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Table I. Amino acid composition for the headpiece (h) and the large
fragments from the carboxy-terminal tailpiece extension

Head- Tail fragments
piece (h) CNBr 1* CNBr I CNBr II Ch-tail

Asx 5.3 0.8 0.4 5.1 1.8
Thr 3.7 1.2 0.8 4.9 2.2
Ser 19.0 10.7a 9.4 4.7b 8.5
Glx 4.4 23.8c 25.8 25.4d 27.3
Pro 3.3 13.6 14.3 13.7 12.6
Gly 18.4 1.3 0.6 3.5 0.9
Ala 16.8 15.1 14.4 12.8 15.2
Val 3.8 6.8 8.5 2.7 4.7
Met n.d. - - - 0.2
Ile - 1.2 0.5 - 0.3
Leu 8.5 1.3 0.8 - 0.8
Tyr 1.4 0.1 0.1 - -

Phe 4.5 0.4 0.3 - -

Lys 1.5 22.3 24.5 26.3 24.9
His 2.8 - - - -
Arg 6.5 0.7 0.4 - 0.3
Trp - 1 n.d. n.d. n.d. n.d.

Numbers are given in molWo. For nomenclature of the tail fragments see
Figure 3.
aAbout 50% of the serine residues are phosphorylated.
bNo phosphoserine detected.
Enzymatic hydrolysis shows that >95oc and >85od of the residues are
glutamic acid rather than glutamine. Glutamic acid and phosphoserine data
obtained on CNBr I* are probably very similar for CNBr I since CNBr l*
exceeds CNBr I by only a few residues at the amino-terminal side (Figure
3; see text). Minor differences in composition of the Ch-tail in comparison
with earlier data (Geisler et al., 1983a) probably arise from the higher
purity of current preparations. Dashes indicate residues not detected; n.d.
stands for determination not done.

Table II. Tryptic peptides (a) isolated from the headpiece and the amino-
terminal sequences of the large tail fragments (b)

(a) T1 F R
T2 KGGKGGAGGVR
T3 T S V S S V S A S P S R
T4 S A A G S S S G F H S W A R
T5 G A G A A S S T D S L D T L S(IB,IQ,IP,2G)

5 10 15

(b) Ch-tail X K V K S(E)E K I K V
CNBr I (V)K V K S(E)E K I K V V(E K)X E(I)
CNBr II K E E E K P Q E V K A E(K P)X K(K A E)

Results are presented in the one letter code. Less commonly used letters are
Z for glutamic acid or glutamine, B for aspartic acid or asparagine, X for
unidentified residues. Brackets around a residue indicate that this amino
acid has not been identified unambiguously using the gas phase sequenator.
In (a) note the wealth of serine, glycine and alanine. T5 is probably the
carboxy-terminal tryptic peptide since it lacks arginine or lysine. The
nomenclature of the tail fragments characterized in (b) is given in Figure 3.
Note that CNBr I comprises the amino-terminal part of the full Ch-tail
fragment obtained by chymotryptic digestion of NF-H.

omous domain not found in othet fiiajor IF proteins accounts
for the increased mol. wt. of NF-L in comparison with
desmin, vimentin and GFA (Geisler et al., 1982b, 1983a). For
some time it was thought that NF-M and NF-H act primarily
as peripherally bound associated proteins of a filament back-
bone made exclusively from NF-L (Geisler and Weber,
198 1a; Willard and Simon, 1981; Liem and Hutchinson,
1982; Chin et al., 1983; Julien and Mushynski, 1983). How-
ever, more detailed biochemical and immunological data
have suggested that the two high mol. wt. triplet components
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are IF proteins in their own right, i.e., neurofilament proteins
contain an amino-terminal region built analogously to other
non-epithelial proteins which is followed by long non-a-
helical tailpiece extensions (Geisler et al., 1983a; Weber et al.,
1983). Although this hypothesis has been fully confirmed
recently for NF-M by extended amino acid sequence data
(Geisler et al., 1984) and by self-assembly experiments (Gard-
ner et al., 1984), no comparable information is available for
NF-H. This neurofilament component is, however, particu-
larly interesting since several immuno-electron microscopical
studies (Willard and Simon, 1981; Sharp et al., 1982; Debus
et al., 1982; Hirokawa et al., 1984) indicate that NF-H or,
more specifically, its putative carboxy-terminal extension
(Geisler et al., 1983a; Weber et al., 1983), is responsible for
the cross-bridges present between neighbouring neurofila-
ments of axons and neurites. Here we identify NF-H as a
hybrid molecule by protein-chemical data and partial amino
acid sequence results. It carries in its amino-terminal region
the structural information typical of a non-epithelial IF
protein. Its extra mass is located to a long carboxy-terminal
tailpiece extension of unique amino acid composition.

