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The platelet chemokines neutrophil-activating peptide-2 (NAP-2) and thrombocidin-1 (TC-1) differ by only
two amino acids at their carboxy-terminal ends. Nevertheless, they display a significant difference in their
direct antimicrobial activities, with the longer NAP-2 being inactive and TC-1 being active. In an attempt to
rationalize this difference in activity, we studied the structure and the dynamics of both proteins by nuclear
magnetic resonance (NMR) spectroscopy. Using 15N isotope-labeled protein, we confirmed that the two
monomeric proteins essentially have the same overall structure in aqueous solution. However, NMR relaxation
measurements provided evidence that the negatively charged carboxy-terminal residues of NAP-2 experience
a restricted motion, whereas the carboxy-terminal end of TC-1 moves in an unrestricted manner. The same
behavior was also seen in molecular dynamic simulations of both proteins. Detailed analysis of the protein
motions through model-free analysis, as well as a determination of their overall correlation times, provided
evidence for the existence of a monomer-dimer equilibrium in solution, which seemed to be more prevalent for
TC-1. This finding was supported by diffusion NMR experiments. Dimerization generates a larger cationic
surface area that would increase the antimicrobial activities of these chemokines. Moreover, these data also
show that the negatively charged carboxy-terminal end of NAP-2 (which is absent in TC-1) folds back over part
of the positively charged helical region of the protein and, in doing so, interferes with the direct antimicrobial
activity.

The 70-amino-acid residue neutrophil-activating peptide-2
(NAP-2), also known as CXCL-7, is generated through N-ter-
minal proteolytic processing from platelet basic protein (PBP)
(52). NAP-2 and its related proteins are released in large
amounts from platelets (7, 29) and can be induced in mono-
cytes (44). As a member of the CXC chemokine family which
includes interleukin-8 (IL-8) (45) and stromal cell-derived fac-
tor 1 (SDF-1) (48), NAP-2 plays an important role in inflam-
mation, blood clotting, and wound healing. It is a potent me-
diator of neutrophil activation through interactions with the
cell surface receptors CXCR-1 and CXCR-2 (38), an activity
shared with the homologous chemokines IL-8 and growth-
related oncogene-� (GRO-�) (23). PBP-derived products with
longer N-terminal regions than NAP-2, namely, connective
tissue activating peptide III (CTAP-III) and �-thromboglobu-
lin (�-TG), are typically less active as neutrophil activators;
however, these proteins are involved in the chemotaxis of other
leukocytes, histamine release, and glycosaminoglycan and pro-
teoglycan metabolism (8, 41).

Recent studies have shown that several chemokines also
possess an endogenous antimicrobial activity (56, 60). Detailed
structure-function studies have shown that positively charged
residues on the surface of these chemokines, especially at their
C-terminal �-helices, are largely responsible for their direct

antimicrobial activity (4, 9, 28, 39, 56, 63). Peptides of the
�-helical portions of some chemokines have been shown to
have preferential interactions with anionic lipids over zwitte-
rionic lipids (5, 6), and the full chemokines are believed to act
by perturbing bacterial membranes similarly to antimicrobial
peptides (10, 17).

In activated platelets, NAP-2 and CTAP-III can become
proteolytically truncated at the C terminus by two amino acids
to generate thrombocidin-1 (TC-1) and TC-2, respectively
(24). This minor change has significant functional conse-
quences because the thrombocidins have direct bactericidal
activities against Bacillus subtilis, Escherichia coli, Staphylococ-
cus aureus, and Lactococcus lactis and fungicidal activity
against Cryptococcus neoformans, whereas intact NAP-2 and
CTAP-III do not. PBP and its derivatives are part of the
platelet microbicidal proteins (PMPs) which also include plate-
let factor-4 (PF-4) (62). These activities have been shown to
have important roles for the body’s defense against infective
endocarditis (13, 34). Proteolysis of the N- and C-terminal
ends has been described for numerous chemokines, and it is
well known that these events modulate their activity (37, 55).
Versions of NAP-2 and CTAP-III with further C-terminal
truncations have been described, and many of these have in-
creased activity for neutrophil activation (16). The sequences
of NAP-2, TC-1, and the other processed variants of CXCL7
are shown in Fig. 1.

