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A transport double mutant of Neurospora crassa has been isolated that has
only one of the three transport systems capable of L-histidine uptake. The
substrate specificity of the remaining transport system, termed the general
transport system, has been fully characterized with regard to the contributions
to binding of the side chain, the a-amino group, and the carboxylate group. The
positively charged a-amino group is necessary for binding; the negatively
charged carboxylate group is of less importance, since its replacement by a
neutral carbonyl functional group does not completely abolish binding. The
greatest structural latitude for binding was found in the side chain; affinity for
a-amino acids was uniformly high except for L-aspartic and L-glutamic acids,
L-asparagine, and L-proline. Thus, this transport system is "general" with these
restrictions.

Amino acid uptake in Neurospora crassa has
been shown to be a result of active transport by
five systems (6, 10-14, 17). Previous investiga-
tors (5, 8, 9, 22) have shown that L-histidine
uptake in N. crassa is mediated by three
transport systems: the neutral, which trans-
ports neutral a-amino acids such as L-trypto-
phan and L-leucine; the basic, which transports
L-lysine and L-arginine; and the general, which
transports a-amino acids with a variety of side
chains. Significant histidine uptake by the
basic and neutral systems occurs only at mil-
limolar concentrations of histidine, whereas the
general permease operates at micromolar con-
centrations of histidine (8). Histidine, which
has a pKa of 6 for protonation of the imidazole
ring, is uniquely suited for study of each of the
transport systems, with the exception of the
acidic (12) and the methionine (13) systems,
which do not transport histidine.
The amino acid transport systems of Neuro-

spora have been studied by kinetic analyses and
by isolation of mutants with one of the trans-
port systems altered or missing. Mutants lack-
ing the neutral transport system have been de-
scribed by Stadler (17), Wolfinbarger and De-
Busk (21), and Magill et al. (8); Roess and
DeBusk (14), Thwaites and Pendyala (18),
Wolfinbarger and DeBusk (21), and Magill et

al. (8) have characterized mutants lacking the
basic transport system. Wiley and Matchett
(20) studied the uptake of L-tryptophan by the
neutral system showing inhibition of uptake
only by those amino acids having neutral side
chains. Pall (10) has defined the general per-
mease by its ability to transport a wide range of
natural amino acids with neutral, positively
charged, and negatively charged side chains.
Because of the complexity of studying trans-
port in organisms possessing multiple transport
systems for a given compound (even in the
mutants described above), mutants were
sought that lacked all but one of the transport
systems for L-histidine. This paper describes
the isolation of a mutant possessing only the
general transport system for histidine and its
substrate specificity. The mutant strain was
compared to the strain his-3. which has neu-
tral, basic, and general transport systems capa-
ble of transporting L-histidine.

MATERIALS AND METHODS
Chemicals. L-Amino acids were purchased from

Nutritional Biochemicals Corp. ,B-2-Thienylalanine,
L-1-methylhistidine, imidazole, 4-hydroxymeth-
ylimidazole, thiazolyl-DL-alanine, D-histidine, L-
histidine hydroxamate, L-histidylglycine, histamine,
histidinol, dihydrourocanic acid, glycyl-L-histidine,
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urocanic acid, and ,-alanine were the products of
Sigma Chemical Co. The N-chloroacetyl amino
acids, from Mann BioResearch Inc., were prepared
free from the contaminating amino acid by passing
aqueous solutions of the derivatives through a
column of SE-Sephadex A-50, acid form, and ly-
ophilizing the eluent. N-acetyl-L-histidine (1), L-histi-
dine amide (7), L-histidine methyl ester (4), ,B-
2-thienylalanine methyl ester (4), L-leucine chloro-
methyl ketone (2), and L-lysine chloromethyl ketone
(15) were prepared as described in the references
indicated.

