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ABSTRACT: Thrombomodulin (TM) forms a 1:1 complex with thrombin. Whereas thrombin alone cleaves
fibrinogen to make the fibrin clot, the thrombin-TM complex cleaves protein C to initiate the anticoagulant
pathway. The fourth and fifth EGF-like domains of TM together form the minimal fragment with
anticoagulant cofactor activity. A short linker connects the fourth and fifth EGF-like domains of TM, and
Met 388 in the middle of the linker interacts with both domains. Several different structures of TMEGF45
variants are now available, and these show that mutation of Met 388 alters the structure of the fifth
domain, as well as the connectivity of the two domains. To probe this phenomenon more thoroughly,
NMR backbone dynamics experiments have been carried out on the individual fourth and fifth domains
as well as on the wild type, the Met 388 Leu mutant, and the variant in which Met 388 is oxidized. The
results presented here show that changes at Met 388 cause significant changes in backbone dynamics in
both the fourth and fifth EGF-like domains of TM. Backbone dynamics within the small loop of the
fourth domain Tyr 358 correlate with anticoagulant cofactor activity. Backbone dynamics of the thrombin-
binding residues Tyr 413 and Ile 414 are inversely correlated with thrombin binding. The preordering of
the backbone of Tyr 413 and Ile 414 only occurs in the two-domain fragments, revealing a role for the
fourth domain in thrombin binding as well as in anticoagulant cofactor activity.

Thrombomodulin (TM)1 is an endothelial cell surface
glycoprotein that forms a 1:1 complex with thrombin. When
thrombin is in complex with TM, it no longer has proco-
agulant fibrinogen cleavage activity but instead has new
anticoagulant function to activate protein C (1). This process
is essential for maintenance of hemostasis (2, 3). The 81
amino acid TM fragment composed of the fourth and fifth
epidermal growth factor- (EGF-) like domains (TMEGF45)
is the smallest active TM fragment (4). Although the fifth
domain binds to thrombin, anticoagulant cofactor activity
requires both the fourth and fifth domains and that they be
connected (4). Cofactor activity assays and binding kinetic
studies have shown that the thrombin-TMEGF45 complex
has the samekcat for protein C activation as thrombin-TM

but TMEGF45 binds to thrombin 10-fold more weakly than
the fragments of TM that also contain the sixth domain (5).
Met 388 is located in the short three-residue linker between
the fourth and fifth EGF-like domains. It is conserved in
mouse, bovine, and human TM, and if Met 388 is mutated
to any other residue than Leu, the cofactor activity of TM
decreases (6).

Recent structural studies of TMEGF45 (7), the
TMEGF456-thrombin complex (8), and two mutants,
TM45ox and TM45M388L (9), reveal the critical importance
Met 388 plays in the interaction between the fourth and fifth
EGF-like domains of TM. In the structure of TMEGF45,
Met 388 is inserted into the fifth domain and has nuclear
Overhauser effect (NOE) connectivities to theâ carbons of
the cysteines that form the disulfide bonds (7). In the structure
of the fifth domain alone, Met 388 shows no interactions
with the domain (10). Insertion of Met 388 into the
hydrophobic core of the fifth domain may also function to
allow exposure of the thrombin-binding residues within this
domain. These residues pack against the disulfide bonds in
the structure of the fifth domain alone but are exposed in
the structure of TMEGF45 (9).

The solution structure of TMEGF5 as well as the structure
of TMEGF45 shows areas of the protein for which very few
NOE connectivities are observed, and the protein structure
is therefore not very well determined (7, 10). The structure
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of the fifth domain from TMEGF45 was even less well
determined than that of the fifth domain alone, and fewer
NOEs were observed in the fifth domain from the two-
domain fragment. This led to the hypothesis that the fourth
domain, or the linker, may induce disorder in the fifth
domain. One possible explanation for the lack of observed
NOEs is that the fifth domain, which has an uncrossed
disulfide bonding pattern and no regular secondary structure,
may have few interresidue contacts because the three
disulfide-bonded loops are “geometrically” separate. In this
situation, subtle changes in side chain interactions could alter
the conformation of the backbone, and this could explain
why the fifth domain structure seemed to be partly disrupted
when the fourth domain was attached. Alternatively, the lack
of NOEs may truly indicate an increase in backbone
flexibility resulting in a situation where the protons are not
in a single state long enough for the nuclear Overhauser
effect to occur (11). To investigate whether flexibility could
explain the lack of observed NOEs in the fifth domain of
TMEGF45 and whether this flexibility was important for the
anticoagulant function of TMEGF45, we decided to perform
15N relaxation studies.

