NOEs were
show Met 388 playing at least two structural roles. First,

he side chain of Met 388 i ) | f hvdroohobi observed between Phe 376 and Tyr 358, which were not
the side chain of Met 388 is an integral part of hydropnobic e e in the spectra for TMEGF45 or TMEGF450x. Also,
packing of the fifth domain, and oxidation of it to methionine

ifoxid Id di i £ th hvdroohobi more strong NOEs were observed from Leu 388 to Phe 376.
sulfoxide could cause disruption of these NydrophobiC g 5qgitional restraints structure the C-loop differently than

i?]te;acti(;ns. g?g%ng' Me_t 3(188 is_al§o the r_nai.n rr]nedicator of in TMEGF45 and TMEGF450x, with a bend in the backbone
the fourth and fifth domairrdomain interaction; therefore, toward the fifth domain.

disrupting it could cause major changes in the orientation Structural Variation of the Fifth DomainSimilar to the

of the two domains. o . TMEGF45 structure, few long-range NOEs, which are

_The structure of the fourth domain in TMEGF450x is very  critical for any NMR structure determination, were observed
similar to structures of the fourth domain solved previously in the fifth domain of TMEGF450x. There were 13 long-
(Figure 3) (7, 27). The root-mean-squared deviation (rmsd) range restraints in the fifth domain in TMEGF450x, com-
of the fourth domain overlaid on these residues is 1.11 pared to 22 in the structure of TMEGF45. The fewer |ong
for the backbone atoms and 1.58 A for all the heavy atoms range restraints did not result in a significantly less resolved
(Table 4A). These rmsd values are very similar to 1.19 and fifth domain, because in TMEGF45 many of the long-range
1.68 A values for TMEGF45. For TMEGFA5ML, the rmsd  restraints did not serve to resolve the structure of the fifth
of the fourth domain overlaid on residues 34854 and 368 domain, as they were from Met 388 to the Cys Sm/s

389 is also similar to TMEGF45: 1.16 A for the backbone 395 and Cys 409Cys 421 disulfide bonds. In the TMEGF-
atoms and 1.58 A for all the heavy atoms (Table 4B). 450x NOESY spectra these peaks were not observed,
Figure 3 shows the final structural ensembles of the NMR resulting in eight less long-range restraints. Long-range NOE
solution structures of each TMEGF45 variant that has beenrestraints observed in the fifth domain of TMEGF450x that
solved overlaid on the fourth domains. For both TMEGF450x were not present in the TMEGF45 data were between Ala
and TMEGF45ML, the fourth domain forms A-sheet 405 and Phe 419, Ala 394 and Asp 425, Ala 394 and Cys
between residues Tyr 358 and Cys 372 as confirmed by 421, Cys 399 and Cys 407, Cys 409 and Cys 421, and Leu
interstrand NOEs and by th&ynu, values> 8.0 Hz for 415 and Cys 421. The new restraints between Ala 405 and
Tyr 358, GIn 361, Thr 366, Leu 369, Val 371, and Cys 372. Phe 419 and between Leu 415 and Cys 421 draw the
In TMEGF450x, the loop of thg-turn that is glycosylated  thrombin-binding residues Tyr 413-Asp 417 back into the
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Ficure 3: Stereoviews of the overlay of the backbone atoms of TMEGF45 (A), TMEGF450x (B), and TMEGF45ML (C). The molecules

are superimposed on the fourth domain residues. The backbone atoms are all displayed in black and the disulfide bonds are displayed in
orange. The structures were all superimposed and then displayed separately to ensure a consistent orientation. The N-terminus is on the left
and the C-terminus is on the right in each structure. The fifth domain of TMEGF45 is defined to a specific quadrant of space by the
long-range NOEs from Met 388 to the fifth domain. The fifth domain of TMEGF45ML is also defined to a narrow quadrant, but it is
rotationally distinct from the wild-type structure. The TMEGF450x structure lacks interdomain NOEs and therefore the orientation of the
fifth domain is not defined with respect to the fourth domain.