Results
Characterization ofa non-ca-helical amino-terminal headpiece
in NF-H
Porcine NF-H was subjected to chemical cleavage at cysteine
residues using 14C-labelled 2-nitro-5-thiocyanobenzoic acid.
Polyacrylamide gel electrophoresis in the presence of SDS
revealed some 12 major fragments (Figure IA). Of the bands
in the lower mol. wt. range, only one, which is marked h, was
free of radioactivity in the corresponding autoradiograph
(Figure 1B). Given the known chemistry of the reaction
(Jacobsen et al., 1973), fragment h must comprise the amino-
terminal region of NF-H. Additional non-labelled fragments
of higher mol. wt. probably arise from incomplete cleavage.
They are expected to start at the N terminus and to extend
further along the polypeptide chain to other cysteine residues.
Fragment h with an apparent mol. wt. of - 9-11 K was
isolated using preparative gel electrophoresis and chromat-
ography on phosphocellulose, where it was eluted as the last
peak. In line with the binding to phosphocellulose fragment h
contains about six residues of arginine and one or two resi-
dues of lysine (Table I). The amino acid composition also
reveals a wealth of hyroxyamino acids, particularly serine
(-20%7o). Although these properties together with the pres-
ence of 33% proline are in line with the headpieces of
various non-epithelial IF proteins such as desmin, vimentin,
GFA, NF-L and NF-M (Geisler and Weber, 1982, 1983;
Geisler et al., 1983a, 1983b, 1984; Quax et al., 1983), the high
content of glycine (1807o) and particularly alanine (17%)
distinguishes NF-H from these proteins. A full amino acid se-
quence of this fragment is not yet available but partial data
on tryptic peptides are summarized in Table II. These account
for -80%7o of the sequence if the fragment contains -80
residues. The partial sequence data also emphasize the wealth
of serine, glycine and alanine residues indicative of a non-a-
helical conformation. Currently we do not know how far the
headpiece array extends beyond fragment h. However, the
presence of at least two aspartic acid residues in peptide T5
(Table II) suggests that this peptide might be close to the car-
boxyl end of the NF-H headpiece, if comparison with other
sequences of non-epithelial IF proteins is made (for references
see above).

-.Mgmii-



Neurofilament architecture

Coil lb

F E Q Y I N N
F E G Y I E T
Y F R T I E E
Y F K T I E D
Y E E E L R E
Y E E E M R E
Y Q A E L R E
Y D Q E R E

* S

GERGRL
ADS GR L
SE NS R L
VDNANV
GQ R AR V
NDKARV
ANSAR L
HEKAQV
AARGQL

DS EL
SSEL
V IE I
LLQI
EVER
EVER
EVER
QL DS
R LEO

K V EL OAK AD T L
KSDLEANVEAL
K SN LEA EVES L
RADLEMQ ESL
RI DLERR ESL
RLDLERKVESL
RVDLERKVESL
K V EL D K K VQS L
RVELQKKAQAL

R G M Q D
N H V Q E
D N A K L
D N A R L
D N L L D
D N L A E
D N F A O
D H L E E
E H L L E

TDE IN
OE ID

KEEL L
KEEL A
QEE IA
QEE IA
EEE IQ
QDE VA
QEECG

Coil 2

A E V KA Q Y E
V A E E IR A Q Y D
V L N E TR A Q Y E

L N E M R D Q Y E
A L R D IR A Q Y E
A L R D VR Q Q Y E
A L R E IR T Q Y E
A L K E IR S Q L E
A L R E IR A Q L E

* S

Q V T A G R H G D
K A T V R H G E
N K Q V V S S S E
N R E V A T N S E
T Q A A N K N N D
S E A A N R N N D
T D A A S R N A E
T E S A A K N T D
T E A A (Q, E) N K E
S E A A K V N T D

* S

D L R N T
T LR R T
O LQ C N
L VQ S G
A LR Q A
AL R Q A
L LR Q A
A VR A A
A IR S A
A M

K Q E I A
K E E I N
Q E Ei
K S E I S
K Q E M L
K Q E S N
K H E A N
K D E V S
K E E A

* S

E N R M I
E LN R V I
EL R R T V
E LR R T M
E YR H Q
E YR R Q V
D YR R Q L
E SR R L L
E YR R Q L

QR L R
QR R T
NA LQ
ON L E
OS Y T
OS L T
OA L T
K A K T
QOSK S

SES 0DH K K Q C A N L
A E VE
VE LQ A Q H N L R D S L

E LQ S Q L S M K A S L
CE ID A L K G T N D S L
CE VD A L K G T N E S L
CD LE S L R G T N E S L
LE IE A C X G M N E A L

E LE S V R G T K E S L

Fig. 2. Sequence relationship between NF-H and other IF proteins. Alignment is based on previous arguments (Geisler and Weber, 1982). Since only a