In recent years it has become clear that the biological
functions of proteins are related to their dynamic properties.
Conformational changes and induced-fit binding phenomena
are often invoked to explain biochemical results, but there
are few good experimental methods available to actually
measure the dynamical behavior of proteins. Nuclear mag-
netic resonance (NMR) spectroscopy is particular well suited
to the investigation of protein dynamics through the mea-
surement of nuclear relaxation times. NMR relaxation
experiments can provide information about the dynamic
properties of protein backbones and side chains at amino
acid resolution on time scales ranging from picoseconds to
nanoseconds and from microseconds to milliseconds (12-
14). This makes NMR relaxation experiments an extremely
powerful tool that has the potential to bridge the gap between
the static picture of macromolecular structures and their bio-
physical properties such as configurational entropy, hydra-
tion, and flexibility, ultimately providing information on how
these properties relate to biological function (15-17).

Heteronuclear NOE measurements of TMEGF45 sug-
gested that the fifth domain is relatively flexible compared
to the fourth domain (7). Met 388 makes extensive hydro-
phobic contacts with both the fourth and fifth domains, and
we have shown that mutation and oxidation of this residue
have large effects on the structure of the fifth domain (9).
We present here results from15N relaxation experiments on
wild-type TMEGF45, the independent fourth and fifth
domains, the overactive M388L mutant, and the variant
where Met 388 is oxidized, which together reveal dynamic
interactions between the fourth domain and the fifth domain
and the role of Met 388 in this interaction.

EXPERIMENTAL PROCEDURES

Preparation of Fluorescently Labeled TMEGF45.
TMEGF45 was labeled with two different fluorescein deriva-
tives with different linkers to the protein. Since the protein
has no lysine residues, labeling with an amine-reactive probe
resulted in a unique product with the fluorophore attached
to the N-terminus. The two fluorescent-active labels were

6-(fluorescein 5-carboamido)hexanoic acid succinimidyl ester
(FSX) and 5-carboxyfluorescein succinimidyl ester (FAM)
(Molecular Probes Inc., Eugene, OR). Coupling was achieved
by dissolution of 5 mg of TMEGF45 in 5 mL of 0.5 M
sodium bicarbonate, pH 8.3 (pH 9 for the isothiocyanate).
Either FSX or FAM was dissolved (10 mg/mL) in 25 mL of
DMF and added to the protein solution. After 1 h, the
reaction was stopped by adding 0.1 mL of freshly prepared
1.5 M lysine, pH 8.5, and the product was purified by size
exclusion chromatography on Superdex 75 FPLC in Tris-
buffered saline.

Time-ResolVed Fluorescence Intensity and Anisotropy
Decay.Samples were excited at 460 nm, and time-resolved
emission was determined by the time-correlated single
photon-counting technique (18) with an EEY scientific
nanosecond spectrofluorometer (La Jolla, CA) equipped with
an IBH (Edinburgh, U.K.) hydrogen-arc flash lamp as
described in more detail in Hauer et al. (19). The fluorescence
intensity decayI(t) was analyzed as a sum of decaying
exponentials with eachith term having a lifetimeτi and an
amplitudeRi (eq 1). Anisotropy decay measurements were

performed by acquiring the time-dependent vertically and
horizontally polarized fluorescence intensity decays [I|(t) and
I⊥(t), respectively] when excited by vertically polarized light,
using a multichannel plate detector (19). Using the Globals
Unlimited Software package [Laboratory of Fluorescence
Dynamics, Urbana, IL (20)] the data were then analyzed by
fitting I|(t) and I⊥(t) according to eqs 2 and 3. The time-

dependent anisotropy decayr(t) fit well to a biexponential
equation with fast (F) and slow (S) processes (eq 4).

Preparation of15N-Labeled Proteins.The uniformly15N-
labeled single domains TMEGF4 (residues Glu 346-Met
388) and TMEGF5 (residues Phe 389-Glu 426) were
obtained from CNBr cleavage of a mutant TMEGF45 protein
in which another methionine was inserted next to Met 388
that was expressed inPichia pastoris. The insertion of the
second methionine resulted in much higher yields of cleaved
products. It has been previously shown that the smallest
active fragment of TM is TMEGF45, and cleavage into the
individual domains causes a complete loss of cofactor activity
(4). However, binding of the fifth domain to thrombin can
still be assessed, and this assay was used to monitor purity
of the resulting fifth domain fragment (21). Fermentation of
the P. pastoristo produce this double Met mutant and the
subsequent protein purification were carried out as described
before (22). CNBr cleavage was carried out overnight at 37
°C in 70% formic acid with approximately 50% efficiency.
The two single domains were then further purified from the
remaining two-domain fragment by chromatography on a
MonoQ (5/5) column (Amersham Biosciences, Piscataway,
NJ). The fourth domain did not stick to the column, while
the fifth domain could be separated from uncleaved double

I(t) ) ΣiRi exp(t/τi) (1)

I|(t) ) (1/3)I(t)[1 + 2r(t)] (2)

