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ABSTRACT. Recent work has shown that high molecular weight neurofilament (NF) proteins are
phosphorylated in their carboxy-terminal tail portion by the enzyme cyclin-dependent kinase 5 (CDK-5).
The tail domain of neurofilaments contains 52 tripeptide repeats, viz. Lys-Ser-Pro, which mainly exist as
KSPXK and KSPXXX motifs (X=amino acid). CDK-5 specifically phosphorylates the serine residues
within the KSPXK sites. We probed the structural basis for this type of substrate selectivity by studying
the conformation of synthetic peptides containing either KSPXK or KSPXXX repeats designed from
native neurofilament sequences. Synthetic peptides with KSPXK repeats were phosphorylated on serine
with a recombinant CDK-5/p25 complex whereas those with KSPXXX repeats were unreactive in this
system. Circular dichroism (CD) studies in 50% TFEIHevealed a predominantly helical conformation

for the KSPXXX-containing peptides, whereas the CD spectra for KSPXK-containing peptides indicated
the presence of a high population of extended structures in water and 50% TFE solutions. However,
detailed NMR analysis of one such peptide which included two such KSPXK repeats suggested a turn-
like conformation encompassing the first KSPXK repeat. Restrained molecular dynamics calculations
yielded an unusually stable, folded structure with a double “S”-like bend incorporating the central residues
of the peptide. The data suggest that a transient reverse turn or loop-type structure may be a requirement
for CDK-5-promoted phosphate transfer to neurofilament-specific peptide segments.

One of the major roles of cyclin-dependent kinase 5 (CDK- bodies §). In vivo electron microscopy shows that the NF-H
5)!is the phosphorylation of the tail portion of high molecular tail extends out radially from the filaments and forms a
weight neurofilament protein (NF-H). The tail portion of network with other cytoskeletal elementS).( Neuronal
NF-H contains 52 sites of a repeating tripeptide unit, Lys- CDK-5 phosphorylates neurofilament tail domains at S/T
Ser-Pro (KSP), the majority of which exist as either KSPXK residues, only in KS/TPXK motifs and not in any other KS/
or KSPXXX motifs. The number and distribution of these TP-containing segments such as KSPXXK or KSPXX6X (
sites are species dependeh)t (The majority of these repeats 7). Neuronal activators of this kinase, such as p35 or its
in mouse and rat NF-H are KSPXXX, and 40 contiguous truncated form p25, have been discovered which are respon-
KSPXXX repeats form a KSP “core”. In contrast, human sible for the activation of this kinase in neurons, unlike other
NF-H tails contain a higher number of KSPXK repeats, and CDKs which are activated by cyclins in dividing cellg, (
the core is made up of 16 repeat units of this amino acid 9). Although the structure of p35/p25 is not known, it has
sequence. Most of the serines in these KSP motifs arebeen predicted to be similar to the cyclid®,(11). However,
heavily phosphorylated in native NF-H2)( There is recent crystal structures of CDK-22) and its complex with
evidence that the phosphorylation of neurofilament tails is cyclin (13, 14) offered some insight into the mechanism of
important for their transport down the axon and for the activation of CDKs by their regulatory cofactors. To date,
potentiation of axonal calibe). In certain neurodegen- there is no known structure of a CDK complexed with a
erative disorders such as ALS, abnormal phosphorylation of peptide substrate, and hence the conformational requirements
NF-H leads to the accumulation of NFs in neuronal cell for phosphate transfer by these enzymes are still unclear.
However, it has been shown that all CDKs specifically
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Table 1: CDK-5 Phosphorylation of KSP Peptides from NE-H MS) spectra from all ions above a present threshold resulting
ootide rosohorviation from peptide peaks eluting from the HPLC column. MS

pep phosphory data were acquired on a Gateway 2000 computer (Gateway,
VKSPAKEKAKSPEK (1) + N. Sioux City, SD) and after conversion to unix format

KSPEKAKSPVKEEA @) + X S :