17-kd fragment of NF-H is known, the figure provides only a part of the 'common' ce-helical middle domain (for a full documentation, see for instance

Geisler et al., 1984, and references given there). For primary sequence data see the following references (Geisler et al., 1982a, 1983a; Geisler and Weber,
1982, 1983, 1984; Hanukoglu and Fuchs, 1982, 1983; Lewis et al., 1984; Quax-Jeuken et al., 1983; Quax et al., 1983). Abbreviations are HE1 and HE2,
human epidermal keratins 50 kd and 56 kd, respectively; 8 and 7, sheep wool a-keratins 8c-1 and 7c; D, chicken desmin; V, hamster vimentin; G, murine

GFAP; NF1, NF2 and NF3 are porcine neurofilament proteins NF-L, NF-M and NF-H, respectively. da-Keratin sequences (Crewther et al., 1980; Sparrow
and Inglis, 1980) are arranged as proposed (Geisler et al., 1982, 1983a; for supporting evidence see Dowling et al., 1983; Crewther et al., 1983). Horizontal

lines indicate as yet unestablished sequences. X is an arginine or lysine residue in NF1. The predominantly hydrophobic residues a and d in the consecutive
heptades of the proposed coiled-coils are indicated by dots above the top line. Note that the presentation used here for space saving reasons does not cover

the amino-terminal 50 residues of the domain (coil Ia followed by a non-cl-helical region) and the carboxy-terminal 70 residues of coil II (Geisler and

Weber, 1982). Bold letters indicate identical residues among the different members of each of the three prototype sequences: i.e., non-epithelial IF proteins,
keratins I and keratins II (Hanukoglu and Fuchs, 1983; Weber and Geisler, 1984). Deletions (dashes) allow for better alignment in the short non-as-helical

spacer between coil lb and II. Here a horizontal line indicates a short stretch of 12 residues for which the sequence of NF-H remains undetermined (see
text). Additionally, in the NF-H sequence, the two underlined glutamine residues 131 and 132 have not been identified unambiguously using the gas phase
sequenator.

Amino acid sequence ofa 17-K CNBrfragment covering half
of the coiled-coil array in non-epithelial IF proteins
Since cysteine cleavage leads to blocked amino termini
(Jacobsen et al., 1973) a different approach was taken to ob-
tain partial sequence information on the remaining regions of
NF-H. Cleavage of NF-H with CNBr provided a complex
pattern of fragments when analyzed by gel electrophoresis. In
addition to several bands in the low mol. wt. region ( 10 K)
there were two large mol. wt. bands (see below) and a pro-
nounced fragment at 17 K. Amino acid composition indi-
cated that the latter fragment could cover a highly cr-helical
region, whereas the large fragments (Table I) were clearly

related to a non-at-helical region (see below). We have there-
fore developed the amino acid sequence of the 17-K fragment
using enzymatic cleavage with trypsin, thermolysin and pro-
tease V8. Peptides were separated by two-dimensional paper
fingerprints and h.p.l.c. They were analyzed by amino acid
composition and stepwise Edman degradation. The combin-
ed results allow us to propose the amino acid sequence given
in Figure 2. This proposal is supported by two automatic
sequenator runs covering residues 2-23 and residues 119 -

137, respectively. The sole region of the 17 K fragment which

remains unsolved corresponds to the residues tentatively
given as 86- 97. The peptides corresponding to these residues

