962

hearts of patients who suffer from coronary diseases3°.
Vitamin D stimulates enzymes like glutamate-transami-
nases that are involved in glutamate metabolism in the
skin3!. Such a possible mechanism in the heart needs
further investigation. Together our data from combined
histochemical and physiological studies indicate that
1,25-D, has direct genomic actions on cardiomyocytes
predominantly in the right atrium that result in changes
of manufacture and secretion of ANF. Other simulta-
neous effects on glutamate turnover, ionic concentra-
tions, and conductivity are likely. Simultaneous coopera-
tive or antagonistic genomic actions of sex and adrenal
steroids % 17749:32:33 5n ANF turnover must be consid-
ered and viewed interactively with those of vitamin D. As
in other tissues, the role of vitamin D — soltriol is likely
to adjust cardiovascular and other vital functions to the
seasonal changes to optimize survival and reproduc-
tion*®,

* To whom all correspondence should be addressed.
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Reevaluation of hydropathy profiles of voltage-gated ionic channels
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Abstract. A reevaluation of the secondary structure of Na, Ca and K channel proteins led to the following results.
Only three segments (S1, S5 and S6) of each repeat are sufficiently hydrophobic to be predicted as transmembrane
helices, if a window of 19 amino acids is used. Some of the S2 and S3 segments show higher hydrophobic values when
calculated with the window of 9 amino acids and can be predicted as short helices. S4 segments are strongly
hydrophilic and cannot be predicted as transmembrane helices. Some of the S2, 83 and S4 segments have an
amphipathic character; however, these helices do not span a membrane. A model is proposed where 12 hydrophobic
transmembrane helices surround 12 shorter helices, forming a hydrophilic pore. In addition, a unique pattern for S4
segments of voltage-gated channel proteins is defined.

Key words. Voltage-gated ionic channels; Na, Ca, K channel proteins; hydropathy profiles; secondary structure;
sequence pattern of segment S4.
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The primary and secondary structures of voltage-gated
1onic channel proteins have been the topic of numerous
studies. The amino acid sequences of several proteins
forming channels for Na, Ca and K ions are now avail-
able (see SWISS-PROT Protein Sequence Database, Re-
lease 14). The current model for the secondary structure
of these channel proteins was predicted on the basis of
hydropathy profiles as calculated by the method of Kyte
and Doolittle!. Six transmembrane helices (S1, S2, S3,
S4, S5 and S6) are assumed to be present within each
repeat, and altogether 24 transmembrane helices in four
repeats are thought to form one ionic channel with a
hydrophilic inner wall®>. Alternative models of voltage-
gated channels have also been proposed, where an even
higher number of helices is predicted > * or, on the other
hand, only a single channel-helix with full functionality is
postulated °.

The interpretation of hydropathy profiles, which led to
the current model with six transmembrane helices in one
repeat, appears not to be straightforward. Lately it has
been shown that the very popular hydrophobicity scale
according to Kyte and Doolittle does not give the best
predictions for the structures of membrane proteins®.
Therefore, we favor another hydrophobicity scale pro-
posed by Engelman et al.” (GES method); this scale is
based on the free energies of transfer of amino acid side
chains in a-helical polypeptides from water to oil. We
applied the GES method for the prediction of helices in
the subunits of the photosynthetic reaction center from
Rhodopseudomonas viridis, and the results obtained were
even better than those reported by Fasman and Gilbert ¢
for other methods.

Hydropathy analysis of segments of voltage-gated ionic channel proteins
using GES and Jdhnig’s methods

Repeat of S1 S2 S3 S4 S5 S6
channel protein
Na (eel)
I H A h A H H
1T h h/A h/A n H H
111 H A h n H H
v H h h A H H
Nal (rat) -
I H n h n H H
II H h/A h n H H
111 H n n n H H
v H h/A H n H H
Na 1l (rat)
I H A h A H H
1T H h/A h n H H
I H A A n H H
v H h/A H A H H
Ca I H h h A H H
II H A h A H H
111 H h h n H H
v h h/A h/A n H H
K I H h h n H H

H, highly hydrophobic segment within window of 19 amino acids, pre-
dicted as transmembrane helix (GES method 7); h, highly hydrophobic
segment within window of 9 amino acids, predicted as short helix (GES
method 7); A, amphipathic helix predicted according to Jihnig’s meth-
0d®?; n, neither H, h nor A.