I⊥(t) ) (1/3)I(t)[1 - r(t)] (3)

r(t) ) rF exp(-t/φF) + rS exp(-t/φS) (4)
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Met-TMEGF45 using a linear gradient from 0 to 1 M NaCl
with 50 mM Tris buffer at pH 7.5. Approximately 0.6 mg
of each of the purified domains was produced per liter of
fermentation. Molecular masses of products were determined
by MALDI-TOF mass spectrometry after endoglycosidase
H treatment (4) and were 5128 Da for TMEGF4 and 4363
Da for TMEGF5. The mass spectrometric analysis revealed
only one cleavage after the second methionine had occurred.
Thus, the resulting fourth domain fragment retained a single
methionine at the C-terminus, while the resulting fifth domain
fragment began with phenylalanine. The wild-type protein
and mutants TMEGF45M388ox and TMEGF45M388L were
obtained as described previously (7, 9, 22).

NMR Spectroscopy.NMR samples were 0.25 mM for the
single domains and between 0.8 and 1 mM for the two-
domain proteins, in 90% H2O/10% D2O with 2 mM NaN3,
pH 6.5. All experiments were collected at 310 K on a Bruker
DRX600 or a Bruker DMX500 operating at 600.13 and
500.13 MHz, respectively, with a 5 mmtriple resonance
probe and pulsed field gradient units. The pulse schemes
used to measureR1, R2, and the{1H}-15N NOE were from
Farrow et al. (23) modified for Bruker by John Chung, TSRI
(23). All of the experiments were performed using 2 ms water
flip-back pulses for minimum water saturation and employed
gradients for coherence selection (23).

The R1 and R2 experiments were recorded in duplicate.
Values of the longitudinal relaxation rates (R1) for each amide
were measured from the spectra recorded with seven different
delay times: t ) 20, 40, 80, 160, 320, 640, and 1280 ms.
Values of the transverse relaxation rate (R2) for each amide
were obtained from spectra recorded with eight different
delay times: t ) 10, 20, 40, 60, 80, 120, 160, and 320 ms.
All of the data sets were collected with 1024× 256 complex
data points and 16 scans for the two-domain fragments and
32 scans for the single domains. The receiver gain was set
for all experiments to 1024. Data were processed using Felix
98 (Molecular Simulations Inc., San Diego, CA) to a final
matrix size of 1024× 512 points.

Values of the{1H}-15N steady-state NOE for each amide
were determined by recording spectra in the presence and
absence of a proton presaturation period of 3 s. Saturation
of the1H nuclei was achieved with the use of 120° 1H pulses
applied every 5 ms (24). Each NOE experiment was run in
duplicate in order to evaluate the signal-to-noise ratio and
the reproducibility of peak intensities. Heteronuclear NOE
experiments were collected with 512× 256 complex points
and 48 transients at 600 MHz and with 512× 128 and 48
transients at 500 MHz. For the single domains 96 transients
were collected. Data were processed using Felix 98
(Molecular Simulations Inc.) to a final matrix size of 512×
256.

The experiments to measureηxy/ηz were carried out using
pulse sequences adapted from Kroenke et al. (25, 26). The
ηxy were measured using delays times of 32, 53.4, 74.8, 96.1,
and 106.8 ms. Theηz were measured using delay times of
150, 225, 300, 375, and 450 ms. Each NMR experiment was
collected with 1024× 256 complex data points. Both the
ηxy andηz measurements involve running an experiment with
the dipolar/CSA cross-relaxation term (Icross) and an experi-
ment without it (Iauto), for each delay time. For both cross-
relaxation experiments, 64 scans were collected in experi-
ments used to measureIcross, and 16 scans were collected to
measureIauto.

NMR Analysis.The 15N relaxation data were analyzed
using the reduced spectral density function mapping as
described in detail elsewhere (27-29). In the reduced spectral
density function approach, one assumes that dJ(ω)/dω2 is
relatively constant between the linear combinations (ωH +
ωN) and (ωH - ωN). The rate constants and NOE can then
be expressed as a linear combination of only three spectral
density functions,J(0), J(ωN), and J(0.87ωH) (27-30).
Following this procedure, the spectral density functions at
these three frequencies can be written in terms of the
relaxation parameters (eqs 5-7)

whereσ ) [(NOE - 1)R1γN/γH] is the cross-relaxation rate
of the spin pair,d ) [µohγHγN/8π2]〈rNH

-3〉 andc ) ωN∆σ/
x3, µo is the permeability of free space,h is Planck’s
constant,γH and γN are the gyromagnetic ratios of the1H
and 15N nuclei, respectively,ωH and ωN are the Larmor
precessional frequencies of the1H and15N nuclei,rNH is the
nitrogen-hydrogen bond length (1.02 Å), and∆σ is the
chemical shift anisotropy of the15N spins (-160 ppm) (31).