59

HE2 7
7 134
8 105
HE, 102
D 146
V 148
G 86
NF2 150
NF3

HE2 58
7 185
8 156
HE, 153
D 197
V 199
G 137
NF2 201
NF3

LRRQL
L RR E A
LQQK I
LRNKI
L RRQV
L RRQV
LR L R L
LRATL
MRGAV

D V D A A
D V D C A

L D E L
V L D E L
D V D A A
D V D N A
E A D E A
D E E A
F A Q E A

DS IV
E CV E
L CA K
L TAT
DA L T
DQ L T
DOLT
ELVN
L R LG

Y M N
Y V R
T L C
T L A
T L A
S L A
T L A
S L V
E A A

N E F V T
N E FV A
S D IN S
A D I N G
N N LA A
S T LQ S
N N LA A
A A R A
A AA R A

L KK
L KK
L RR
L RR
FRA
F RQ
Y RQ
L RK
L AR

LV ED F
V L EGY
AS DD F
A ADD F
N LOQK L
D MR L
D LGT L
DI HRL
DI AHV

S

F L R A
F L R R
C L K Q
Y L K K
F L K K
F L K K
F L R K
F L R S
Y L R R

KN K YED
KKKYEE
R TK YES
RTKYET
KQRLQE
RE K LQE
RQK LQD
KERFEE
RQR L DD

L Y D A E L
L Y E E E
N H E E E V
N H E E E M
V H E E E
L H D E E

Y E E E V
N H E E E V
H H O E E-

ElINKR
EVALR
ERSLR
ELNLR
ElIOLK
EMLOR
ET N L R
EARLR
EARQR

S Q M Q T
R V L Q A
N T L R S
N A L R G
R E L Q A
Q E L Q A
R D L R E
A D L L A

T AA E
A TA E
OLVE
MS VE
OE A E
EEAE
L EAE
DDT E
QE A E

HI S D
NI S D
Q L G D
Q V G G
Q LQ E
Q IQ E
Q LA O

Q IQ A

HE2 109
7 236
8 207
HE, 204
D 248
V 250
G 188
NF2 252
NF3

T S VV
T S V
- R LN
- D VN
O H O
Q H V Q
Q Q VH
S H IT

A Q

LS - M D
VS K M D
V- E V D
V- E M D
V- E M D
I- D V D
V- E M D
V E R K D
A E A R D

D - S
N M D C
N - - - R
S - - - R
T - - - A
T - - - A
T - - - A
S - - - S
T - - - S

NNR-
NSR-
AA - P
AA - P
SKP

VS KP
VAKP
Y L K-
AL K-

N L D L
- - D L
T V D L
G V D L
- - D L
- - D L
- - D L
- T D
- C D V

* 0

E I A Q R S
D I A S R S
A L V E T N
K M A E K N
S A A K N
S V A A K N
A V A T S N
C H S D Q N
G H A V Q S

RAEAES
RAEAES
RRDV EE
R K DA E E
AEAEE

LQEAEE
MQE TEE
MAQAEE
T LQQEE

HE2 148
7 277
8 245
HE, 242
D 286
V 288
G 226
NF, 275
NF2 291
NF3

W Y Q T
W Y RS
WY R
W FT
WY KS
WY KS
WY R S
W F KS
W F KC
W F R V

KY EEL
KCEE
Q TEEL
K TEEL
KVSDL
K FADL
K FADL
R FTV L
RYA K L
RLDRL



HEAD-

D _*
NF-L #

i.. - ROD _;TAIL_
A:~

I I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-wh~~~ P

All -
4pI w

--TAIL B-

~III
I1
wia,fu- lb ~ 11Ch-TII-C

Si S2 7CNBrI--+.CNBrlIl-
-+-CNBr IN

Fig. 3. Schematic representation of neurofilament proteins NF-L, NF-M
and NF-H in comparison with muscle desmin (D). The common rod is
divided by spacer 1 (Si) and spacer 2 (S2) into helices Ia, lb and II (for
details see Geisler and Weber, 1982). It is flanked at the amino-terminal
side by the non-a-helical headpiece and at the carboxy-terminal side by the
tailpiece and its extension. Tail part A is common to all non-epithelial IF
proteins but has not yet been demonstrated for NF-H (see text). Part B,
the extension, is specific for the neurofilament proteins (Geisler et al.,
1983a, 1984, and text). It increases in size from NF-L to NF-H. The Ch-
tail of NF-H can be isolated by chymotryptic digestion of native NF-H
(Geisler et al., 1983a) and yields two CNBr fragments: CNBr I and CNBr
II. Cleavage of intact NF-H by CNBr provides CNBr II and CNBr I*. The
latter fragment exceeds CNBr I probably by only a few residues situated at
the amino-terminal side. The mol. wts. of CNBr I and CNBr II are
uncertain (see text). P in CNBr I indicate that this peptide contains many

phosphoserine residues. The filled out stretches indicate regions of known
amino acid sequence (Geisler and Weber, 1982; Geisler et al., 1983a, 1984,
and this paper). The sequence of the NF-H headpiece is only partially
known (Table II).

could not be obtained in sufficient purity and amount to
allow sequence determination (see below).