NAP-2 is a homodimer at high concentration in aqueous
solution, but it is functionally active as a monomer (7, 43). Its
structure was first solved as a tetramer by X-ray crystallogra-
phy. Subsequently, its solution structure and backbone dynam-
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ics were studied by nuclear magnetic resonance (NMR) spec-
troscopy using a 2-chloroethanol–water cosolvent to dissociate
the protein into its monomeric form (61). Similar to other
chemokines, the overall fold of NAP-2 consists of an N-termi-
nal region without regular secondary structure that is attached
to the remainder of the protein through two disulfide bonds.
This is followed by a three-stranded antiparallel �-sheet, a
well-defined �-helix, and the protein ends with a short un-
folded, solvent-exposed C-terminal tail (61).

Recently, we showed that solution structures of �-helical
peptides derived from the corresponding C-terminal portions
of NAP-2 and TC-1 determined in an organic cosolvent have a
noteworthy difference in their C-terminal tail conformations
(39). However, these peptides both have low antimicrobial
activities and, as such, the differences in the antimicrobial
activities of the full-length NAP-2 and TC-1 proteins could not
be adequately explained. Here, NMR relaxation experiments
were acquired for samples of 15N isotopically labeled samples
of the full NAP-2 and TC-1 chemokines. These data were
analyzed using the model-free formalism method (26, 27) to
obtain generalized order parameters (S2) and information on
chemical exchange rates (Rex) for specific residues. The relax-
ation information was also used to describe the backbone dy-
namics of the NAP-2 and TC-1 proteins. Moreover, molecular
dynamics simulations were used as well to study fast motions
(32), and diffusion NMR experiments (53) were used to char-
acterize the dimerization behavior of the two proteins. These
data allowed us to provide a rationale for the functional anti-
microbial differences between these two chemokines.

MATERIALS AND METHODS

Purification of recombinant 15N-labeled NAP-2 and TC-1. 15N-labeled recom-
binant human NAP-2 and TC-1 were expressed as a nonfusion protein in E. coli
BL21(DE3) cells grown in 15N-rich growth media (E. coli-OD2 N; Silantes,
Munich, Germany). After induction, E. coli cells were pelleted, lysed, and ultra-
centrifuged, and the supernatant was loaded onto a SP-Sepharose cation-ex-
change column. SP eluates containing cationic components including NAP-2 or
TC-1 were dialyzed and separated by preparative cationic acid-urea polyacryl-
amide gel electrophoresis. Fractions were analyzed for the presence of NAP-2 or
TC-1 on the basis of their respective size by Tris-Tricine SDS-PAGE. The pooled
fractions were also tested in radial diffusion and standard broth bactericidal
assays with B. subtilis and E. coli to ensure that they had antimicrobial activities
comparable to that of unlabeled purified NAP-2 or TC-1. Also, the protein yield

recovery was measured by the bicinchoninic acid (BCA) protein assay (49). A
typical yield was 5 mg of protein per liter of culture. The purified chemokines
were dialyzed against 0.01% acetic acid in Mini Slide-A-Lyzer tubes and lyoph-
ilized.

Relaxation experiments. All NMR experiments were acquired at 310 K. Initial
2D 1H-15N heteronuclear single quantum coherence (HSQC) experiments were
run on NAP-2 and TC-1 dissolved in 90%/10% H2O/D2O with the chemical shift
standard 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) added to a final con-
centration of 0.05 mM. Perdeuterated 2-chloroethanol was then added to a
concentration of 4% (vol/vol) to dissociate the protein into monomers (33, 61).
Judging from the resulting HSQC spectra, a higher concentration of 8% (vol/vol)
2-chloroethanol was required to promote full conversion to the monomeric states
of both chemokines. The pH values for the final NAP-2 and TC-1 samples were
4.0 and 3.7, respectively. The concentrations of the samples were 0.4 and 0.6 mM
for NAP-2 and TC-1, respectively.