EAKSPAEAKSPAEAK () _ analyzed on an Alpha Station 200 (Digital Equipment, Co.,
TKSRVKEEAKSPGEA @) - Maynard, MA) utilizing the Bioworks software package

aKinase assays were carried out as discussed in Materials and(FiNNIgan, San Jose, CA). MS/MS spectra were searched
Methods. utilizing the PEPSEARCH (Finnigan, San Jose, CA) or

SEQUEST (version B22, by J. Eng and J. Yates, Department
of Molecular Biotechnology, University of Washington, Box
357730, Seattle, WA 98195-7730) programs against a
database constructed from the published mouse NF-H
sequence. Search parameters were set to consider possible
phosphorylation-{80) at all serine residues. Fragmentions

structure of the peptides. The objective of the work herein
was to probe the structural properties of KSPXK motifs
which specifically enable them to be recognized and phos-
phorylated by CDK-5 and to compare their structural features
with those of the KSPXXX constructs. To this end, peptides g L
containing either KSPXK or KSPXXX repeats frompm%use were labeled by utilizing the PEPMATCH program (Finni-
and human NF-H were synthesized. Circular dichroism gan, San Jose, CA).

spectra revealed that peptides with KSPXK motifs folded ~ Circular Dichroism Circular dichroic spectra were ob-
differently from the KSPXXX-containing peptides in 50% tained on a Jasco J-720 spectropolarimeter. A constant
TFE/H,O. We show that only KSPXK-type repeats are dispersion of 1.0 nm was maintained by automatic slit width
substrates for CDK-5 and describe the structural features ofcontrol. The spectra were measured from 180 to 240 nm
one of these peptides containing two KSPXK repeats using with a time constant of 0.25 s and a scan speed efSID
two-dimensional NMR techniques and molecular modeling. nm/min. Signals were averaged 12 times before measure-
Results from mass spectral analysis of the phosphorylationment. The sample concentrations were between 0.2 and 1.0
of this peptide were consistent with CDK-5 having a higher mM. The cell path length was either 0.2 or 1.0 cm.

affinity for the N-terminal serine within the KSPAK site. NMR Spectroscopy NMR spectra were collected on a
Our results emphasize that there is a unique structuralgryker AMX spectrometer operating at 500 MHz with an
specificity for neuronal substrates which are recognized by inyerse, broad-band probe. Sample concentrations were
CDK-5. between 6 and 8 mM dissolved in either 90%XD,0, 50%
TFE-ds/H,O, or 100% TFEds. The pH of the aqueous
MATERIALS AND METHODS sample was adjusted to 4.8 with phosphate buffer. Spectra
Materials Two peptides of each type (KSPXK and were collected at 10 and 2%C under the control of a
KSPXXX) were synthesized commercially (Peptide Tech- Eurotherm variable temperature unit with an accuracy of
nologies Inc). The sequences were derived from the NF-H £0.1°C. Two-dimensional spectra (DQF-COSY, TOCSY,
tail portion (C-terminal region) of mouse and human neu- ROESY, and NOESY) were recorded, employing standard
rofilament proteins (Table 1). CDK-5 and p25 were pulse sequences with the number of acquisitions typically
expressed and purified as GST fusion proteins as reportedset to 64 for the NOESYI(7), ROESY (8), and DQF-COSY
earlier 8, 9). All chemicals and reagents were purchased (19) spectra and 32 for the TOCS¥(Q) spectra. Low-power
from Sigma. presaturation was used to suppress the water resonance
Phosphorylation Assay Standard assay mixtures con- during the relaxation delay and the mixing period of the
tained 50 mM Tris, pH 7.4, 2.5 mM Mggl1l mM EGTA, NOESY experiments. In general, spectra were recorded with
150-165 ng of CDK-5 complexed with a molar excess of 2K complex data points irF, for each of 486-512 t;
p25 (preincubated enzyme preparation), A00[ y-32P]JATP, increments with a sweep width of 5050 Hz in each dimen-
and 0.1-1.3 mM peptide substrate in a total volume of 30 sion. TOCSY spectra were recorded with an isotropic
uL. Reactions were initiated by adding-f2P]JATP and were ~ mixing time of 65 ms and trim pulses of 2.5 ms immediately
carried out at 30°C for 60—80 min. Reactions were before and after the spin lock period. NOESY spectra were
terminated by adsorption of the assay mixture onto phos- acquired with mixing times of 250 and 400 ms. The 400
phocellulose paper (Whatman). Phosphopeptide formationms NOESY experiments were used for integration of peak
was measured by counting the radiolabéf&tincorporation volumes to generate interproton distance constraints. The
after several washings of the phosphocellulose paper withNOEs were classified into four groups of strong, medium,
75 mM phosphoric acid before a final wash with ethanol. weak, and very weak with upper bounds set to 3.0, 3.5, 4.0,
Mass SpectrometryPeptidel was phosphorylated by the and 5.0 A, respectively. The lower bound limit was set to
procedure described above. The kinase assay mixturel.9 A, and 0.5 A was added to the upper bound for NOEs to
containing the phosphorylated peptide was analyzed by LC/methyl groups. The temperature coefficients of the amide
MS/MS after being desalted on line with a peptide trap protons were studied by collecting TOCSY spectra at seven
cartridge (Michrom) on a 1.0x 150 mm Monitor C18 different temperatures between 5 and 35 in 5 deg
column (Column Engineering, Ontario, Canada). The HPLC increments and are reported +ppb/K. All spectra were
system was coupled to a Model LCQ mass spectrometerprocessed with UXNMR on an X32 computer, and peak
(Finnigan, San Jose, CA) equipped with an electrospray picking and volume integration were done with NMRCOM-
interface (ESI). The LCQ was operated in “triple play mode” PASS (Molecular Simulations Inc.) after transfer to a Silicon
in which the instrument was set up to automatically acquire Graphics INDIGO workstation. The data were zero-filled
full scan, zoom scan (high-resolution scan), and tandem (MS/to 1024 points inF; prior to Fourier transform, multiplied
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by a shifted (45-60°) sine function, and baseline corrected o0y 7555
with a polynomial of order 5.