Accurate estimation ofJ(0) values is complicated because
the measuredR2 values are sensitive to motions on the
millisecond to microsecond time scale. These motions tend
to increase the apparent values ofJ(0) and may yield
unreliable estimates ofJ(0) in some cases. As the contribu-
tions of these motions to the effective line width increase
with the square of the spectrometer frequency, measurements
at two field strengths (500 and 600 MHz) allow the
determination of reliable effective spectral density values
close to the zero frequencyJeff(0) (28):

whereκ ) (ωH
600/ωH

500)2, â ) (1 - κ)d2/2, and the subscripts
and superscripts denote the frequency of the spectrometer
at which the measurements were performed.

Accurate estimation of motions on the microsecond to
millisecond time scale, known as chemical exchange (Rex),
is critical for correct interpretation of spectral density
mapping results. Residues that have significantly elevated
R2/R1 ratios have been shown to have contributions fromRex

(32). Also, if the molecule is tumbling anisotropically, the
R2/R1 ratio can increase and be mistaken forRex contributions
(26). To determine if largeR2/R1 ratios result fromRex or
anisotropic behavior, Kroenke et al. developed methods that
can measure the longitudinal cross-correlation relaxation rate
constant (ηz) for 1H-15N dipolar/15N chemical shift aniso-
tropy (CSA) relaxation interference (25). Combined with the
transverse cross-correlation relaxation rate constant (ηxy), the
ratio of ηxy/ηz is sensitive to the internal and overall motions
that contribute to the dipolar and CSA relaxation mecha-
nisms. Sinceηxy/ηz is independent ofRex contributions,
comparison withR2′/R1′ ratios allows for identification of

J(0) ) (6R2 - 3R1 - 2.72σ)/(3d2 + 4c2) (5)

J(ωN) ) (4R1 - 5σ)/(3d3 + 4c2) (6)

J(0.87ωH) ) 4σ/5d2 (7)

Jeff(0) ) 1/â{(R2
600 - κR2

500) - (3d2/8)[J(ωN
600) -

κJ(ωN
500)] - (c2

600/2)[J(ωN
600) - J(ωN

500)] -

(13d2/8)[J(0.955ωH
600)κJ(0.955ωH

500)]} (8)
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15N nuclei that undergoRex processes.R1′ and R2′ are the
modified relaxation rates that have the high-frequency
components of local motion subtracted out according to eqs
9 and 10 (25).

Data Analysis.Relaxation rate constants and heteronuclear
NOEs were calculated from cross-peak heights in the1H-
15N correlation spectra. Peak heights were measured from
the NMR spectra using routines written in the Felix macro
programming language (Copyright 1994, Mikael Akke).
Assignments for the peaks for the fifth domain were
confirmed with NOESY and TOCSY experiments. The
longitudinal relaxation times,T1, were obtained by a three-
parameter (I∞, I0, andT1) nonlinear least-squares fit of eq
11 to the experimental data:

The transverse relaxation times,T2, were obtained by a two-
parameter (I0 and T2) nonlinear least-squares fit of the
experimental data to the equation:

whereI0 and I∞ are the initial and final cross-peak heights,
respectively. Curve fitting was done using the Levenburg-
Marquardt algorithm implemented in the program CURVE-
FIT (Copyright 1998, Arthur G. Palmer) (33, 34).

{1H}-15N steady-state NOE (hNOE) were calculated from
two data sets according to the equation:

in which Isat and Iunsat are the peak intensities in spectra
recorded with and without saturation of protons during the
recycle delay.

For the cross-correlation experiments, the peak intensities
for Icross and Iauto were measured using Felix 97.0 macros
after each data set was normalized for the number of scans
recorded. The cross-peak intensity ratiosIcross/Iauto were
determined in the same manner asIsat/Iunsat for hNOE
experiments. TheIcross/Iauto ratios were plotted against the
delay times (τ), andηxy or ηz was calculated by nonlinear
least-squares fitting to the hyperbolic tangent functions (eqs
14 and 15) using CURVEFIT.

RESULTS

Molecular Tumbling of Wild-Type TMEGF45. The time-
resolved anisotropy decay fit well to a biexponential equa-
tion, and the anisotropy decay profiles for the FAM and FSX
derivatives each showed a “fast” and a “slow” decay process.
The slow decay process givesφS, which corresponds to the
whole-body rotational correlation time of the molecule. With
either fluorescent probe, the rotational correlation time was
6-7 ns, consistent with a monomer molecular mass for

TMEGF45 of 9.4 kDa when the protein was dissolved in
water (Supplementary Table 1; see Supporting Information).
When TMEGF45 was dissolved in a buffered solution, much
higher correlation times (18-21 ns) were obtained, indicating
aggregation or dimerization. Similar results were obtained
from analytical ultracentrifuge experiments under several
buffer and pH conditions (data not shown). On the basis of
these results, all NMR experiments were carried out in H2O.
These results were taken to indicate that the TMEGF45
molecule was not highly anisotropic in its tumbling behavior
despite the elongated shape of this two-EGF-like domain
fragment. This is probably due to the two relatively large
N-linked glycans, one on the fourth domain and one on the
fifth domain.