domain so that they are not as free to interact with thrombin. core of the fifth domain. This was also seen in the structure
These new NOEs result in a structure of the fifth domain in of the fifth domain alone. The packing of the thrombin
TMEGF450x that is remarkably different from the fifth  binding residues back into the domain seems to correlate
domain in TMEGF45 (Figure 4). Consistent with the with weaker thrombin-binding affinity (20-fold for the fifth
assignment of just 13 long-range NOEs, the rmsd of the domain alone and 4-fold for TMEGF450x).
backbone atoms was 2.56 A, a slightly higher value than  Structural Variation of the Linker between the Fourth and
the 2.33 A for the fifth domain from TMEGF45 (Table 4A).  Fifth Domains.Each structure differed substantially in the
Likewise, compared to that for the fourth domain, few linker due to the alterations at Met 388. The linker residues
long-range NOEs were observed in the fifth domain of in TMEGF450x have many long-range NOEs to the fourth
TMEGF45ML, though the number of long-range NOEs in domain, particularly to Phe 376. Once oxidized, Met 388
the fifth domain TMEGF45ML 84) was slightly higher than  no longer showed long-range NOEs to residues in the fifth
for TMEGF45. These additional NOEs lead to a somewhat domain. The NOEs between the GIcNAc sugar attached to
better resolved fifth domain, with an rmsd of 2.12 A (Table Asn 391 and residues Phe 389 and Ala 377 were also not
4B). The fifth domain in all three variants of TMEGF45 can observed in the TMEGF450x structure. Therefore, none of
be superimposed on the A-loop (residues -3905), the the interdomain NOEs between the fourth and fifth domain
B-loop (residues 399407), and the C-loop (residues 409  seen in TMEGF45 were observed in TMEGF450x. This
421) (Figure 4). The C-loop in TMEGF45ML does not pack caused a lack of definition of the position of the fifth domain
back against the rest of the domain as it does in the wild with respect to the fourth domain (Figure 3).
type and TMEGF450x structures, possibly because the side The linker region of TMEGF45ML had similar numbers
chain of Leu 388 is not long enough to interact with this of long-range restraints to both the fourth and fifth domains,
region of the fifth domain as it did in the wild type. The as were observed for TMEGF45. However, the identity of
fifth domain of TMEGF450x differs from wild type and the interacting residues differed. Long-range NOES in
TMEGF45ML in that the thrombin-binding residues Tyr 413, TMEGF45ML not observed in TMEGF45 occurred between
lle 414, and Leu 415 have NOEs back to the hydrophobic Leu 388 and Ala 397, Gln 387 and Cys 407, and GIn 387
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Ficure 4: Stereoviews of the overlay of the backbone atoms of the fifth domain (residues GHA88726) from TMEGF45 (black),
TMEGF450x (red), and TMEGF45ML (blue). The disulfide bonds in all structures are displayed in orange. The structures were all
superimposed and then displayed separately to ensure a consistent orientation. The A-loop is at the bottom left, the B-loop is on the right,
and the C-loop is at the top of each set of structures. The positions of the N- and C-termini vary in each set of structures.

and Ser 406. _Althoth_ Leu 388 had NOEs to the disulfide Table 5: Selected Heteronuclear NOE Data for TMEGF45 Varants
bonds of the fifth domain as indicated by NOEs to Cys 395, .
Cys 399, and Cys 407, Leu 388 did not have any NOEs to __"esidue WITMEGF45

TMEGF450x TMEGF45ML

Cys 421, as were observed in TMEGF45. Presumably the (F;heggg 8-3& 8-83 8-2& 8-8; 8-2;11 8-882
; : ; yS . . . . . .
branched suje chain qf Leu 388 ca_nnot r(_aach as far mto_the Miet/Leu3ss 055 0.02 0.66L 0.002 057+ 0.06
core of the fifth domain. The cysteine spin systems having ppe3gg 047 0.06 042+ 001 0.47+ 0.005
NOEs to Leu 388 were shifted upfield in comparison to  Asn391 0.43+ 0.07 0.38+ 0.02 0.39+ 0.02
TMEGF45, suggesting that a more hydrophobic environment Thr393 0.39£0.02  0.34+:0.04 0.44+0.08
Cys395 0.50 0.03 0.48+ 0.01 0.81+0.12

