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We describe here the biochemical characteristics of the hcf44
and hcfd7 (high chlorophyll fluorescence) mutants of maize (Zea
mays L.). Both mutants were sensitive to high light intensities,
exhibiting reduced growth and fluorescence intensity. Electron
transport through the mutants’ photosystem (PS) I and PSII reaction
centers was reduced and NADP™ photoreduction was absent. West-
ern analysis revealed that the hcf44 mutant was missing some or all
of the PsaC, PsaD, and PsaE polypeptides of the PSI reaction center,
and reverse transcriptase-polymerase chain reaction demonstrated
that this loss was the result of a posttranscriptional event. The hcf47
mutant had reduced levels of many PSI and PSII polypeptides. These
data indicate a possible defect in the synthesis or assembly of the
PsaC subunit in the hcf44 mutant, whereas the hcf47 mutant may
have a more general defect in the biogenesis of photosynthetic
membranes. Our results demonstrate the coordinated assembly of
the peripheral proteins into the PSI complexes of higher plants and
demonstrate the in vivo requirement of PsaC, PsaD, and PsaE sub-
units for the function of PSI in higher plants.

Oxygenic photosynthesis involves the harvesting of light
energy and its conversion into chemical energy within the
thylakoid membranes of chloroplasts and in cyanobacteria.
Photosynthetic electron transport utilizes four membrane
complexes: PSII, Cyt b /f, PSI, and ATP synthase. Electrons
from the light-driven oxidation of water within PSII are
transferred to PSI through the Cyt b./f complex and two
soluble electron carriers, plastoquinone and plastocyanin.
PSI functions as a plastocyanin-Fd oxidoreductase that
generates reducing power and NADPH. Photosynthetic
electron transport produces a proton gradient across the
thylakoid membrane that is used to drive the production of
ATP via ATP synthase.

Photosynthetic mutants of cyanobacteria and green algae
have been used extensively to study the biogenesis and
function of photosynthetic complexes (Pakrasi, 1995; Chit-
nis, 1998; Hippler et al., 1998; Sun et al., 1998). The study of
photosynthetic mutants in plants has been limited, since
many defects in photosynthesis are lethal. One class of
mutants in maize (Zea mays L.), hcf (high chlorophyll fluo-
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rescence), has been useful in providing clues about the
organization, function, and biogenesis of specific mem-
brane complexes within the thylakoid membranes of
higher plants. These seedling-lethal mutants are defective
in electron flow through the photosynthetic complexes.
Any limitations in photosynthetic electron transport result
in the increased loss of absorbed light through fluores-
cence. The first hcf mutants were isolated in 1972 (Miles
and Daniel, 1974), and over 100 mutants have been isolated
since then (Miles, 1994).

Many hcf mutants of maize contain lesions that affect PSI
activity, providing an opportunity to study PSI assembly
and function in a eukaryotic photosynthetic organism. The
hcf43, hcf49, hef104, and hef122 mutants exhibit a general loss
of the PsaA-PsaB core subunits in addition to other PSI
subunits (Barkan et al., 1986; Miles, 1994). The hcf50 mutant
affects the PSI complex most severely. This mutant has lost
the PSI core complex entirely, but this does not affect the
other photosystem components (Miles, 1994; M.]. Hitchler,
D.A. Heck, and P.R. Chitnis, unpublished observations). The
hcf38 mutant has a reduction in the PsaA-PsaB core subunits,
which is accompanied by a decrease in the amount of PsaA-
PsaB mRNA. Also, other chloroplast mRNAs are reduced in
amount or absent, suggesting a lesion in a nuclear gene that
regulates chloroplast mRNA processing (Barkan et al., 1986).
In contrast to the other hcf mutants, hcfl01 has a 5-fold
increase in the rate of PSI electron transport, suggesting a
loss of regulatory control of electron transport from plasto-
cyanin to the P700 reaction center (Miles, 1994).