The amino acid sequences are taken from the following sources: Na
(eel) 4, Na (rat) 12, Na (rat) 112, Ca!®, K 6.
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extracellular

intracellular

Model for one repeat of voltage-gated channel

In addition, membrane-spanning helices could have an
amphipathic character, and this feature should be taken
into account in proposing models of voltage-gated chan-
nel proteins. Jahnig® ® developed a special algorithm for
the calculation of amphipathy profiles, which was suc-
cessfully applied in studies on membrane proteins. These
considerations prompted us to reevaluate the predictions
of the secondary structures of several voltage-gated
channel proteins using hydropathy and amphipathy
analyses.

The results presented in the table indicate that only three
segments (S1, S5 and S6) of each repeat are sufficiently
hydrophobic to be predicted as transmembrane helices, if
the window of 19 amino acids is used. Some of the S2 and
S3 segments show higher hydrophobicity values when
calculated with the window of 9 amino acids instead of 19
and, therefore, can be predicted as short helices. The

_possible occurrence of short helices in channel structures

was discussed by Lodish!®. S4 segments are strongly
hydrophilic in all cases studied here and cannot be pre-
dicted as transmembrane helices according to hydropa-
thy analysis. However, if the analysis were made using
the hydrophobicity scale by Kyte and Doolittle, few S2
and S3 segments could be predicted as transmembrane
helices, but all S4 segments would remain hydrophilic in
accordance with the results of the GES method. The
amphipathy analysis as proposed by Jihnig reveals that
some of the segments S2, S3 and S4 have an amphipathic
character. However, the lengths of the amphipathic do-
mains are insufficient to span a membrane. Our results
lead to the model shown in the figure.

Four repeats are thought to form one ionic channel with
a hydrophilic inner wall. In our model, segment S4 is
located near the pore region and, therefore, its structure
and its function deserve special attention.
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The primary structure of segment S4 includes 4 to 8
positively charged amino acids (arginine, lysine) which
are regularly arranged in the sequence, each at every
third position. This structure is highly- conserved in
voltage-gated channel proteins. However, searching for
such a sequence pattern in the whole protein sequence
database (SWISS-PROT) reveals that it is not character-
istic for channel proteins. The unique pattern for S4
segments of voltage-gated channel proteins, as found ac-
cording to the rules outlined by Bairoch !, is defined as
follows:

R-X-[FILV]-R-[LVAI]-[LVAI]-R-X-X-[RK].

This characteristic pattern of segment S4 consists of 10
amino acids. It contains 4 charged amino acids (arginine,
lysine) and some strongly hydrophobic amino acids be-
tween them. This pattern appears in all the 40 known S4
segments; only one, the potassium channel protein,
DRKI1, has a methionine in position 3 of the pattern.
There is one non-channel protein, cystatine, with such a
pattern (data bank entry: CYTC$SBOVIN).

S4 segments from repeats I and II of Na-II-channel
proteins were the objects of extensive studies involving
the combined use of site-directed mutagenesis and patch-
clamp recordings 2. These investigations provided evi-
dence that the positive charges in S4 segments are in-
volved in the voltage-sensing mechanism for activating of
the channel. We calculated hydrophobicity values, using
the window of 13 amino acids, for the wild-type and for
mutants of segment S4. We have found that the substitu-
tions of amino acids did not lead to significant increases
of hydropathy values. It appears that rearrangements of
the secondary structure are not responsible for the elec-
trophysiological effects observed in this case. Lately
Auld et al. ' observed a dramatic change in the gating
properties of voltage-dependent Na-II-channel protein,
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after replacement of a neutral amino acid (phenylalanine
in place of leucine) in segment S4 of repeat I1. This find-
ing can be explained as being due to. conformational
changes, but only a minor increase of the hydrophobicity
value was found in this case. Thus small conformational
alterations cannot be excluded, and both the charge and
the conformation of S4 segments have to be considered
in attempts to elucidate the voltage-dependent gating
mechanism of channel proteins.
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Some extracellular matrix elements as markers of ‘capillary tunnels’ in hypertrophied rat heart
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Abstract. We studied the distribution of the extracellular matrix proteins fibronectin (FN) and laminin (LM) in the
hypertrophied hearts of spontanéously hypertensive rats (SHR), using an immunofluorescence method with specific
antibodies. The immunohistochemical reaction was positive in the cytoplasm of some hypertrophied cardiomyocytes.
The results showed that FN and LM can be used as markers for tunnels, i.e. intracardiocytic invaginations of the

sarcolemma. The tunnels observed contained capillaries.
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