To obtain the backbone assignments, three-dimensional nuclear Overhauser
effect spectroscopy (NOESY)-[15N-1H]-HSQC experiments were acquired on a
Bruker Avance 700 MHz NMR spectrometer equipped with a triple resonance
inverse Cryoprobe with a single axis z-gradient. The mixing time used for both
samples was 120 ms.

All backbone dynamics experiments were acquired on a Bruker Avance 500
MHz NMR spectrometer equipped with a triple resonance inverse Cryoprobe.
For the longitudinal R1 spin-relaxation experiments, the measured relaxation
delays were 42, 98, 154, 196, 294, 406, 602, and 798 ms. For the transverse R2

spin-relaxation experiments, the measured relaxation delays were 6.55, 26.17,
45.79, 65.41, 91.57, 117.73, 137.35, and 163.51 ms. For 1H-15N heteronuclear
NOE data acquisition, a 5-s train of 120° proton pulses was used. The data with
or without NOE were acquired in an interleaved manner and duplicated for error
analysis.

Relaxation data analysis. NMR spectra were processed using NMRPipe (15),
and analysis was performed with NMRView 5.0.4 (21) for spectral visualization.
Published assignments for NAP-2 (61) were useful to help make the backbone
amide assignments for the HSQC spectra of NAP-2 and TC-1. Three-dimen-
sional NOESY-[15N-1H]-HSQC spectra were used to solve cases of ambiguity
and to complete the assignments. R1 and R2 relaxation rates were obtained by
fitting the peak intensities to a single exponential decay using the nonlinear
least-squares routine of Curvefit in NMRView. The heteronuclear NOE data
were also quantified in NMRView, which calculated the intensity ratio between
the spectra acquired with or without NOE effect.

The relaxation data were fit to five models as defined in the model-free
formalism (26, 27), which assigns each backbone amide spin to one of the five
models that describe different spin-relaxation behavior. Depending on the dy-
namic properties of the particular vector, a specific model is assigned that allows
the extraction of the relevant motional parameters. Model selection was per-
formed by using the program FAST-Modelfree (11), which uses ModelFree 4.20
(40) and performs model selection based on the protocol of Mandel et al. (31).
The rotational diffusion tensors were estimated based on R2/R1 ratios and pdb
structure files for NAP-2 and TC-1 using the programs R2R1_diffusion,
pdbinertia, and quadric_diffusion from A. G. Palmer’s group (http://www.palmer
.hs.columbia.edu/software/diffusion.html). For the model-free calculations, an
axially symmetric rotational diffusion tensor was used, the N-H bond length was
defined as 1.02 Å, and the chemical shift anisotropy for nitrogen was �172 ppm.

Diffusion NMR spectroscopy. Pulsed-field gradient diffusion NMR experi-
ments were carried out with lyophilized samples of NAP-2 and TC-1 dissolved in
100% D2O supplemented with 1% dioxane to be used as an internal reference.
The concentrations of the chemokines were determined to be 0.1 mM using the
BCA protein assay, and the pH values of the samples were 6.3 to 6.4.

The PG-SLED sequence (35, 53) was used to collect pulsed-field-gradient
diffusion experiments on a 400-MHz Bruker spectrometer. A total of 64 scans
were acquired at each gradient amplitude, with the gradient strength increment-
ing in 64 steps from 1.25 to 80% of the maximum output of the linear gradient
amplifier. Fourier transformation and data analysis were performed using the
Bruker XWINNMR software package. Theoretical hydrodynamic radii (RH)
were calculated from the empirical equation for folded proteins: RH � 4.75 �
N0.29, where N is the number of residues (54). Experimental RH values for the
chemokines were calculated as follows: (Dref/Dprotein) � RH(ref), where Dref and
Dprotein are the measured diffusion coefficients of dioxane and the protein,
respectively, and RH(ref) is the effective hydrodynamic radius of dioxane, taken to
be 2.12 Å (22).