Inspection of the sequence shows that it approximately
covers the middle region of the structurally preserved coiled-
coil domain of 310 residues found in all IF proteins (Geisler
and Weber, 1982). It can be directly aligned with the chicken
desmin sequence if start and stop correspond to desmin resi-
dues 153 and 305, respectively (Figure 2). Thus, the 17-K
fragment covers, in the general scheme of the rod domain,
nearly the entire coil b, spacer 2 and the amino-terminal part
of coil 2 (Figures 2,3). In the a-helical regions involved in
coiled-coil formation (Geisler and Weber, 1982) the 17-K
fragment of NF-H reveals the typical heptade repeat pattern
with a and d positions being primarily hydrophobic in nature
(see also Discussion). As expected from the coiled-coil form-
ing ability, addition or deletion of even a single residue is not
detected in these arrays. The as yet undocumented rather
short array of residues 86-97 corresponds to the amino-
terminal region of the non-oa-helical spacer 2 and is in a region
which in previous studies on other IF proteins has also posed
some difficulties. The tentative estimate of - 12 residues for
this gap is based on amino acid compositional data. Any
small deviation from this number, if it were to be found in
future studies, does not interfere with the major conclusions
drawn so far. The 17-K fragment covers about half of the
conserved coiled-coil array characteristic of IF proteins, it
reveals the non-epithelial type sequence (see Discussion), and
can be aligned with other IF sequences without difficulty.
Characterization of a long non-ae-helical extension present at
the carboxyl end ofNF-H
When NF-H is cleaved by CNBr, two large fragments of ap-
parent mol. wt. 110 kd (1*) and 45 kd (II) show an amino
acid composition highly related to that of the non-oa-helical
tailpiece extension (Ch-tail) obtained by mild chymotryptic
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digestion of NF-H (Geisler et al., 1983a; Table I, Figure 3).
Furthermore, when the isolated Ch-tail is cleaved by CNBr,
again two fragments are obtained - CNBr I and CNBr II
(Figure 3). These are very similar, if not identical, in apparent
mol. wt. and amino acid composition, with the corresponding
CNBr fragments derived from the whole protein (Table I).
Their low content of large hydrophobic amino acids and
arginine is in line with their derivation from regions outside
the coiled-coil array (Table I). These fragments reveal a
wealth of alanine (15%7o), proline (1407o) and particularly
lysine (250/o) and glutamic acid (25 0o) in standard acid hy-
drolysis. Enzymatic hydrolysis performed on fragments I*
and II show that 95%Wo and 85%7o, respectively, of the glutamic
acid value is indeed the acid rather than the amide. In spite of
a generally similar composition, CNBr fragments I* and II
differ distinctly in the following points. First, fragment II
seems to lack, or contain only trace amounts of, the following
common amino acids: isoleucine, leucine and arginine,
whereas fragment I* shows noticeable but very small amounts
of these residues. In addition I* has a slightly higher content
of serine and a lower content of aspartic acid and threonine
than II. Second, in spite of its high glutamic acid content,
fragment II, probably because of the wealth of lysine
residues, does not bind to DEAE-cellulose. This is not the
case for fragment I*. The anionic character of fragment I*
seems to arise from the presence of many serine phosphates
noticeably absent in fragment II (see Table II). Approximate
estimates indicate values of - 50 mol of serine phosphate per
apparent mol. wt. of 110 kd for CNBr I* (see, however,
Discussion).
The relative order of the tail fragments CNBr I and CNBr

II could be determined by matching the amino-terminal
sequences obtained for CNBr I with the corresponding se-
quence obtained for the chymotryptic Ch-tail (Table II).
CNBr I is therefore the amino-terminal fragment whereas
CNBr II covers the carboxy-terminal array of the Ch-tail
domain. The amino-terminal sequences obtained for CNBr I
and CNBr II are in line with the prediction made from the
compositional data, i.e., they reveal a wealth of lysine and
glutamic acid residues.