95 754.8 |
Molecular Modeling and DynamicsModel building and

molecular dynamics simulations were performed on an SGI
Indigo workstation in the context of the QUANTA molecular
modeling package (version 4.1, Molecular Simulations, Inc.).  *:
The CHARMmM force field 21) was used for all calculations s
coupled either with QUANTA or with a stand-alone version j
on a DEC AlphaServer 2100 (Digital Equipment Corp.,
Marlboro, MA). Energy minimizations were typically 53

90

85
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7
6

computed until convergence (defined as an energy gradient *
of 0.001 kcal mot?), using the adopted basis Newton
Raphson (ABNR) algorithm as implemented in QUANTA.
Molecular dynamics simulations were carried out on struc-
tures either in vacuo using a distance-dependent dielectric™ 1
constantD = r) or in a system hydrated with a 10 A sphere ~ *:
of preequilibrated water molecules. A shifted potential was 33 7460
used to a distance of 12 A with a nonbonded cutoff of 14 A. aoi
The nonbonded lists were updated every 25 steps of ,j
dynamics. A typical dynamic run was carried out by first j
heating the system from O to 300 K over 10 ps with a time j
step of 0.001 ps. The system was then equilibrated for 20 ‘Sj | 1228
3 s 1299.6
.| 948.1
:

ps, and a constant-temperature dynamic simulation was then =i . “° e | ™

performed for 100 ps. The simulation trajectory was s | sezel| H 1805

recorded every 1 ps and subsequently analyzed to determine 2= ‘ H‘ ‘ ‘LH‘ | Ly s ‘{ L MIM w N 1

the behavior of the molecule. A SHAKE algorithm was used 400 o0 oo 1200 1400 1600

to constrain bonds to hydrogen to within £0A. FiIGURE 1: Full scan MS/MS spectrum from triple play analysis
The restrained molecular dynamics simulations were also (Materials and Methods) of the/z804.5 doubly charged ion from

carried out following a protocol similar to that above, where the kinase assay mixture containing phosphorylated peitide