Backbone Dynamics of Wild-Type TMEGF45.TMEGF45
is an 82-residue protein, but there are 9 proline residues, so
the total possible observable backbone amide resonances is
72. Relaxation ratesR1 and R2 were measurable for 60 of
the backbone amide resonances. Cross-peaks for residues Asp
416, His 381, and Thr 422 were not visible, cross-peaks for
Gln 365, Cys 390, Gln 392, Ala 394, Asp 423, and Ile 424
were too weak to allow a reliable calculation of the relaxation
rates, and cross-peaks for residues Arg 353 and Ser 367 were
overlapped and their heights could not be measured ac-
curately. We observed several cross-peaks of varying inten-
sity that appeared to correspond to Ser 406, and therefore
we do not report any relaxation data for this residue.
Heteronuclear NOE data were measurable for 60 residues
because cross-peaks were too weak for Ala 377 and Gly 412;
however, a cross-peak for Gln 365 was visible and better
resolved in the hNOE spectra than in theR1 or R2 relaxation
spectra. In certain cases, where the peak intensities were more
or less equivalent for all of the peaks belonging to the same
spin system (i.e., Met 388, Asp 417, and Glu 408), the
relaxation rates of the individual peaks were calculated, and
then the final values were averaged.

Inspection of the relaxation data at both 500 and 600 MHz
immediately reveals some interesting features about this
protein fragment. Figure 1 summarizes theR1 and R2 and
hNOE data collected at 500 and 600 MHz. TheR1 values
were more or less homogeneous for all residues in the
protein. The average value forR1 was 1.5 s-1 and ranged
from 0.9 to 1.7 s-1 for the ordered residues. As expected,
the values forR1 measured at 500 MHz were larger than the
values measured at 600 MHz for most residues. Dramatic
differences between the fourth and fifth domains appeared
in the R2 and hNOE values for TMEGF45. Overall, values
of R2 and hNOE for the fourth domain were much higher
than those for the fifth domain. Taken together, these data
suggest that the fifth domain of TM is flexible with motions
on the nanosecond time scale.

It was also possible that the higherR2 values within the
fourth domain were due toRex contributions. To address this
issue, the cross-correlation relaxation rate constants (ηxy and
ηz) for 1H-15N dipolar/15N CSA relaxation interference were
measured. The relaxation constantsηxy and ηz are not
influenced byRex. Therefore, amide bonds that have con-
tributions fromRex will have anR2′/R1′ ratio that is greater
that theirηxy/ηz ratio. Residues that have aRex contribution
fall to the right side of the diagonal and include Gln 361,
Val 371, and Thr 366 in the fourth domain and Gly 412,
Thr 393, and Asp 400 in the fifth domain (Figure 2). Since

R1′ ) R1 -1.249σ (9)

R2′ ) R2 - 1.079σ (10)

I(t) ) I∞ - (I∞ - I0) exp(-t/T1) (11)

I(t) ) I0 exp(-t/T2) (12)

hNOE) Isat/Iunsat (13)

Icross/Iauto) tanh(ηxyτ) (14)

Icross/Iauto) tanh(ηzτ) (15)

1228 Biochemistry, Vol. 44, No. 4, 2005 Prieto et al.



there were an equal number of residues in each of the
domains that haveRex contributions, the differences between
the R2 values measured for the fourth domain and fifth
domain could be attributed to faster internal motions on
the picosecond to nanosecond time scale within the fifth
domain.

Reduced spectral density mapping was used to establish
the range of motions for each of the proteins. The effective
spectral density close to zero frequency,Jeff(0), was calcu-
lated from the hNOE, theR1 rate, and theR2 rates (eq 8)
obtained at 500 and 600 MHz. The trend forJ(0) (Figure 3)
was very similar to the trend observed for theR2 rates and
to some extent to the hNOEs. The averageJeff(0) for the
fifth domain was 1.92( 0.46 ns/rad, and the averageJeff(0)
for the fourth domain was 2.65( 0.26 ns/rad. It can also be
seen that a portion of the fifth domain, corresponding to the
C-loop (residues Cys 409-Cys 421), hasJeff(0) values more
similar to the fourth domain (Figure 3).