MD simulations. None of the published crystal and NMR structures of NAP-2
contain the coordinates for the last four residues of the protein. As such, we had
to construct the last four residues based on the positions of these residues in the
structure of the 21 residue peptide recently published (39). To do this, the helical

FIG. 1. Sequence alignment of platelet basic protein and its natu-
rally occurring proteolytically derived variants. Please note that full-
length PBP itself is obtained after proteolysis of a 34-residue leader
sequence that is required for its secretion. (Adapted with permission
from Ehlert et al. [16] and Krijgsveld et al. [24].)
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regions of the peptide and NAP-2 (PDB ID 1NAP) were overlaid to provide an
optimal fit (residues 55 to 64), and the coordinates were transferred. To mini-
mize steric clashes, the coordinates of the last six residues from the peptide
structure were used. For the TC-1 simulations, the same construct was used with
the last two residues removed. All of the simulations were conducted with the
GROMACS 3.3.3 simulation package (3, 25) and the GROMOS 43a2 force field
(47). The use of virtual sites for nonpolar and aromatic hydrogens permits the
use of a longer time step of 5 fs (18). The proteins were solvated in a dodeca-
hedral box using explicit simple point charge water molecules, constrained with
SETTLE (36). Sodium and chloride counter ions were added to a final concen-
tration of �150 mM to represent a physiological concentration and neutralize
the overall box charge. Energy minimization was subsequently performed, fol-
lowed by water and let-go equilibrations. The force constants applied in each of
the 50-ps equilibration steps were 1,000, 100, 10, 1, and 0 kJ/mol nm2. The
production runs were conducted in triplicate, using randomly generated veloci-
ties to sample new trajectories. In total, 3 � 20 ns were accumulated for both the
NAP-2 and TC-1 proteins. The neighbor list update and grid searching was
performed every four steps, corresponding to a 20-ps periodicity. The simula-
tions were run at 300 K and coupled to an external temperature bath via the
Berendsen algorithm, using a coupling constant of 0.1 ps (2). Similarly, the
pressure was held constant at 1 bar using isotropic pressure coupling, tp � 1.0 ps,
compressibility 4.5 � 10�5 bar�1. Particle Mesh Ewald was used for electrostat-
ics with a cutoff of 0.9 nm (14). Van der Waals interactions were calculated with
a twin cutoff of 0.9/1.4 nm. Bond lengths were constrained with LINCS (19).

RESULTS

Backbone assignments of HSQC spectra. After acquiring an
initial HSQC spectrum of 15N-labeled NAP-2 in H2O/D2O
(90%/10%) at 310 K, it was noted that the resonances were
rather broad due to oligomerization of the protein. Therefore,
4% perdeuterated 2-chloroethanol was added to reproduce the
conditions used previously for NAP-2 in the monomeric form

(33, 61). The resulting HSQC spectrum did not completely
resemble the previously published data (61), with a few extra
low-intensity peaks indicating the presence of a minor confor-
mation from a small proportion of NAP-2 aggregates. The final
solutions of both NAP-2 and TC-1 used for the remaining
NMR experiments contained 8% 2-chloroethanol to promote
full dissociation of the chemokines.

The backbone assignments of the amide peaks in the HSQC
spectra were mostly in agreement with the published assign-
ment of NAP-2 (Fig. 2) (61). The three-dimensional NOESY-
[15N-1H]-HSQC spectra were essential to determine and/or
confirm assignments for peaks that were ambiguous due to
peak crowding, slight differences with the previously published
HSQC spectra, or the different C-terminal tail of TC-1. Based
on the similar spectra obtained for NAP-2 and TC-1, we can
conclude that both proteins have very similar structures.

NMR relaxation experiments. The resonance assignments
were used in the analysis and extraction of heteronuclear NOE
values, as well as R1 and R2, the peak intensity decay rates
from T1 and T2 relaxation experiments, respectively (Fig. 3). A
total of 66 peaks were assigned and used for the analysis out of
a total 70 residues in NAP-2. The missing residues include the
N terminus at Ala1, where the amino protons undergo fast
exchange with the solvent, and Pro16, Pro50, and Pro54, which
lack backbone amide protons. For TC-1, the same four resi-
dues are missing from the analysis, as well as Ala52 due to line
broadening.