is provided by the hydrocarbon side chain of Leu 388.
Finally, the NOEs between the GIcNAc sugar attached to  ®Heteronuclear NOE data are presented for a few residues to
Asn 391 and residue Phe 389 were subtly different. For illustrate the consistency with the presence or absence of prptofon
TMEGE45. NOEs were observed for the backbone amide NOEs. The_ analysis of all of tr_le r_elaxatlon data is complex and will
! . be the subject of a future publication.
proton of Phe 389 to the GIcNAc sugar of Asn 391, which
were not seen in TMEGF45ML. Instead, NOEs were long-range NOEs are observed between Met 388 and residues
observed between thedHand H protons of Phe 389 and in the fifth domain, and this effectively disrupts the fourth
the GIcNAc sugar of Asn 391, NOEs that were not present and fifth domair-domain interaction. The two domains do
in TMEGF45. not interact with each other, and the linker residues are now
Domain—Domain Interactions in TMModular proteins exclusively associated with the fourth domain. This causes
consist of a set of domains that are repeated throughout athe domair-domain orientation in TMEGF450x to be
continuous amino acid sequence and the NMR and X-ray undefined, in contrast to the structure of TMEGF42)(
crystal structures of many multiple domain modular proteins Consistent with the lack of NOE constraints between the
have been solved®8—30). In some cases, the interdomain linker and the fifth domain, heteronuclear NOE values for
linkage has been shown to be fixed, with defined interactions residues in the fifth domain of TMEGF450x are slightly
between the two domains31—34). While in others, the lower than in the wild-type molecule (Table 5). It is
linkage between the two domains may be completely or at interesting that the heteronuclear NOEs (hNOEs) confirm
least somewhat ill-defined36—38). the differences in side chain interactions (as determined by
The interdomain linkage in TM is hydrophobic, and the differences in observed proteiproton NOES). For example,
residue that mediates the domanfomain interaction is Met  the oxidized Met 388 retained interactions with Phe376, and
388. The hydrophobicity of Met 388 is apparently critical the hNOEs for this residue are the same across the variants.
for the interdomain interactions because in TMEGF450x, no The fact that the Leu388 primarily interacts with the C390
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Ficure 5: Stereoviews of the TMEGF45 variants from residues-3%26. This part of the structure contains the C-loop of the fourth
domain and the entire fifth domain. Side chains are shown in ball-and-stick for the cysteines (colored orange), the residue at position 388
(colored black), and other residues that participate in long-range restraints to the residue at position 388 (colored blue). The restraints are
shown as red lines, and the backbone is in cyan. The first GInNac on Asn 391 in the A-loop of the fifth domain is also shown (colored
green). (A) Wild-type TMEGF45, (B) TMEGF450x, (C) TMEGF45ML.

C395 disulfide bond is reflected in slightly higher hNOEs the fifth domain, while not absolutely fixed, is defined to
for C395, and lower hNOEs for C399 compared to wild type. one specific quadrant of space. The average interdomain
The hNOEs for the A-loop of the fifth domain and the angle of TMEGF45 was 152 5°, while that for TMEGF450x
observable cysteines are also lower for the TMEGF450x aswas 119 £ 26°. The large standard deviation in the
compared to the wild-type protein. A full analysis of the TMEGF450x structural ensemble is evidence of the wide
relaxation behavior of the variants requires analysis of datavariability of relative positions of the fifth domain with
from each individual EGF domain, and will be presented respect to the fourth.

elsewhere. To ascertain whether the communication between the two
Figure 3 shows the comparison of the structures of domains was important for activity, we also solved the
TMEGF45, TMEGF450x, and TMEGF45ML overlaid on  structure of another linker variant, TMEGF45ML. In this
just the fourth domain and linker residues. A comparison structure, as in that for the wild-type protein, the position of
was made of the rmsd for the backbone atoms of the entirethe fourth domain relative to the fifth appears to be well-
molecule compared vs that for the fifth domain. For determined, with many long-range restraints spanning from
TMEGF45, these values were similar, 2.81 and 2.33 A, the fifth domain to the fourth mediated through Leu 388
respectively. In contrast, the rmsd for the same backbone(Figure 5). The relatively fixed orientation in this variant is
atoms in TMEGF450x is 4.50 A, which is significantly larger confirmed by the identity between the rmsd values for the
than the rmsd of the fifth domain, 2.56 A. In TMEGF45, entire molecule (2.16 A) and for the fifth domain (2.12 A).
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Table 6: Domair-Domain Angle and Twist (dihedral) of
TMEGF45 Fragments Made between the Center of Mass of the
Fourth Domain and the Center of Mass of the Fifth Domain, as
Measured Relative to Residue 388

(degrees)

Wood et al.