Strains. The strains of N. crassa used were either
the histidine auxotroph his-3 (K57) obtained from D.
G. Catcheside with normal amino acid transport or
the transport double mutant his-3, neua, basa. The
latter strain was isolated from a cross of his-3, basa by
his-3, neua, which lack the basic and neutral amino
acid transport systems, respectively (8). The trans-
port double mutant progeny were selected by their
inability to grow on L-histidine-supplemented Vo-
gel's (19) minimal medium (10 mg/100 ml) to which
either L-arginine or L-methionine (50 mg/100 ml) was
added. L-Arginine competitively inhibits L-histidine
uptake by the general and basic permeases, and
excess methionine prevents histidine uptake by the
general and neutral amino acid transport systems.
Methods. Details concerning the media used and

measurement of the accumulation of "4C-L-histidine
by germinated conidia have been previously de-
scribed (8). Briefly, conidia were germinated for 5 h
in the presence of histidine and were transferred to
minimal medium for 2 h before kinetic assays were
made. In all cases, the pH of the medium was 5.9.
The amount of '4C-L-histidine (4 ;iCi/hmol) ac-
cumulated in 3 min by 8 x 106 conidia in a 4-ml
suspension was determined by collecting the conidia
on a membrane filter, washing, drying with a heat
lamp, and counting with a Beckman liquid scintilla-
tion counter with Omnifluor (New England Nuclear
Corp.) as the scintillator.

RESULTS
The absence of the neutral and basic trans-

port systems in the his-3, neUa, basa double mu-
tant strain was verified by measuring histidine
accumulation in the presence and absence of
other amino acids. Histidine uptake in
his-3, neua, basa was inhibited to essentially
the same extent by a basic (arginine) or a
neutral (methionine) amino acid as by a com-
bination of the two (Fig. 1B), whereas the his-3
strain with normal transport alleles ac-
cumulated a significant concentration of histi-
dine when only one of the two inhibitor amino
acids was present (Fig. 1A).
The specificity of the general transport

system was determined by inhibition of the
uptake of 4 ,uM '4C-L-histidine at several con-
centrations of selected L-a-amino acids, D-his-
tidine, histidine analogues, ,-alanine, car-
boxyl-modified amino acids. N-acyl amino
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FIG. 1. Initial velocity of histidine uptake by ger-
minated conidia in the presence and absence of
inhibitors. Velocity (V) is measured as counts/
minute accumulated in 5 min by 8 x 10" conidia in a
4-ml suspension. (x) Histidine only (specific acitiv-
ity was 0.5 gCi/mol); (A) histidine + 0.02 M
arginine; (0) histidine + 0.02 M methionine; (0)
histidine + 0.02M arginine + 0.02M methionine. A,
his-3; B, his-3, neua, basa.

acids, and simple derivatives of imidazole
(Table 1). At this concentration, very little his-
tidine uptake by the neutral or basic permeases
was expected. This was confirmed by com-
paring uptake in the his-3 strain to that in the
his-3, neua, basa strain. No consistent differ-
ences were found for the two strains. indicating
that only the general permease is being mea-
sured under these conditions in his-3 as well as
his-3, basa, neua. As the results for both strains
were similar, they will be discussed together.

All a-amino acids with free amino and car-
boxyl groups were good inhibitors except L-
aspartic acid, L-asparagine, and L-glutamic
acid, which gave strong inhibition only at
concentrations 100 to 1,000 times the concen-
tration of "'C-L-histidine. L-Proline gave essen-
tially no inhibition at all concentrations stud-
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TABLE 1. Percent inhibition of the uptake of 4 UM L-histidine

his-3 his-3, neua, bas*
Inhibitor 2 1 3 4 5 6 12 3 1 4 5 1 6

L-Lysine ................................
L-Leucine ..............................
L-Valine ................................
Glycine.
L-Tyrosine ..............................
L-Serine ................................
L-Cysteine ..............................
,8-2-Thienylalanine ......................
L-1-Methylhistidine .....................
DL-Thiazolylalanine .....................

L-Aspartic acid .........................
L-Asparagine ...........................
L-Glutamic acid .........................
D-Histidine .............................
,6-Alanine.

L-Histidine amide .......................
L-Histidine methyl ester .................
L-Histidine hydroxamate ................
L-Histidylglycine ........................
Histamine ..............................
,B-2-Thienylalanine methyl ester.
L-Leucine chloromethyl ketone ...........
L-Lysine chloromethyl ketone ............

N-acetyl histidine .......................
N-chloroacetyl glycine ...................
N-chloroacetyl L-leucine ................
N-chloroacetyl L-valine .................
N-chloroacetyl L-tyrosine ...............
Urocanic acid ...........................
Dihydrourocanic acid ...................
Glycyl-L-histidine .......................

Histidinol ..............................
Imidazole ..............................
4-Hydroxymethylimidazole .............

L-Proline.