The R1, R2, and NOE data are consistent throughout most

FIG. 2. 1H-15N HSQC spectra of NAP-2 (A) and TC-1 (B) in 8% 2-chloroethanol. Cross-peaks are labeled with resonance assignments. The
pH of the samples were 4.0 and 3.7 for NAP-2 and TC-1, respectively, and the spectra were acquired at 310 K.
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of the backbones of the NAP-2 and TC-1 proteins. There are
two regions in both NAP-2 and TC-1 where these values are
significantly lower than the average, indicating fast motion on
a ps-ns timescale: the long loop between �-strands I and II; and
the C-terminal tail following the �-helix, beginning around
Ala64. There are a few residues in NAP-2 and TC-1 with
higher than average R2 values, indicating that these residues in
particular may undergo conformational exchange on a slower
�s-ms timescale.

A few significant differences in the relaxation parameters for

NAP-2 and TC-1 were found. For example, the average R2

value for TC-1 (9.09 s�1) is greater than for NAP-2 (7.16 s�1).
This reflects slower tumbling for TC-1, which may be due to a
higher population of TC-1 dimers than NAP-2. Furthermore,
the first few residues of TC-1 have higher R1, R2, and NOE
values, indicating a higher order of structural stability, whereas
the data for NAP-2 begins with Glu2 being more flexible than
the remaining residues. The final major difference between the
two chemokines is in their C-terminal tails following the �-he-
lices; this can be attributed to the difference in the sequences

FIG. 3. 1H-15N NMR spin-relaxation data of NAP-2 (A) and TC-1 (B). The plots consist of heteronuclear NOE ratios (top), R1 (middle), and
R2 (bottom) relaxation rates. The secondary structure profiles beneath are based on the solution structure of monomeric NAP-2 (61).
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of the proteins in that region. The relaxation parameters for
both NAP-2 and TC-1 decrease starting at Ala64. The last
residues of TC-1 continue with this trend to show increased
dynamic behavior. In contrast, the additional residues of
NAP-2, specifically Ala69 and Asp70, show a significant in-
crease in motional order more comparable to the folded part
of the protein, although those residues still belong to the C-
terminal tail that is more flexible. The latter result differs from
previously reported 15N dynamics data of NAP-2 (61). In the
published data, the C-terminal region becomes increasingly
more dynamic and flexible at the end. This result can be at-
tributed to the unnatural Tyr71 residue that was added to the
recombinant NAP-2 protein that was used in the earlier studies
(33, 61). The purpose for the incorporation of this extraneous
C-terminal aromatic residue was for use as an additional NMR
probe that had well-resolved resonances (57). Our results here
show that the addition presents an artifact where the extra
residue disrupts the interactions that the NAP-2 C-terminal
tail makes with the rest of the protein.

Model-free analysis. Fast model-free analysis (11) was used
to fit the relaxation parameters according to the Lipari-Szabo
model-free dynamics formalism (26, 27). From this procedure,
the best value for the molecular rotational correlation time, �m,
for NAP-2 and TC-1 were 5.5 and 6.0 ns, respectively. These
values are greater than those determined for other chemokines
of the same size in monomeric form at the same field strength
(500 MHz) at temperatures lower than the one used here (310
K), specifically eotaxin (5.09 ns), eotaxin-3 (5.07 ns), and stro-
mal cell-derived factor-1� (5.04 ns) (1, 58, 59). Therefore, a
significant amount of monomer-dimer equilibrium is still on-
going in our NAP-2 and TC-1 samples. The higher �m for TC-1
compared to NAP-2 is reflected in the higher R2 relaxation
rate values, and this indicates the presence of more extensive
dimerization for TC-1.