- . VKS*PAKEKAKSPEK) (Table 1). The spectrum is dominated
the energy term for the distance restraints were added to thegy a strong ion atz an(sistem V\)/ith the |gss of 98/2 (ROY2)

total potential energy of the system as a harmonic potential from the doubly charged parent ionrmatz 755.5, which flags this
function. An iterative process was applied where additional spectrum as resulting from a doubly charged monophosphopeptide.
NOEs were assigned from partially overlapped regions of i , )

the spectra based on the models generated from the simulaSMall hydrophobic residue like A, G, or V. Of the two
tions in water with unambiguous restraints. The best KSPXK sites contained in peptidg X is either A or E. In
structures with lowest violation from this stage of the ©Order to compare the affinity of CDK-5 for these sites, LC/
calculations were again energy minimized and subjected toMS @nalysis of the product obtained from the reaction of
restrained dynamic simulations at 278 K for 100 ps. The Peptide 1 with CDK-5 was performed as described in
conformations with lowest violation and lowest energy were Materials and Methods. As expected, the more polar
extracted on the basis of analyzing the final simulation Phosphorylated peptide eluted before the native sequence.
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trajectories. Only one phosphprylat_e_d product was opserved. The phos-
phopeptide was identified by examination of the positive
RESULTS mode MS/MS spectra for a dominant ion resulting from the

neutral loss of 98 (kPQy) for a singly charged and 49 ¢H

Phosphorylation of Peptides—-4. Peptided and2 were POy2) for a doubly charged ion for each phosphoserine.
derived from the NF-H sequence of mouse and human Figure 1 shows the tandem MS/MS spectrum from a doubly
species, respectively, while peptidg@and4 were from the charged ion atr/z 803.9. The spectrum is dominated by a
KSP repeat region of mouse NF-H. In vitro phosphorylation strong ion atm/z 755.5, which is consistent with a loss of
assays on peptidels—4 were carried out using the recom- 49 (H;PQ,/2) from the parent ion atvz 803.9 and flags the
binant CDK-5/p25 complex (see Materials and Methods) to spectrum resulting from a monophosphopeptide (Figure 1).
discern which motif would act as a substrate for this kinase. The tandem MS/MS spectrum was searched against a
The results obtained from these reactions are summarizeddatabase constructed from the reported mouse NF-H se-
in Table 1. Peptided and?2 were phosphorylated rapidly quence (Genbank) utilizing the PEPSEARCRHI) or SE-
while peptides3 and 4 showed no signs of phosphate QUEST program. The automated output (Table 2) of the
incorporation under identical reaction conditions, which is search using PEPSEARCH unequivocally identified (rank
consistent with previous studie®d). The data suggestthat = 1, correlation score= 1) the MS/MS spectrum as derived
CDK-5 specifically phosphorylates only KSPXK motifs and from the monophosphopeptide VKS*PAKEKAKSPEK. The
not analogous KSP(Xjcontaining sequences. Itis known normalized correlation score for the second ranked peptide
that CDK-5 prefers X to be a basic residue in the SPXK was 0.624, which is indicative of a high degree of confidence
consensus sequence and the affinity for this motif is reducedin the assignment of the peptide with raskl. The failure
dramatically when X is an acidic residue like E or P8J. to detect either a doubly phosphorylated peptide or a peptide
The kinase has intermediate affinity for substrate if X is a phosphorylated at the second repeat is consistent with CDK-5
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Table 2: Result of PEPSEARCH Output from Phosphorylation of
Peptidel?

mult/
no. rank C, AC, protein ions subsequente

1.000 0.000 mNF-H 12/26 (Q)VKS*PAKEKAKSPEK
0.624 0.376 mNF-H 11/26 (Q)VKSPAKEKAKS*PEK
0.568 0.432 mNF-H 8/24 (T)T*KTAEDT*KAKEP
0.537 0.463 mNF-H 8/24 (T)TKTEAEDTKAKEP
0.536 0.464 mNF-H 12/26 (E)QVKSPAKEKAKS*PE
0.500 0.500 mNF-H 9/26 (E)QVKS*PAKEKAKSPE
0.465 0.534 mNF-H 8/28 (E)VKS*PAEAKSPAEVKS
0.437 0.563 mNF-H 8/28 (P)VKEGAKSPAEAKS*PE
0.422 0.578 mNF-H 8/34 (F)GSADALLGAPFAPLHGG
10 0.387 0.623 mNF-H 6/24 (T)T*KT*EAEDTKAKEP