Discussion
The amino acid sequence and compositional data developed
here identify the largest mammalian neurofilament compon-
ent as a hybrid molecule. NF-H carries, in its amino-terminal
region, the sequence information currently thought to ident-
ify a non-epithelial IF protein. The extra mass of NF-H arises
from a large non-ca-helical extension most likely situated at
the carboxyl end. These results on NF-H, together with a
detailed sequence characterization of NF-M (Geisler et al.,
1984), fully confirm our previous hypothesis that the large
mol. wt. neurofilament proteins are IF proteins in their own
right co-polymerized in the filament with the major compon-
ent NF-L, which has a much lower mol. wt. (Geisler et al.,
1983a). This interaction most likely occurs via the extended
coiled-coil forming arrays thought to cover most of the con-
served middle region of 310 residues found so far in all IF
proteins. In addition, our results allow a better understanding
of the carboxy-terminal extension of NF-H which, from
immuno-electron microscopical studies, seems the prime can-
didate for the thin cross-bridge structure connecting neigh-
bouring neurofilaments of axons and neurites in well preserv-
ed specimens analyzed by electron microscopy (Willard and
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Simon, 1981; Sharp et al., 1982; Geisler et al., 1981a; Weber
et al., 1983; Hirokawa et al., 1984).
Mammalian neurofilament proteins have apparent mol.

wts. of -200 K (NF-H), 160 K (NF-M) and 68 K (NF-L)
when analyzed by SDS-gel electrophoresis (Geisler and
Weber, 1981a; Liem and Hutchinson, 1982; Julien and
Mushynski, 1982, 1983; Chin et al., 1983). However, recent
studies using gel filtration and sedimentation equilibrium cen-
trifugation in 6 M guanidine-HCl point to lower values, i.e.,
110- 140 K, 107 K and 62 K and indicate that the aberrant
behaviour in gel electrophoresis stems from the unusual tail-
piece extensions (Kaufmann et al., 1984). Although the ex-
tended sequence data on NF-L (Geisler et al., 1983a) support
this prediction, a firm conclusion as to the actual mol. wts. of
NF-M and NF-H will require more chemical data. Neverthe-
less, they are very large molecules and the determination of
the full amino acid sequences by protein chemistry alone is
still a formidable task. Over the last 3 years we have devel-
oped the full amino acid sequence of chicken desmin and
characterized porcine desmin, porcine vimentin and porcine
glial fibrillary acidic protein (GFA) to 380/o, 59/o and 5007o,
respectively (Geisler and Weber, 1981 b, 1982, 1983; Geisler et
al., 1982b, 1983b). This approach yielded a detailed descrip-
tion of the topographical organization of IF proteins in
general (Geisler and Weber, 1982; see also Hanukoglu and
Fuchs, 1982) and non-epithelial IF proteins in particular. The
conclusions were confirmed when DNA technology provided
a complete and a nearly complete sequence for hamster vi-
mentin and murine GFA, respectively (Quax et al., 1983;
Lewis et al., 1984). Neurofilament data have so far only been
developed by protein sequence. Given the presence of three
large polypeptides, we have been more concerned with gen-
eral structural principles than with complete sequences. Thus
NF-L and NF-M are known only to 65 and 5207o, respectively.
Currently missing are the amino-terminal part of the rod
domain of NF-L (Geisler et al., 1983a) and nearly the entire
carboxy-terminal tailpiece extension of NF-M (Geisler et al.,
1984) (Figure 3). In the case of NF-H, sequence data are less
advanced, but given the established general framework they
are sufficient to prove the predicted hybrid character of a
non-epithelial IF protein domain followed by a very large
non-as-helical extension. Thus we have characterized a 9-
10 K non-oa-helical headpiece unambiguously spanning the
amino-terminal region of NF-H. Although its high content of
alanine is unusual, its wealth of hyroxyamino acids together
with the presence of several arginine and proline residues
points to the features of the variable headpieces found in non-
epithelial IF proteins (reviewed in Geisler and Weber, 1983).
Previous proteolytic studies using chymotrypsin on NF-H
allowed the isolation of a highly a-helical 40-K fragment
which was assumed to span the rod domain documented in
other IF proteins (Geisler et al., 1983a). This proposal is now
directly verified by the amino acid sequence of a 17-K frag-
ment obtained by CNBr cleavage. It reveals extensive al-
helical arrays with the characteristic heptade repeat pattern
indicative of coiled-coil forming ability. As expected the
sequence can be aligned unambiguously with the middle part
of the rod domain of other IF proteins (Figure 2). That the
conserved rod domain will also be -35 K (i.e., 310 residues)
for NF-H is predicted by the isolation of the a!-helical 40-K
fragment and its reactivity with a general monoclonal anti-
body to IF proteins whose epitope lies in the consensus type
sequence at the carboxyl end of the presumptive coiled-coil
array (Geisler et al., 1983a).