The S2 order parameters and Rex for residues that could be
assigned by the model-free analysis are plotted in Fig. 4. The
N-terminal segment of NAP-2 up to Lys17 contains segments
of higher flexibility than the protein’s regular secondary struc-
ture elements. However, this is a much more restrained region
than in the related chemokine SDF-1� (1). This is followed by
higher S2 values for the first �-strand. �-Strands II and III and
the C-terminal �-helix all contain more continuous segments
of high motional order, with the flexible loops between the
�-strands decreasing in the order parameters. Beyond the
NAP-2 �-helix, the order parameters of the C-terminal resi-
dues decrease greatly; however, they increase again for the last
two residues, Ala69 and Asp70. The first 18 residues of TC-1
together also have somewhat lower values for their order pa-
rameters compared to the �-strands and �-helix. However,
these values, as well as those for the first �-strand, are higher
and more consistent than those of NAP-2. Loop I between the
first two �-strands shows high dynamic behavior, specifically
for residues Gln33, Val34, and Glu35. Unlike NAP-2, however,
loop II of TC-1 between �-strands II and III retains a high
motional order. Starting after the �-helix at Leu 63, there is a
steady decline in the S2 values to the last residue of TC-1.

Respectively, 22 and 20 residues from NAP-2 and TC-1
required a chemical exchange parameter (Rex) that describes a
conformational exchange phenomenon occurring in the �s to
ms timescale. These were previously mentioned in regard to

residues with higher R2 relaxation rates. In NAP-2, the back-
bone amides with particularly high Rex values are Lys9 and
Cys31, the latter of which is involved in a disulfide bond. There
are also four residues belonging to the �-helix of NAP-2 with
significant conformational exchange, perhaps due to a slight
movement of the �-helix with respect to the remainder of the
protein. In TC-1, the spins with particularly high Rex values are
Cys31, again involved in a disulfide bond with Cys5, and Lys42.
Like NAP-2, four residues from the TC-1 �-helix undergo
conformational exchange, probably again reflecting the mono-
mer-dimer equilibrium. TC-1 also has a few residues following
the �-helix with increasing Rex values, and therefore it shows
movement of the C-terminal tail between different conforma-
tions, something that is not observed for NAP-2.

MD simulations. In order to gain further insight into the
behavior of the C-terminal regions of NAP-2 and TC-1, we
performed molecular dynamics (MD) simulations of the two
proteins. Since the positions of the last four residues of NAP-2
are not defined in the available crystal structure of the protein,
they had to be added based on the last amino acids as observed
in the 21 residue peptide structure recently determined by
NMR (39). Because of the observation of several long-range
NOEs, in this peptide structure the final Asp70 residue is
positioned close to the side chains of two Lys residues in the
C-terminal helical portion of NAP-2. This initial starting posi-
tion is consistent with the dynamic behavior of this residue
observed in our present NMR relaxation study. We performed
three parallel, unrestrained simulations of monomeric NAP-2
and TC-1 of 20 ns each, to probe fast motions similar to those
captured by the 15N NMR relaxation measurements. Analysis
of the root mean square deviations showed that both proteins
were stable and maintained their overall structure during the
MD simulations. The C-terminal tail that is of interest in the
present study displays different behavior in the two proteins. In
TC-1, the distance from the center of mass of the C terminus
to that of the �-helix is consistently higher compared to that of
NAP-2 and the number of hydrogen bonds are notably lower.
In addition, the standard deviation, which is an indication of
the flexibility of this distance, is significantly lower in the
NAP-2 trajectories compared to the TC-1 simulations (Table
1). That is, the C-terminal end of the protein is more stably
associated with the helix in the NAP-2 simulations compared
to those of TC-1. This is evident in distance plots of NAP-2 and
TC-1 shown in Fig. 5, which indicate that the last two residues
in NAP-2 are crucial for the C terminus to maintain contact
with the �-helix. Asp70 is the last residue in NAP-2 and, as
such, contains two anionic charges. During the NAP-2 simu-
lations, this residue is observed to interact with a number of
positively charged residues such as Lys57 and Lys61 (Fig. 5B).
This is consistent with the NOEs observed in the peptide NMR
structures (39).