@ Table parameters as previously describ@8l 89). Rank signifies
the result of analysis of the sequences using a cross-correlation function; A (nm)
C, is the normalized score from the cross-correlation funct®@; is

0 x 10-3 (deg. cm2. dmol-!)
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the difference between the cross-correlation parameter of the top-scoring
sequence and the listed sequence; mult is the number of additional times 60 |-
a subsequence occurs in protein(s) in the database; ions is the number -,5‘ b
of ions of the type v, ¥ v*, b, b, b*, or a @0, 41) observed in the f 40 M |
MS/MS spectrum versus the number predictattNF-H is mouse high e N
molecular weight neurofilament proteihS* and T* indicate phos- kS| 20| "TNean
phorylated residues. L | \“
Q 0 \

specifically phosphorylating the KSPAK repeatlin Similar g S ""\"" ‘\‘ _ =
results were obtained using the SEQUEST program (data < 20— R __72?_—/_//
not shown. T wol " T

Circular Dichroism Studies of NF PeptidesThe CD @ B 'y K4
spectra for the four synthetic peptides are shown in Figure w0 \\_/
2. All the peptides show typical random coil structures in R ‘\ /
water as evidenced by a large negative ellipticity at 200 nm. -80 L L7 | I —
It is well-known that the addition of trifluoroethanol to an 180 200 220 240
aqueous solution of an otherwise structurally random peptide A (am)
may stabilize nascent, secondary structural elements by
mimicking a membrane or intracellular environmez, (26). 60 [
For KSPXXX peptides3 and 4 (Figure 2b), it is evident o 40 f.‘ c
that, on increasing the concentrations of TFE, thereisaslight 5 ;0 F g~~~ .
increase in negative ellipticity at 224 nm while the peak at £ ol /\
200 nm shifts to around 208 nm with a concomitant increase %=, ;\/
in ellipticity. As the concentration of TFE is increased to ‘:ﬂ wfY \ T
50%, a positive peak at 190 nm appears along with a s [ .
concomitant increase in the ellipticity at 222 nm, indicating ¢ 4 F — Peptide 2
the stabilization of transient helical charact2r)( Interest- % .00 F --- Peptide 4
ingly, this jump in TFE concentration also caused a major < . |
decrease in negative ellipticity for the peak-®08 nm. The C_ | L
spectra of peptides and2 were only slightly different than 180 200 220 240
those for peptide8 and4 in water (smaller negative peak A (om)

at 222 nm) but behaved differently upon addition of small Fcure 2: Circular dichroism spectra of (a) peptideand (b)
amounts of TFE. The shift in the negative peak at 200 nm peptide3 in different TFE concentrations:—() water; & - — ) 10%
was also observed with a corresponding increase in theTFE; (—--—) 20% TFE; (---) 50% TFE. (c) CD spectra of
magnitude of the negative ellipticity (Figure 2a). However, Peptideszand4in 50% TFE.