We have also analyzed the carboxy-terminal extension of
NF-H by amino acid compositional data and limited amino-
terminal amino acid sequence determination of its fragments.
This domain is characterized by a wealth of glutamic acid and
lysine residues (-25%o each) and has a high content of pro-
line (120o) and alanine (15 07). The Ch-tail domain, isolated
after chymotryptic digestion of native NF-H, can be split with
CNBr into two fragments of apparent mol. wt. 110 K (CNBr
I) and 45 K (CNBr II). CNBr I could be placed at the amino-
terminal end and CNBr II at the carboxy-terminal end of the
tail domain. The peptides appear to be rather difficult to
sequence on the automatic sequencer because of a rapidly ris-
ing background of glutamic acid and lysine. However, the
amino-terminal sequences obtained for the two fragments
appear rather similar, except for some minor variations con-
cerning the content of hydrophobic amino acids. They dis-
play the meanwhile well known sequence type of NF tailpiece
extensions (Geisler et al., 1983a, 1984). One observation
shows that this array in NF-H seems to have subdomains.
The amino-terminal fragment CNBr I contains a high
amount of phosphoserine (-5 mol07o), while the following
CNBr II fragment has very little if any phosphate. However,
we cannot give an absolute number of moles of phospho-
serines per mole of NF-H for the following reasons. First, we
do not know the true mol. wt. of CNBr I (see above). Second,
CNBr cleavage performed for prolonged time at room tem-
perature may lead to some loss of phosphate. Third, the
method used by us to detect phosphorylation is not very
accurate. These limitations do not detract from the con-
clusion that the phosphate substitutions are not evenly dis-
tributed through the tailpiece extension but rather are re-
stricted to the amino-terminal region. This finding supports
the gel electrophoretic results of Julien and Mushynski
(1983), who concluded from V8 protease digests that the
majority of serine phosphates is located in a fragment of
40 kd observed by gel electrophoresis. Currently it is not
known if the phosphate substitution carries any functional
importance, but its restriction to the amino-terminal region of
the tailpiece extension indicates the presence of subdomains.
So far the sequences available for the tail domains of the
three triplet proteins appear similar although a true homology
has not yet been detected. This raises the question of whether
the cross-bridging function between neighbouring filaments is
performed exclusively by the tailpiece extension of NF-H as

suggested by immunoelectron microscopy (Willard and
Simon, 1981; Sharp et al., 1982; Debus et al., 1982; Hiro-
kawa et al., 1984), or if the related domains of NF-L and NF-
M also participate in the structure.
The amino-terminal sequence of the Ch-tail indicates that

the chymotryptic cut has occurred either within the lysine/
glutamic acid-rich sequences or directly prior to them. Thus it
remains unknown whether NF-H displays a short non-ar-
helical tailpiece domain (domain A in Figure 3) which has
been found so far in all non-epithelial IF proteins including
NF-L and NF-M (Geisler et al., 1983a, 1984). This domain of
-30-40 residues is in NF-L similar to the headpiece in the
display of f-sheet and f-turns. In NF-L and NF-M it provides
the connection between the glutamic acid/lysine-rich exten-
sions and the rod domains. So far we have not found the link
between the rod domain and the tailpiece extension in NF-H,
and similarly we lack an overlap between the headpiece and
the rod. The isolated headpiece is, however, unambiguously
located at the amino terminus of NF-H, since it is not labelled
after cleavage with 14C-labelled 2-nitro-5-thiocyanobenzoic
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acid. However, to place the tailpiece extension at the carboxy
terminus we have to argue mainly by analogy with all other
five non-epithelial IF proteins which show this feature in their
sequence data. In addition, CNBr II obtained from total
NF-H seems to lack a carboxy-terminal homoserine as judged
by hydrazinolysis experiments. Thus it is very likely that this
fragment covers the carboxy-terminal region of the whole
molecule (our unpublished observation).