Diffusion NMR experiments. To investigate further the
monomer-dimer properties of NAP-2 and TC-1, NMR diffu-
sion studies were conducted using the internal standard diox-
ane, as has been done for other chemokines (9, 20, 51). For
these experiments, the concentrations and conditions of the
chemokine samples were carefully maintained to be consistent
with each other for direct comparison, and a dilute protein
concentration of 0.1 mM was used to obtain a more observable
difference in the dimerization properties of the chemokines.
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The results are shown in Table 2. The hydrodynamic radius
calculated for NAP-2 is close to that of a monomer for a
theoretical folded, globular protein of the same size. The
higher experimental RH value for TC-1 indicates that there is a
higher proportion of dimers than monomers present in solu-
tion for this truncated protein.

DISCUSSION

Platelets play a major role in blood clot formation, wound
healing, and cytokine signaling. In addition, microbicidal pro-
teins can be released from activated platelets (50, 62, 64). TC-1
has been characterized as a C-terminal deletion product of
NAP-2 (24). The loss of the two carboxy-terminal amino acid
residues, presumably through the activity of a carboxypepti-

TABLE 1. Distance and hydrogen bonds of C-terminal residues to
the �-helix in the MD simulations

Chemokine

Avg 	 SD

C-terminal distance to
helix (nm)a No. of hydrogen bondsb

NAP-2 0.84 	 0.10 2.60 	 1.55
0.84 	 0.06 3.74 	 2.28
0.72 	 0.05 2.42 	 1.34

TC-1 1.54 	 0.23 2.49 	 1.35
1.17 	 0.31 1.48 	 1.19
0.93 	 0.34 1.88 	 1.23

a Minimum distance of center of mass of the last four residues to the �-helix.
b Averaged for the last four residues to the �-helix over the last 15 ns of the

trajectories.

FIG. 4. Model-free data for A) NAP-2 and B) TC-1. The plots consist of order parameters reflecting motions on the ps-ns timescale (top) and
exchange rates reflecting motions on the �s-ms timescale (bottom).
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dase, represents a functional switch that turns TC-1 into an
active microbicidal and fungicidal protein (24). To examine the
structural basis for this phenomenon, backbone dynamics ex-
periments by NMR spectroscopy were carried out and ana-
lyzed using the Lipari-Szabo model-free formalism.

In Fig. 6, the main chains of the NAP-2 and TC-1 structural
models are colored according to S2. These derived order pa-
rameters are sensitive to local motions on the ps-ns timescale.
Overall, both proteins exhibit dynamic behavior typical of
other chemokines (1, 58, 59, 61), with an aperiodic flexible
N-terminal segment encompassing the first 15 or so residues
that are most important for chemokine receptor binding, as
has been found for other CXC chemokines (12, 42). This is
followed by ordered regular secondary structure elements, with
the loop between the first two �-strands showing some flexi-
bility, and a flexible C-terminal segment past the �-helix.

The larger �m for TC-1 compared to NAP-2 in the same
solvent and temperature with similar pH values points to TC-1
forming dimers more readily than NAP-2. This is confirmed by
the results from the diffusion NMR experiments. The NAP-2
dimer, as part of the tetrameric (dimer of dimers) complex
solved by X-ray crystallography (30), is shown in Fig. 7. The

FIG. 5. MD simulation results for the NAP-2 and TC-1 chemo-
kines. (A) Representative distance plots averaged using the NMR 1/r6

distance dependence for NAP-2 (top panel) and TC-1 lower panel.
The additional two residues in NAP-2 form considerable contacts with
the �-helix during the protein (red boxes). These contacts are absent
in the TC1 trajectory due to the lack of Asp70. (B) The minimum
distance between Asp70 of NAP-2 and Lys57 (black) and Lys61 (gray)
illustrating the pronounced electrostatic interactions that take place
between the far C terminus and the �-helix.