on raising the TFE concentration to 50%, a substantial , )
increase in negative ellipticity is seen for the peak at 222 NMR Structure of Peptidd in 50% TFE Only the
nm, and in contrast to peptid8sand4, a further increase in ~ KSPXK-containing peptided and 2 were shown to be
negative ellipticity at the-201 nm peak was observed with Substrates for CDK-5. To investigate the structure of the
no corresponding positive peak at 190 nm. These dataKSPXK-containing peptidé in more detail, one- and two-
suggested that an extended conformation predominates fodimensional NMR techniques were used. Since only minor
these peptided and2. On the basis of the spectra, one differences were observed in the CD spectra of peptides
could speculate that either a small population of helical folds and2 upon addition of TFE, we attempted to assign the NMR
is in rapid equilibrium with extended conformers or there structure of peptidé in water. The NMR spectra of peptide
weref-turn structures present in solution. Peptides contain- 1 collected in 90% HO/D;O, pH 4.8, showed a mainly
ing B-turns are known to show negative ellipticity at 222 random coil type conformation, even at low temperatures.
nm (27). The spectra for all the peptides studied were Addition of 50% TFE increased the peak dispersion and
independent of the concentration in the range-@L. M. resulted in the acquisition of additional intensity in many
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Table 3: *H NMR Chemical Shifts for Peptida? a StIHP1ZE
residue NH oH pH yH oH eH V9o/K2NH Pu&/E@N;/ PASIABNH ;3 75
\Val 3.784 2.178  1.000 e 6 @ Opaarwany
K2 8.499 4.394 1.794 1407 1.675 2.943 0 i
1.730 1407 1.675 2.943 —
S3 8.210 4.815 3.910 .00
3784 ABa/KENH*
P4 4.406 2269 1.998 3.784 W
1.937 1998 3.784 - [ 425
A5 8.003 4.184 1.344 = g ) !
K6 7.945 4205 1.828 1.449 1.680 2.964 0 canam ) & o Kiowisiinn
1.765 1.386 1.680 2.964 & Fpaarenn i
E7 7.989 4,282 2.101 2.438 P12a/E13NH  P4a/AGNH [-4.50
1.996 2.438 I
K8 8.081 4226 1.828 1.428 1.695 2.964
1.744 1428 1.695 2.964 .
A9 7.991 4256 1.386 ® L
K10 7.991 4340 1.828 1427 1.659 2.964 Q o0
1.723 1427 1.659 2.964 |
S11 8.034 4752 3.847 | 5.00
3.847 -
P12 4446 2248 1996 3.742 " pem
1.937 1.996 3.742 pom 86 84 82 80 80
E13 8.073 4352 2.080 2.459
1.933  2.459

K14 8.134 4331 i.870 1428 1.659 2964 b 78
1.765 1428 1.659 2.964 3

2In 50% TFE/HO. P The € proton methylene envelope of the four
lysine residues resonates at 2.964 ppm.

correlations which could be attributed to the presence of e

transient secondary structural elements in this solvent system.
Assignment of the NMR spectra of peptidlén 50% TFE/
H,O was carried out by standard spin pattern identification KINH/SINH
using data from DQF-COSY and TOCSY spectra, while @
sequential connectivities were assigned from both NOESY
and ROESY data2B). The chemical shifts of peptidkin
50% TFE/HO are listed in Table 3.

Temperature coefficients for the amide protons of peptide
1 were generally greater than 6 ppb/K, which suggested that

8.4

no strong hydrogen bonds or shielded NH groups were

present under the experimental conditions. However, resi- @ @

dues S3, K6, and K10 had coefficient values in the

intermediate range (5.3), suggesting a more compact disposi- ~pem
tion of atoms in the vicinity of these residues. The em =~ =~ "84 &2 8o

assessment was confirmed by molecular modeling wherefgure 3: NOESY spectrum (400 ms mixing time) of (a) the
these amides were shown to be within hydrogen-bonding fingerprint and (b) the NHNH regions of peptidd. in 50% TFE.
distance to an acceptor atom (vide infra). Relevant peaks are labeled. Peaks labeled with an asterisk were

The NMR spectra of peptidein 50% TFE/HO exhibited assigned by examination of tife region of the spectra and by

. . . variable temperature measurements.

predominantlytrans X-Pro linkages as evidenced by the
strong NOEs observed between the ptotons of both serine  also populated in solution. A stroryN(i,i+1) NOE was
residues with their neighboring prolinedHprotons 29). A observed between P4 and A5 along with a strdNgjl(i,i+1)
very small percentage<6%) of a minor isomer was detected correlation from A5 to K6. This combination, along with a
at 288 K although the low concentration of this isomer medium-ranga&loN(i,i+2) NOE between P4éd and K6NH
precluded its assignment. The N-terminal valine methyl suggested that this SPXK repeat populatgstgpe Il turn
protons showed strong NOEs to a lysine amide proton, which conformation 28, 29). A weak NOE between P4Hand
implied that this resonance was K2NH. In spite of some A5NH indicated that a small percentage of aype | turn
spectral overlap, the sequential NOEs correlating with this may also be present. NOEs involving the second SPXK
NH and the following residues allowed nearly full assignment repeat located at the C-terminus of the peptide were observed
of the remaining amide, ¢ and side chain protons. The between S11H—P12H) and P13—E13NH (Figure 3b).
NOESY spectra exhibited stromlgtN(i,i+1) NOEs between  This could be interpreted as a transient bend in the C-terminal
all residues (Figure 3a), suggestive of a predominantly portion of the peptide. Since there were no other diagnostic
random coil conformation in this solvent system. However, orlong-range NOEs near this end of the molecule, estimates
medium to strongdNN(i,i+1) connectivities along with  of secondary structure at the second repeat are qualitative at
characteristic medium-range correlations were observed,best. In addition, due to the lack of long-range NOEs
suggesting that defined secondary structural elements werebetween the two SPXK repeats, two important structural units
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V KS P AKE KA K s P E K
1 2 3 4 5 6 7 8 9 10 11 12 13 14