Differences in Dynamics between the Single Domains and
the Two-Domain Pair. The relaxation rates of the single
domains have been compared to those observed for the two-
domain TMEGF45.R1 values were somewhat higher for the
individual domains than for the two-domain fragment, and
this is likely because of the differences in molecular masses
(Figure 4). For each of the individual TMEGF domains,R1

was relatively constant. The difference in the average rates
when the domains are compared to each other may indicate
a weak association could be taking place in the TMEGF4
sample even at its low 0.25 mM total concentration in the
NMR tube. TheR2 values for the single domains were lower
than for TMEGF45, consistent with the difference in
expected tumbling time. The effective spectral density at
frequency zero,Jeff(0), calculated from the data obtained at
500 and 600 MHz for the individual domains again mirrored
the raw R2 and hNOE data (data not shown). The main
difference between the single domains and the two-domain

FIGURE 1: Plots ofR1, R2, and hNOE as a function of residue at
500 MHz (open circles) and 600 MHz (filled circles) for wild-type
TMEGF45. (A) R1 values. (B)R2 values. (C){1H}-15N NOE
values.

FIGURE 2: Comparison ofηxy/ηz andR2′/R1′ ratios for TMEGF45
measured according to Kroenke et al. To allow for quantitative
comparison, the high-frequency components ofR2/R1 were sub-
tracted out using eqs 12 and 13 to giveR2′/R1′. Open squares
represent residues in the fourth domain, and closed circles denote
fifth domain residues.

FIGURE 3: (A) Logarithmic plot of the spectral density function of
TMEGF45 (ns/rad) obtained at different frequencies: 0 (open
triangles, 500 MHz; filled triangles, 600 MHz),J(ωN) 50 MHz
(open squares) and 60 MHz (closed squares), andJ(0.87ωH) 438
MHz (open circles) and 540 MHz (filled circles). (B) Effective
spectral density close to zero frequency [Jeff(0)] for TMEGF45
estimated using reduced spectral density mapping at two spectrom-
eter field strengths (500 and 600 MHz).

Dynamics of Thrombomodulin EGF45 Biochemistry, Vol. 44, No. 4, 20051229



fragment was that theR2 values of the fifth domain alone
were all nearly the same, whereas in the two-domain
fragment, theR2 values of the C-loop (Cys 409-Cys 421)
were significantly higher than theR2 values for the A- and
B-loops. In fact, theR2 values for Tyr 413-Asp 417 were
some of the lowest in the single domain, TMEGF5. Thus,
the presence of the fourth domain may be imparting order
in the C-loop of the fifth domain in the two-domain fragment.

Relaxation studies were also carried out after the fourth
domain was treated with endoglycosidase H, which cleaves
off the mannoses added by the yeast posttranslational
modification machinery and leaves a single GlcNac attached
to the asparagine. The relaxation rates of the TMEGF4 with
and without sugars were virtually the same (data not shown).
Differences were only observed for the glycosylation site
residue, Asn 364, confirming that the high mannose glyco-
sylation does not affect the relaxation rates of the rest of the
domain. Asn 364, which is glycosylated in both TMEGF4
and TMEGF45, showed much lowerR1, R2, and hNOE
values in TMEGF4 compared to TMEGF45. This may be
explained in part by the observation of NOEs between the
GlcNAC on the fourth domain and residues within the fifth
domain, suggesting an intramolecular interaction that may
stabilize the glycosylation site in the two-domain fragment
(7).

Changes in Dynamics upon Substitution of Met 388.
In general, the dynamic properties for the superactive
TMEGF45M388L mutant were very similar and follow the
same trends as the wild type (Figure 5). Slight differences
were observed in the relaxation rates within the C-loop of

the fifth domain so that Cys 409, Tyr 413, and Asp 417 had
slightly lower R2 values than the corresponding residue in
the wild-type protein (Figure 5B). Lower values of the
hNOEs were also observed for these residues and Cys 411,
Gly 412, Ile 414, Ile 420, and Cys 421. The N-terminal
residues of the fourth domain, residues Glu 357, Tyr 358,
and Gln 359, had lower hNOE values perhaps indicative of
a slight increase in backbone mobility of this fourth domain
loop in the M388L mutant (Table 1).

Oxidation of Met 388 to produce TMEGF45M388ox
results in changes within the C-loop of the fifth domain.
When Met 388 is oxidized, the B- and C-loops of the fifth
domain appeared more motional with significantly lowerR2

values measured for Asp 400, Thr 403, Ala 405-Glu 408,
Gly 412, Tyr 413, Ile 414, Asp 417, and Ile 420 (Figure

FIGURE 4: Plots of (A)R1, (B) R2, and (C) hNOE for the single
domain TMEGF4 (open squares) and (D)R1, (E) R2, and (F) hNOE
for the single domain TMEGF5 (open triangles) compared to the
corresponding domain from the two-domain wild-type TMEGF45
(filled circles) at 600 MHz for the 61 residues covered in the
analysis.