* Molar concentration of inhibitor (-log).

ied. ,B-Alanine was about as effective as the
acidic amino acids, which were moderate in-
hibitors. These results indicate a broad speci-
ficity for all side chains other than those of the
acidic a-amino acids and their derivatives and
the secondary a-amino acid, L-proline.

Results of modification of the amino or

carboxyl groups were interesting. All N-acyl
derivatives of a-amino acids were poor inhibi-
tors, giving little inhibition even at the highest
concentrations used. Complete removal of the
amino group, as in the histidine analogues
urocanic and dihydrourocanic acids, also re-

sulted in poor inhibition.

Conversion of the carboxylate group of histi-
dine and other amino acids to an uncharged
amide or ester resulted in moderate inhibition
that was characteristic of aspartic and glu-
tamic acids, asparagine, and ,B-alanine. Inhibi-
tion by these compounds is markedly better
than the poor inhibition shown by the amino-
modified derivatives discussed above. The ab-
sence of a carbonyl-containing group in histi-
dine analogues such as histidinol and hista-
mine resulted in weak inhibition comparable to
that shown by the amino-modified derivatives.
A substantial modification of the carboxyl
group of histidine, found in L-histidyl-glycine,
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gave an inhibitor comparable to L-histidine
amide, whereas L-histidine hydroxamate, which
is relatively small in size and is negatively
charged like the carboxylate group of histidine,
was no more effective as an inhibitor. Simple
imidazole derivatives lacking both a carboxyl
and an amino group were poor inhibitors.
The apparent affinity constants (K1) for se-

lected inhibitors were determined from Dixon-
type plots (3) with the use of 4, 2.4, and 1.6
JIM "C-L-histidine (Table 2). The constants
were calculated by solving for intersection of
lines fitted to the data by the weighted least
squares method (16; Figure 2). The constants
shown are similar for both strains and indicate
that the general permease is intact in the
transport double mutant his-3, neua, basa.
The magnitude of the constants is in agreement
with the inhibition data summarized in Table
1.

DISCUSSION
Isolation of a mutant lacking the two specific

transport systems yielded a direct method of
studying transport of L-histidine via the gen-
eral system without possible interference due to
the neutral and basic systems. Our results
showed that the general systems in his-3 and
his-3, neua, basa behaved essentially the same
with regard to inhibition by a wide variety of
a-amino acids, a-amino acid derivatives, and
a-amino acid analogues. The general transport
system was retained intact by the transport
double mutant, a result which indicates that
other transport double mutants retaining ei-
ther the basic or neutral transport systems will
be useful in studying the specificity of these
two systems.

All naturally occurring L-a-amino acids
studied, with normal positively charged amino
and negatively charged carboxylate groups,

TABLE 2. Apparent affinity constants (K1) for the
general transport system

K, (pM)
Inhibitor

his-3 his-3, neua,
basa

L-Leucine .................. 9 5
L-Lysine ................... 8 6
,B-2-Thienylalanine ......... 3 4
L-1-Methylhistidine ........ 7 6
Thiasolyl-DL-alanine ........ 26 -

L-Histidine methyl ester .... 67 54
D-Histidine ................ 200 -

L-Histidine amide .......... 1,400

C,8-2-THIENYLALA NINE] PM

FIG. 2. Inhibition of histidine uptake by ,8-
2-thienylalanine at three concentrations of 14C- L-his-
tidine. Velocity (V) is measured as counts/minute
accumulated in 3 min bv 4 x 106 conidia in a 4-ml
suspension. Symbols: +, 4.0 ,M '4C-L-histidine; A,
2.4 MM 14C- L-histidine; 0, 1.6 AM '4C- L-histidine.

other than L-proline, L-aspartic and L-glutamic
acids, and L-asparagine, are good inhibitors of
histidine transport, in agreement with the
observations of Pall (10). The affinity of f.-
2-thienylalanine, i.-l-methylhistidine, and DL-
thiazolylalanine is comparable to that of the
natural amino acids, indicating a broad speci-
ficity for neutral side chains.
The essentiality of the positively charged

a-amino group in promoting strong binding
was demonstrated by the fact that all N-acyl
a-amino acids, including glycyl-L-histidine,
were poor inhibitors of histidine uptake. The
decreased binding is not due primarily to a
steric effect (the N-acyl substituents are much
bulkier than the free a-amino groups), since
urocanic acid and dihydrourocanic acid, which
are structural analogues of histidine lacking
the a-amino group (they are less bulky than
histidine at the a-position), are also poor in-
hibitors.