NOEs to the disulfide bonds, and the side chains appeared
to be completely solvent accessible. Since lle 414 and Leu
415 are two residues that are critical for interacting with
thrombin, a hypothesis was advanced that this structural
variation might explain the 20-fold increased binding affinity

for TMEGF45 as compared to TMEGF5.

angle between twist (dihedral) between

TMEGF45 fourth domain fourth domain Oxidation of Met 388 apparently decreases the hydropho-
variant and fifth domaif and fifth domaif bicity of the side chain enough that it no longer interacts
TMEGF45 152+ 5 1334+ 10 with the core of the fifth domain (Figure 5). As a result, the
TMEGF450x 118+ 26 —120+23 fifth domain is now structured differently than it was in
TMEGF45ML 167+ 3 1704+ 9

TMEGF45. Figure 6 shows a matrix representation of the
aFor each individual molecule in each ensemble, the angle made Iong-range NOEs seen in the TMEGF45, TMEGF450x, and
%e;‘é"sfeonr %Zefgt;(:{hdcriivanaif;o(?;;? dal}?;f ggg;lea~:’38at\?e2grcfe“m::‘ TMEGF45ML structures. This matrix summarizes the many
the Gu of residue 388 and the fifth domain ’(residues 39021) was differences in Iong-_range NOEs within the fifth d,omam,
measured? For each individual molecule in each ensemble, the dihedral Observed for the various structures. One difference is that in
angle made between a vector drawn from the backbone nitrogen ofthe TMEGF450x structure, Phe 419 has NOEs from its
residue 388 and center_of mass for the fourth domain, and a vector gromatic ring protons to the methyl group on Ala 405 located
drawn_ from the @ of_ residue 388 and the center of mass of the fifth in the B-lOOp of the fifth domain. In the TMEGF45 structure,
domain was determined. Phe 419 showed interactions with Pro 396 and Ala 397, but
. . ] . in TMEGF450x these interactions are not observed. This new
Interestingly, although the two domains are tightly oriented jnteraction between Phe 419 and the B-loop causes a different
with respect to each other, the orientation is not the same asyyientation of the B-loop and fixes the B- and C-loops with
it was in the wild type protein. Table 6 compares the regpect to each other. Another difference is that the majority
domain-domain angle and twist (dihedral) of TMEGF45and o the interactions between the A-loop and the C-loop are
TMEGF45ML. In TMEGF45ML, the two domains are ot opserved in TMEGF450x (Figure 5). In TMEGF45, Met
positioned relative to one another at a significantly wider 3gg \was critical in bringing the A-loop and C-loop together.
angle, 167+ 3°, than for TMEGF45, at 152 5°. Aneven  Tpe |ack of contacts between Met 388 and the Cys-390
more marked difference is observed in the twist (d|hedr_al) Cys 395 and Cys 409Cys 421 disulfide bonds in the fifth
TMEGF45ML has an almost 3@reater twist between the  f,rther apart.
fourth and fifth domains. This difference could in large part  The structure of the fifth domain in TMEGF45ML is
be due to the different, tighter interaction seen between Leu gtferent still from the other variants (Figure 5). The observed
388 and Phe 376 in the TMEGF45ML mutant that results in long-range NOEs are also very different from TMEGF45
a different tyvist angle between the centfakheet of the (Figure 6). Leu 388 has long-range NOES to the Cys-390
fourth domain and the C-loop. Cys 395 and C399C407 disulfide bonds, but not with the
Cys 409-Cys 421 disulfide bond as was observed for the
DISCUSSION unbranched side chain of M388 in TMEGF45. As a result,
The Changing Structures of the TM EGF DomalB&F the C-loop does not appear to be as tightly held in
domains are small (approximately 40 residues) domains thatTMEGF45ML. In fact, the different interactions of the
contain three disulfide bonds and very little regular secondary branched side chain of Leu 388 with the fifth domain appear
structure. At the center of the domain igaheet. In each  to be orienting the domain overall at a different angle and
of the structures of fourth domains of TMEGF45 variants, twist in relation to the fourth domain.
the juxtaposition of the centrgi-sheet to the C-terminal Consequences of Oxidation on Thrombin Bindidge of
disulfide bonded loop varies. Thus, it appears that these twothe functional consequences of Met 388 oxidation is that the
structural components can take on subtly different twists TM—thrombin protein-protein interaction is weakened. In
depending on side chain interactions that extend long the structure of the TMEGF458hrombin complex, only
distances. Therefore, mutations in the linker can have anthe fifth and sixth domains contact thrombin, and Met 388
impact on the structure of the fourth domain (Figures 3 and inserts into the fifth domain. It might therefore be concluded
5). that the insertion of Met 388 is essential for maintaining the
The fifth domain of TM has an uncrossed disulfide thrombin-binding capability of the fifth domainlg). We
bonding pattern and no regular secondary structi®e (ts previously postulated that the expulsion of the thrombin
three-loop structure differs significantly depending on in- binding residues Tyr 413, lle 414, and Leu 415 from the
teractions with the linker and the fourth domain. The structure hydrophobic core by the insertion of Met 388 may lead to
of the fifth domain alone had Met 388 disordered and an improved binding affinity for thrombin as compared to
extensive hydrophobic interactions between residues fromthe fifth domain alone. This hypothesis is supported by
the A-loop disulfide and the C-loop disulfide (Cys 390-Cys observations presented here. TMEGF450x, which has the key
395 and Cys 409-Cys 421) with hydrophobic packing from thrombin-binding residues packed into the hydrophobic core
Pro 396, Ala 397, Pro 410, Tyr 413, lle 414, Leu 415, Phe of the fifth domain, has a weaken&gry relative to that of
419, lle 420, and Thr 422. In contrast, the fifth domain in TMEGF45. On the other hand, TMEGF45ML, which has
TMEGF45 had Met 388 inserted into the hydrophobic core an adequately large and hydrophobic residue located in the
replacing other more hydrophobic residu&®)( Specifically, linker region, and the key thrombin-binding residues exposed
the residues Tyr 413, lle 414, and Leu 415 no longer had for binding, has &mw comparable to that of wild type. It
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Ficure 6: Matrix illustration of the long-range restraints in the fifth domain of TMEGF450x (lower left), and of TMEGF45ML (upper
right) compared to wild type. The restraints that are unique to wild-type TMEGF45 as compared to each variant are colored black. The
restraints that are unique to TMEGF450x are colored red. The restraints that are unique to TMEGF45ML are colored blue and the restraints
that were observed in both wild type and the variant are shown in green. Side chain assignments for 1414 and 1424 were ambiguous, and
therefore no data were available for these residues.