daN(i,i+1)

dNN(i,i+1) —_— ——— — ——
daN(i,i+2) —
dBN(i,i+1) — — —

dyN(i,i+1) _— —_— _—

Ficure 4: Schematic representation of the NOEs observed for
peptide 1. The thickness of the bars indicates the intensity of
correlation.

in this small peptide were independent of each other under
these conditions. An NOE between E7NH and K8NH,
residues which effectively “link” the two repeat segments,
indicated a kink in the center of peptide backbone. This
could possibly be due to salt bridge formation between
oppositely charged E and K residues (vide infra) or an effect
of two turn-like structural units or bends being present at
each peptide terminus. It was suggested by the data that
the SPXK repeats which are phosphorylated by CDK-5 may
be portions of structually flexible exposed loops. These
results compare with studies done by Suz84, 31), who
showed that DNA binding motifs comprised of SPKK
segments appear mostly Adurns in proteins.

Restrained Molecular Dynamics of Peptide Since
peptide 1 was largely unstructured in solution even in a
hydrophobic environment, the conformation of this peptide
was studied by molecular modeling either alone or on the
basis of data generated by NMR. Initial calculations were

Cameq out with the CHARMm forc.e field without initial FIGURE 5: (a, top) OverIaR/ of the backbone atoms of the 24 best
restraints to explore the conformational space sampled bystryctures (rmsd= 0.97 A) calculated using several restrained

the peptide. Starting structures were generated by high-molecular dynamics simulations based on NOE restraints using the
temperature dynamics in vacuo. A series of folded confor- protocol described in Materials and Methods. (b, bottom) Ribbon
mations were obtained as initial models. Some of these diagram of the best fit average structure of peptideom those
structures qontained turn-like dispositiqns about the_ SPXK \S;ggvgé;nv\(lzéls%?f;gﬁﬁk\',\?k']ri'tsé'?Hﬁiﬁé(fe@czg)s_ are drawn with
repeats while others were looped at different positions on

the peptide backbone. These structures were used as inpuatoms. For residues—3L0 the rmsd was 0.36 A. The
for a thorough molecular dynamics simulated annealing structure reveals an “S”-like shape in the central portion of
protocol using a set of 58 distance restraints generated fromthe peptide (Figure 5) where the ends of the molecule loop
the analysis of the NOESY data. This consisted of heating together in a salt bridge involving the side chains of K2 and
the structures to 1000 K and slowly cooling back to 300 K E13. This ionic interaction was very stable even in a water
while increasing the force constants on the distance potentialsenvironment and remains intact even when the production
during cooling. In order to obtain a more realistic view of dynamics were run for several nanoseconds (Steinbach,
the lowest energy conformations of peptitland to quench  unpublished results). Hence, the fold depicted is very stable
any artifactual ionic interactions which may be stabilized in under these conditions.