Current concepts of keratin structure dating back to earlier
studies on wool a!-keratins (Crewther and Dowling, 1971)
show that epithelial IF proteins are built as obligatory hetero-
polymers. The documentation of only two prototype rod
sequences indicates that this complementarity most likely
occurs at the level of the double-stranded coiled-coil (see for
instance Crewther et al., 1983; Franke et al., 1983; Hanu-
koglu and Fuchs, 1983; Steven et al., 1983; Quinlan et al.,
1984; Weber and Geisler, 1984). Contrary to this situation,
the highly related non-epithelial IF proteins desmin, vimentin
and GFA form homopolymeric filaments and are able to co-
polymerize in vitro and in situ (reviewed by Geisler and
Weber, 1983). In the case of neurofilaments the situation
seems more complex. Whereas NF-L easily forms long IF in
vitro (Geisler and Weber, 1981a; Liem and Hutchinson, 1982)
a similar ability of NF-M was only recently discovered using
rather restricted experimental conditions (Gardner et al.,
1984). Since such experiments are necessarily based on re-
naturation experiments from urea solution it seems that the
extensive non-a-helical tailpiece extension of NF-M (Geisler
et al., 1984) may have interfered in earlier assembly studies.
Although NF-H provides short curly structures of a smaller
diameter than NF-L and NF-H (Gardner et al., 1984) long IF
have so far not been obtained. Again this in vitro situation
may be influenced by the long tailpiece since current sequence
data seem to allow for a proper self assembly. NF-M and
NF-H both have a non-a-helical headpiece and share, along
the rod domain, 45'7o sequence identity. If allowance for only
the most conservative exchanges (arginine versus lysine;
aspartic versus glutamic acid, and exchange of hydrophobic
residues) is made the sequence homology increases to 6807o.
We note, however, that compared with the other non-epi-
thelial IF proteins, the NF-H rod domain displays a pecu-
liarity. Many large hydrophobic residues such as leucine and
isoleucine occurring in a and d positions of the heptades are
replaced by the less hydrophobic alanine. This raises the
possibility that the coiled-coils formed by NF-H alone may be
less stable. This could also be related to our finding that the
40-K rod domain of NF-H, unlike the rods of NF-L and NF-
M, is rather sensitive to longer exposure to chymotrypsin and
can only be isolated by very short digestion (Geisler et al.,
1983a; Julien and Mushynski, 1983). Thus the difficulty in
obtaining IF from isolated NF-H may lie in the rod structure
itself. Various immuno-histochemical studies indicate that in
situ triplet proteins present in the same neuronal compart-
ment do not segregate into different filaments but rather
show co-polymerization (Willard and Simon, 1981; Sharp et
al., 1982; Shaw and Weber, 1982; Shaw et al., 1981; Hiro-
kawa et al., 1984). Future studies using proteolytically trim-
med molecules may clarify the in vitro assembly properties of
the high mol. wt. neurofilament proteins and also characterize
their interaction patterns with NF-L.

Materials and methods
Neurofilament triplet proteins from porcine spinal cord were isolated and
separated using DEAE-cellulose and gel filtration in the presence of urea
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(Geisler and Weber, 1981a; Geisler et al., 1983a). NF-H was subjected to
chemical cleavage at either cysteine or methionine using 14C-labelled 2-nitro-5-
thiocyanobenzoic acid (Jacobsen et al., 1973; Geisler et al., 1982b) or CNBr,
respectively. Fragments were screened by SDS-polyacrylamide gel electro-
phoresis and when necessary autoradiography was also performed. The 17-K
fragment derived by CNBr cleavage was purified by preparative gel electro-
phoresis. CNBr peptides covering the tail region were obtained either by
cleavage of the whole protein or by cleavage of the Ch-tail, which was isolated
after mild chymotryptic digestion of NF-H (Geisler et al., 1983a) by gel filtra-
tion on Sepharose 6B followed by chromatography on DEAE-cellulose in
8 M urea. These fragments were also purified by preparative SDS-gel electro-
phoresis. Electro-elution, concentration and removal of SDS has been
described (Geisler et al., 1982b). The amino-terminal 10-K fragment derived
by cysteine cleavage was purified by preparative gel electrophoresis and by
chromatography on phosphocellulose. A highly related fragment was also ob-
tained when the mixture of CNBr fragments of NF-H was subjected to CM-
cellulose chromatography in the presence of 6 M urea as described for other
headpiece fragments (Geisler et al., 1983a; Geisler and Weber, 1983).

Individual sequences were determined from tryptic, thermolytic and
V8-protease peptides separated by two-dimensional fingerprint methods by
paper chromatography as well as by h.p.l.c. (for details see Geisler et al.,
1983a). These peptides were characterized by amino acid composition and
stepwise Edman degradation using the modified technique (Chang et al.,
1978). For further details see previous references (Geisler and Weber, 1982;
Geisler et al., 1983a). Using a gas phase sequenator the following regions of
the 17-K fragment were also determined, i.e., residues 2-23 and residues
119- 137. The amino-terminal sequences of the fragments from the tail
region were also obtained using the sequenator. The ratio of glutamic acid
versus glutamine in the tail fragments was determined by amino acid analysis
after enzymatic hydrolysis using pronase, leucine aminopeptidase and pro-
lidase. The presence and the approximate amount of phosphoserine was ob-
tained using hydrolysis in 6 N HCI at 100°C for 2 h. Separation was either by
paper electrophoresis at pH 3.5, or by standard amino acid analysis. Ap-
propriate phosphoserine standards were included to allow quantitation.
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