is interesting to note, however, that the structure of the fifth type ks, also shows a tight interdomain linkage. Although
domain in TMEGF45ML differs from that of TMEGF45 in  we can confirm that an interdomain connection is essential
several ways already described, and yet the thrombin-bindingfor k.., the reason for this still eludes us. Many residues in
affinity of each of these proteins is equivalent. Thus, the the fourth domain of TM are essential for protein C
fifth domain appears to be malleable, and most likely binds activation, but not required for thrombin binding4). The
to thrombin by an induced fit mechanism as we previously X-ray crystal structure of the TMEGF45&hrombin com-
proposed 12). plex shows that these essential residues do not contact
The Importance of Interdomain Communication in TM. thrombin, and the NMR and X-ray structures show that they
The domair-domain orientation in TMEGF450x is dis- are located on a face of TM that most likely contacts protein
rupted, leading to a wider distribution in the structural C (12, 13). One hypothesis is that TM orients protein C for
ensemble that satisfies the restraint set. A similar situation efficient cleavage by thrombin. The fixed, but subtly dif-
is observed in the NMR structures of the Gla-EGF fragment ferent, interdomain orientation observed in TMEGF45ML
from coagulation Factor X. The interdomain orientation of could argue against this hypothesis. On the other hand, the
this dual domain fragment is stabilized by a*®Catom that different orientation may more optimally position protein C
bridges the two domains, playing the same role that Met 388 in the active site of thrombin, leading to the nearly 2-fold
does for TMEGF4539). In the absence of €4 the domains improvedk., that is observed for the TMEGF45ML mutant.
are very mobile relative to each othedQf, which is These speculations await the solution of the ternary complex
analogous to what occurs upon Met 388 oxidation in between thrombin, TM, and protein C.
TMEGF450x. Methionine oxidation has been shown to affect biological
The lack of definition in the TMEGF450x interdomain  activity, cause conformational changes, and alter the mac-
linkage most likely accounts for the 5-fold decrease in the romolecular interactions of a wide variety of proteins.
keat Of protein C activation by the TMEGF45exhrombin Amazingly, the addition of one oxygen atom can have a large
complex. We can make this statement with relative certainty effect on proteins. In mouse, bovine, and human TM, Met
because TMEGF45ML, which has a slightly better than wild 388 is conserved, but if it is mutated to leucine, the protein
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is oxidatively resistant and the cofactor activity increases
(11). One reason that a methionine is conserved in this
position and not the more kinetically optimal leucine may
be that the methionine could play a physiological role in
rapidly downregulating the anticoagulant potential of TM.
Indeed, Met 388 can be efficiently oxidized by activated

neutrophils, and neutrophils are known to synthesize inactive

™

(6, 41). The functional consequences of the need to

maintain oxidative sensitivity of Met 388 may lie, therefore,
in the need to maintain a procoagulant environment during
inflammation response.
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