vacuo, the calculations were performed in a 10 A box of The KSPXK repeats are part of the loops comprising the
preequilibrated water molecules. Starting from structures S-like curve in the backbone fold. Examination of these
with very different conformations, the calculations converged loops reveals that neither end of the peptide populates a
to a well-defined peptide fold in spite of the small number standarg3-turn in the calculated structures. Rather the first
of NOE constraints. An overlay of 24 structures that were proline (P4) unit nucleates the onset of this double loop, and
calculated and showed the lowest violations and energies isa more standarg@ type | turn () is seen for residues E7-
shown in Figure 5a. Figure 5b shows the structure which K8-A9-K10 (Figure 5). This turn seems to facilitate the
best fit the NMR data as calculated with this protocol. The double loop structure which encompasses the two repeats.
convergence of the calculated structures to one family of This centralg-bend is stabilized by the close proximity of
conformations was very high; analysis of final restrained the side chains of E7 and K10 (possible salt bridge) and by
molecular dynamics trajectory revealed that all conformers a hydrogen bond between the E7 carbonyl and the K10 NH.
were in stationary state after 10 ps simulation. The total The second KSPXK repeat is more extended in this
energies of respective conformers were within a fluctuation conformation. However, it is clear that the hydroxyl groups
of 4%. The rmsd for the 24 best structures selected wasof the serine residues in these repeats (S3 and S11) are well
0.97 A for the backbone atoms and 1.13 A for all heavy exposed to the medium in the geometry of this fold (Figure
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5). This may be a prerequisite for recognition and phos- importance of structural and sequential elements in substrate

phorylation of these groups by specific kinases. recognition. A recent report on the NMR structure of the
inhibitor peptide alone showed that the portion of the peptide
DISCUSSION which contains the phosphoacceptor site adopts a conforma-

tion in solution different from that depicted in the crystal

. . ; structure of the complex36). This suggested that there is
pe_p'udesS and 4 confirmed that each motif populqtgd @ an induced conformational change upon binding to the
unique structural ensemble. We used TFE to stabilize the enzyme. The inherent flexibility of our peptides in either

structures of these peptides as they showed mainly r":mdomNater or partially hydrophobic solutions implies that the

structures in water. The CD spectra for the .KSPXXX rigidity of the phosphoacceptor segments must be limited to
pegt'?ei'g TFElsuggelsted tTe pressncg of h%hcal Cdo?temadapt to the catalytic binding pocket of the enzyme.

and looked qualitatively similar to the data obtained for , .
closely related peptides derived from NF-M KSPXXX The recent crystal structure of the cyclin-dependent kinase

repeates¥6). They concluded that helical structures were 2 (CDK-2) revealed a bilobal structure common to the protein
present in peptides of similar size to those described herein Kinase family (3, 14). There is more than 80% homology

In contrast, the CD spectra of our KSPXK peptides revealed Péfween CDK-2 and CDK-5. Homology modeling of
that only a small population of folded conformers was present CDK-5 revealed high structural similarity with CDK-2 in

in solution. The NMR data suggested the presence of athe catalytic cleft 7). Since to date there are no crystal
transient loop of type Il turn at the SPAK motif within ~ Structures of a CDK/substrate complex, the atomic level
the first KSPXK repeat. In comparison, the second KSPXK interactions between this enzyme family and their substrates
repeat (X= E) did not present spectral data indicative of remain unclear. However, there have been suggestions that
stable secondary structures under the conditions studied € important lysine of the SPXK consensus sequence for
These two repeats were joined by3durn in the center of CDKs might be involved in an interaction with a triad of
the peptide (E7-K8-A9-K10) that gives rise to an S-shaped acidic residuesl(3). From our studies, it appears that CDK-5
structure. Since the conformations of the repeats were S€€MS to select an SPAK motif contained in a peptide which

independent of each other, it is possible that the KSPXK May form one or more turns or loops in solution. It is
core region of human NF-H consists of these loops. Phos- possible that such a conformation mediates the interaction
phorylation at these sites in NF-H might facilitate extensions Petween an essential lysine side chain of the substrate with
of the modified side chains and formation of cross bridges SOMe key acidic residues of the enzyme. The structure of a
with other cytoskeleton elements. These cross bridges havecDK/peptide substrate complex would be very useful in
been observed previously by electron microscopy (A unravelling the specific interactions involved in the phosphate
recent study performed in our laboratory revealed that a fransfer process and in turn foster the design of specific
human NF-H KSPXK-containing core comprised of 16 inhibitors for particular CDKs.
contiguous KSPXK repeats could be fragmented by trypsin
(Jaffe et al., unpublished results). However, the comple- REFERENCES
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