Modification of the carboxylate group of
histidine and other a-amino acids resulted in
moderate inhibitors about as effective as the
acidic amino acids, L-asparagine, D-histidine,
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and s-alanine. The apparent affinity constants
for D-histidine and L-histidine methyl ester, for
example, were 200 and 67 uM, respectively,
compared to 9 and 8 ,M for L-leucine and
L-lysine, respectively (Table 2). The carbox-
ylate-modified inhibitors were significantly bet-
ter inhibitors than the amino-modified inhibi-
tors, indicating that binding of the carboxylate
group is not completely dependent on the
negative charge. Complete removal of the car-
bonyl group, as in histamine, resulted in poor
inhibition; thus, the significant binding gener-
ally observed in this group of derivatives is
probably due to the fact that the carbonyl
group can still serve as the acceptor of a
hydrogen bond with a hydrogen bonding donor
in the carboxylate binding site. In support of
this hypothesis is the fact that L-histidine
hydroxamate, which is negatively charged and
not appreciably larger than other carboxylate-
modified inhibitors, is not a better inhibitor.
L-Histidylglycine shows moderate affinity for
the transport system, indicating a rather large
binding site for the carboxylate function, so
that steric interference with binding cannot be
the principal reason for reduced binding in this
group.
The moderate binding of D-histidine may be

a reflection of the apparent greater contribu-
tion to binding by the positively charged a-
amino group and the negatively charged car-
boxylate group relative to the side chain, since
the carboxyl group and the amino group could
occupy the proper binding sites, whereas the
side chain would not be in the proper position
for normal binding in this enantiomer.
Whereas L-leucine and L-lysine show similar

behavior as inhibitors of L-histidine uptake,
L-leucine chloromethyl ketone is a much better
inhibitor than L-lysine chloromethyl ketone.
This may be due to the fact that the lengthy
side chain of L-lysine must fold back on itself
for good binding, placing the positively charged
a- and e-amino groups in close proximity. In
lysine, the positive charge on the e-amino group
can be at least partially neutralized by the
carboxylate group, but folding of the side chain
of the corresponding chloromethyl ketone
places the positive charges of the two amino
groups in close proximity with no significant
stabilization by the neutral ketone carbonyl
group.
Although the general transport system has a

broad specificity for neutral, hydrophilic or
hydrophobic, and for positively charged side
chains, the acidic amino aicds, L-aspartic acid
and L-glutamic acid, are only moderate inhibi-

tors. Pall (10) has suggested that transport of
these amino acids may be due to a high affinity
for the small amount of undissociated acids at
pH 5.9. However, i.-asparagine is also a moder-
ate inhibitor and has an uncharged form of the
side chain carboxyl group. An explanation
consistent with the observations is that the side
chains of aspartic and glutamic acids are folded
so that the carboxylate groups form hydrogen
bonds with the a-amino group. This would
greatly decrease the positive charge on the
a-amino groups of these acidic amino acids,
resulting in the decreased affinity observed,
since it has already been determined that the
positive charge is essential for binding. A
second consideration is that the folded, hydro-
gen-bonded conformations of these amino acids
resemble the structure of L-proline sufficiently
that binding is also reduced. i,-Proline showed
essentially no inhibition at all concentrations
studied, indicating that conformations of other
amino acids similar in structure to this amino
acid would show decreased binding. L-Aspara-
gine can also fold and form a hydrogen bond
with the a-amino group, reducing the positive
charge and adopting an L-proline-like confor-
mation to give the moderate binding observed.
As expected, in view of the above discussion,

imidazole and its derivatives which lack both
the a-amino and a-carboxylate groups are poor
inhibitors (Table 1).
The general permease has high affinity for

primary L-a-amino acids with neutral, hydro-
phobic or hydrophilic, and positively charged
side chains but not for the acidic amino acids or
their derivatives. This generalization also ap-
plies to analogues of natural L-a-amino acids
such as thiazolyl-DL-alanine and ,B-2-thienylal-
anine. The positively charged a-amino group is
essential for binding, whereas the carboxylate
group can be modified to an uncharged amide,
ester, or chloromethyl ketone with only mod-
erate decreases in binding. Absence of the
carbonyl group in any form reduces binding to
that observed by loss of the a-amino group.
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