TABLE 2. Hydrodynamic radii of NAP-2 and TC-1 theoretically
calculated for globular proteins and determined experimentally

from diffusion NMR experiments

Chemokine
Theoretical RH (Å) Experimental RH

(avg Å 	 SD)Monomer Dimer

NAP-2 16.4 20.1 16.3 	 0.8
TC-1 16.3 20.0 19.0 	 0.8

FIG. 6. Backbone chains of NAP-2 (A) and TC-1 (B) with residues
colored along a gradient according to their S2 order parameters. Red
and blue residues represent high and low extremes in flexibility, re-
spectively, with purple representing intermediate flexibility. Residues
for which no S2 values were assigned are colored in gray. The structure
models are based on a combination of the NAP-2 crystal structure
(PDB ID 1NAP) and the solution structures of the corresponding
C-terminal �-helix peptides solved previously (39).
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dimer interface of NAP-2 involves hydrogen bonding between
the two �-I strands which run antiparallel to each other as well
as contacts between the two �-helices. The side chains of the
�-helix residues of both chemokines with conformational ex-
change Rex terms, as determined by model-free analysis seem
to be involved in establishing intra- and intermolecular con-
tacts. The �-helix therefore seems to move as a unit and play
a role in dimerization, with TC-1 having more residues with Rex

terms in that segment. Such movements have also been ob-
served for other chemokines such as MIP-3� and SDF-1�, and
they often accompany the monomer-dimer dissociation pro-
cess (1, 9). In vivo, NAP-2 and presumably TC-1 are in a
monomer-dimer equilibrium and may even form higher-order
oligomers; however, NAP-2 is thought to bind as a monomer to
its chemokine receptors (43, 46).

The role of dimerization to promote antimicrobial activity
may be due to the formation of a large cationic solvent-ex-
posed surface area across the antiparallel �-helices that is
slightly interrupted by the polar side chain of Gln60 in both
monomer subunits (Fig. 8). This is a feature common to all
antimicrobial chemokines, which also contain hydrophobic sur-
faces (56). For the NAP-2 or TC-1 dimer, there are hydropho-
bic patches on either side of the large cationic surface; how-
ever, the surface directly behind it contains some negatively
charged and polar side chains. Exactly how the two C-terminal
residues of NAP-2 shift the monomer-dimer equilibrium in
solution compared to TC-1 is unclear at present and would
require further work in the future.

Another major difference between the 15N relaxation data of
the chemokines occurs exactly at the region of the amino acid
sequence difference, the C-terminal tail. The last two residues
of NAP-2 are not as flexible as the residues that precede them,
whereas the last residues of TC-1 are clearly the most flexible.
This supports the structures determined for the �-helix pep-
tides that show that the last Asp residue of the NAP-2 peptide
can fold back and interact with the positively charged region of
the �-helix (39). This does not occur with the C-terminal end
of the TC-1 peptide. Overall, the MD simulation and NMR
relaxation results are consistent with the notion that the double
negatively charged Asp70 residue of NAP-2 effectively shields
part of the positive surface of the protein. Such an effect is not
seen for the C-terminal Ser68 residue of TC-1. This would
therefore decrease the possibility of NAP-2 interactions with

the negatively charged bacterial membranes to lead to reduced
antimicrobial activity. This restrained C-terminal flexibility was
not observed in earlier backbone dynamics experiments of
NAP-2. This is presumably due to the extra C-terminal Tyr
residue that was introduced in that study, which would cause
steric hindrance and prevent the preceding residues to have
any interactions with the rest of the protein. In contrast to
NAP-2, the shortened C-terminal end of TC-1, while still neg-
atively charged with its sequence ending in Asp66, Glu67, and
Ser68, is fully flexible and solvent exposed. This would allow
for exposure of a large, positively charged surface on TC-1,
particularly in a dimer form of the protein.

The 15N backbone dynamics work and MD simulations pre-
sented here have revealed a basis for the emergence of the
TC-1 antimicrobial activities after it has been produced from
NAP-2. The two-amino-acid extension of NAP-2 is less mobile
and seems to mask a cationic surface on the protein, interfer-
ing with the direct bactericidal mechanism. The shortened tail
of TC-1 is highly mobile and not restrained by any other areas
of the chemokine. TC-1 is also better able to form dimers than
NAP-2. Through this dimerization, a large, mostly continuous
cationic surface is assembled, and this promotes interactions
with the negatively charged bacterial membranes, resulting in
bacterial killing.
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