FIGURE 5: Plots of (A)R1, (B) R2, and (C) hNOE for the mutant
TMEGF45M388L (open squares) compared to wild-type TMEGF45
(filled circles) at 600 MHz for the 61 residues covered in the
analysis.

Table 1: Relaxation Data for Essential TM Residues

residue TM variant R2 hNOE

fourth domain
Glu 357 wild type 9.3( 0.5 0.70( 0.015

Met388Leu 9.3( 0.3 0.68( 0.03
Met388ox 9.7( 0.2 0.71( 0.001

Tyr 358 wild type 8.4( 0.5 0.74( 0.01
Met388Leu 9.5( 0.3 0.64( 0.03
Met388ox 10.0( 0.2 0.79( 0.07

Gln 359 wild type 9.7( 0.4 0.66( 0.001
Met388Leu 8.0( 0.3 0.57( 0.02
Met388ox 9.2( 0.1 0.61( 0.01

fifth domain
Tyr 413 wild type 8.0( 0.4 0.64( 0.04

Met388Leu 7.2( 0.2 0.55( 0.02
Met388ox 3.5( 0.01 0.27( 0.01

Ile 414 wild type 5.2( 0.7 0.67( 0.01
Met388Leu 4.8( 0.8 0.47( 0.04
Met388ox 4.1( 0.1 0.36( 0.02
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6B). The hNOEs were significantly lower than in the wild-
type protein for residues Ala 405-Glu 408, Gly 412, Tyr
413, and Ile 414 (Figure 6C). Again, decreases inR2 and
hNOE values were reflected in decreased values ofJeff(0)
calculated from the data obtained at 500 and 600 MHz (data
not shown). Importantly, the rise inR2 and hNOE values
that was seen for the wild-type TMEGF45 was not seen for
the protein when Met 388 was oxidized. As for the fifth
domain alone, the values ofR2 and hNOE were relatively
constant throughout the fifth domain and lower than in the
fourth domain (Figure 6).

DISCUSSION

Backbone Dynamics of Wild-Type TMEGF45.The smallest
fragment of TM that has full anticoagulant cofactor activity
is TMEGF45. This fragment binds to thrombin 10-fold more
weakly than TMEGF456, but we have shown previously that
the sixth domain does not contribute to promotion of protein
C activation (4). A study of the backbone dynamic properties
of TMEGF45 was therefore likely to recapitulate dynamic
properties of full-length TM that relate to its anticoagulant
activity. Indeed, the dynamic properties of this nonglobular
cofactor protein reveal several interesting features. First, the
linker between the two domains in two-domain fragments
typically has the highest mobility, and this is not the case
for TMEGF45. The linker residues are highly ordered in all
cases, even when the linker Met 388 is oxidized. Second,
the tumbling properties as well as theR2 values are most
consistent with the two domains tumbling as a single unit
rather than as two independent domains. Third, comparison
of the relaxation properties of the fourth domain (typical,
crossed disulfide bonds) and the fifth domain (atypical
uncrossed disulfide bonds) shows that the uncrossing of the

disulfide bonds increases the backbone mobility of the entire
fifth domain, but particularly the A- and B-loops which
contain the anomalous disulfide bonds.

In the two-domain fragment, TMEGF45, the C-loop of
the fifth domain was markedly more ordered than in the fifth
domain alone. Thus, the presence of the fourth domain
promotes order in the C-loop of the fifth domain. This
conclusion is surprising because we actually observed fewer
long-range NOEs in the C-loop of the fifth domain when
the fourth domain was present. This effect is probably
indirect because no long-range NOEs were observed between
fourth domain and fifth domain residues; instead NOEs were
observed between Phe 376 and Met 388 and between Met
388 and the fifth domain disulfide bonds (7). When one
compares the few long-range NOEs observed for the fifth
domain, one can see that, in the case of the fifth domain
alone, Tyr 413, Ile 414, and Leu 415 were packed against
the disulfide bonds and this was not the case for the fifth
domain in the context of the fourth. Thus, subtle changes in
side chain interactions among the three separately disulfide-
bonded loops resulted in more long-range NOEs being
observed in the single fifth domain. These side chain
interactions did not impart more backbone order; in fact,
these residues had higher mobility in the fifth domain alone
than in the two-domain fragment. Conversely, in TMEGF45,
insertion of Met 388 into the core of the fifth domain results
in fewer long-range NOEs from the side chains of residues
in the C-loop, but greater backbone order. Thus, the fifth
domain of TM represents a case where the number of long-
range NOEs is not a good indicator of backbone order, and
relaxation studies are absolutely essential. This is most likely
because the fifth domain has a pliable three-loop structure
in which subtle changes in side chain or backbone interac-
tions cause significant changes in structure (9). These
structural changes are apparently associated with unpredict-
able changes in backbone mobility.

Dynamical Changes upon Variation of the Linker
Met 388. Two different variants of TMEGF45 were studied,
TMEGF45M388L and TMEGF45M388ox. The backbone
relaxation properties of the M388L mutant differed from the
wild-type protein in both the fourth and fifth domains (Figure
7). In the fourth domain, significantly lower values of the
hNOE were observed for Tyr 358 and Gln 359. It is
interesting to speculate that the increased mobility in these
residues that are essential for anticoagulant cofactor activity
may correlate with the improvedkcat for protein C activation
of the M388L mutant. In the fifth domain, significantly lower
values were observed for residues Gly 412, Tyr 413, Ile 414,
Ile 420, and Cys 421 (Figures 5 and 7B). These differences
correlate with differences in the structure of the fifth domain
due to the substitution of Met 388 with Leu. Unlike the
methionine, which interacts with all three cysteine disulfide
bonds in the fifth domain, the branched leucine side chain
only interacts with the disulfide bonds from the A- and
B-loops but not with Cys 411 and Cys 421 of the C-loop.

Oxidation of Met 388 has marked consequences on the
backbone dynamics of TMEGF45. Residues Ser 406, Cys
407, Glu 408, Gly 412, Tyr 413, and Ile 414 all have lower
values of R2 and hNOE and, consequently, lowerJeff(0)
values in the oxidized protein (Figures 6 and 7C). The
average across the fifth domain is 1.5( 0.2, which is closer
to the average for theJeff(0) values for the single fifth domain

FIGURE 6: Plots of (A)R1, (B) R2, and (C) hNOE for TMEGF45ox
(open squares) compared to wild-type TMEGF45 (filled circles) at
600 MHz for the 61 residues covered in the analysis.
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than for the fifth domain in the two-domain fragment. Thus,
oxidation of Met 388 appears to uncouple the two domains,
causing them to have backbone dynamics similar to the
individual domains. This result confirms that the linker Met
serves as a critical connection between the fourth and fifth
domains of TM.

Correlation of Dynamics with Anticoagulant Cofactor
ActiVity. Within the fourth domain, Glu357 and Tyr358 are
essential for anticoagulant cofactor activity. In the structural
analysis of the M388L mutant, we observed NOEs between
Phe 376 and Tyr 358 that were not observed in the wild-
type protein. This observation suggested a side chain pathway
from the residues essential for anticoagulant cofactor function
to the fifth domain residues essential for thrombin binding
(9). The backbone dynamics measurements show that
residues Tyr 358 and Gln 359 are significantly more mobile
in the M388L mutant than in either the wild type or the
methionine oxidized variant. In this case also, it appears that
new side chain NOE interactions between aromatic residues
result in increased backbone mobility rather than decreased
backbone mobility. It is also interesting that these are
precisely the residues that are essential forkcat for protein C
activation (E. Komives, unpublished data). Thus, it appears
that cofactor activity may correlate with backbone flexibility
of the essential residues within the fourth domain.

Correlation of Dynamics with Thrombin Binding.Nearly
all of the resonances within the fifth domain of TMEGF45
showed chemical shift perturbation upon binding to thrombin,
suggesting an induced-fit mechanism of binding (7). Our
hypothesis was that dynamics within the fifth domain of TM
might be important for thrombin-binding function (7). This

has been observed in other systems such as the phospho-
transferase Spo0F and the SH2 domains of phospholipase
Cγ1 (13, 35). Within the fifth domain, residues Tyr 413 and
Ile 414 are essential for thrombin binding, and mutation of
either of these residues to alanine results in complete loss
of thrombin-binding function (36). The hNOEs andR2 values
for these residues were highest in the wild-type TMEGF45,
somewhat lower in the TMEGF45M388L, and lowest in the
Met388ox variant (Table 1). In fact, the low hNOE andR2

values observed in the M388ox variant were similar to those
in the individual fifth domain. It is interesting that, in the
individual fifth domain and in the M388ox variant, we
observe high backbone mobility for Tyr 413 and Ile 414,
and these are the variants in which NOEs indicate that these
side chains are packed against the disulfide bonds. These
are also the variants for which thrombin binding is impaired.
In the M388L and wild-type proteins that bind well to
thrombin, the absence of NOEs indicates that these side
chains are not interacting back with the domain, and the
backbone is more ordered. Thus, when NOEs from these
essential hydrophobic side chains packed back against the
domain are present, the backbone is less ordered. Conversely,
when these side chains are exposed for binding, the backbone
is more ordered. Preordering of the backbone of the binding
site is consistent with the fact that the TM-thrombin
interaction is entropically driven (37). It will be interesting
to see how the backbone mobility of each of the domains
changes upon binding to thrombin.

SUPPORTING INFORMATION AVAILABLE

One table giving fluorescence anisotrophy decay data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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