The hcf44 and hcf47 mutants represent two nuclear mu-
tations that have been mapped to chromosomes 1 and 10,
respectively (Miles et al., 1985). These mutants have been
identified previously as having a photosynthetic block be-
yond the PSII reaction center, possibly within the PSI re-
action center for the hcf44 mutant and within the Cyt b,/f
complex for the hcf47 mutant (Miles, 1994; Neuffer et al.,
1997). We report here the detailed characterization of the
maize hcf44 and hcf47 mutants. The hcf44 mutant may be
defective in the stable assembly of the PsaC subunit into
the PSI core complex, whereas the hcf47 mutant may have a
more general defect within the photosynthetic membranes.

MATERIALS AND METHODS

Maize Stocks and Other Materials

A series of ethyl-methanesulfonate-induced mutants
were generated by M.G. Neuffer (University of Missouri,

Abbreviation: RT, reverse transcriptase.
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Columbia) and screened for hcf mutants (Miles and Daniel,
1974). Rabbit-derived antibodies for PsaA-PsaB were ob-
tained previously (Sun et al., 1998). Additional antibodies
were generous gifts of John Golbeck (Pennsylvania State
University, University Park) (PsaC, PsaD, and PsaE), Elena
Zak and Himadri Pakrasi (Washington University, St.
Louis) (BtpA and D1-D2), Bridgette Barry and Charles
Youcum (University of Minnesota, St. Paul) (PsbO), and
James Guikema (Kansas State University, Manhattan)
(LHCI). The antibodies derived for the core complex sub-
units in PSI recognize both PsaA and PsaB, and the anti-
bodies derived for the core complex subunits in PSII rec-
ognize both D1 and D2.

Isolation of Photosynthetic Membranes

Maize (Zea mays L.) seedlings were grown under
medium-intensity light (approximately 200 pmol m > s~ )
with 16-h days unless otherwise noted. Seedling leaves
(approximately 1 g) were harvested and disrupted with a
pestle and mortar in STN buffer (0.8 m Suc, 10 mm NaCl, 20
mwm Tricine, 5 mm MgCl,, and 1 mg BSA L™"). Disrupted
tissue was then passed through four layers of Miracloth
(Calbiochem), centrifuged at 200g to remove additional
cellular debris, and then centrifuged at 25,000¢ for 25 min
to obtain a crude membrane pellet. The membrane pellet
was then resuspended in STN buffer without BSA and
stored at —20°C until used. The total membrane chloro-
phyll concentration and chlorophyll a/b ratio were deter-
mined in 80% (v/v) acetone by the method described in
Hipkins and Baker (1986).

Fluorescence Induction Measurements

Wild-type and mutant seedlings were grown under
high-intensity (335 pmol m™? s~ '), medium-intensity (180
pmol m~2 s~ 1), or low-intensity (8.75 pumol m ™~ s ') light.
Fluorescence induction was measured using a kinetic fluo-
rescence CCD camera (Photon Systems Instruments, Brno,
Czech Republic) that uses far-red (735 nm) LEDs to gener-
ate approximately 400 umol m™2 s ' of light. Measure-
ments were taken using the first leaf upon emergence and
the second leaf thereafter; fluorescence was measured as
the average of the whole leaf. Fluorescence was not signif-
icantly different when measured from different leaves of
the same plant at the same stage of development (data not
shown). Fluorescence data were gathered every 2 or 3 d
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from the point of emergence through the four- or five-leaf
stage or until seedling death in the case of mutant plants.

Measurement of Photosynthetic Electron Transport

Rates of oxygen evolution or uptake were determined
with an oxygen electrode (Hansatech, King’s Lynn, UK) at
25°C and a light intensity of 2,430 umol m *s~ ' for oxygen
evolution and at 18,300 umol m 25! for oxygen uptake in
a 1-mL reaction volume. The rate of oxygen evolution by
PSII was determined with membrane homogenate contain-
ing 30 or 60 ug of chlorophyll per sample with 3 mm
K;Fe(CN)y and 40 uM p-phenylenediamine. The rate of
oxygen uptake by PSI according to the Hill reactions
(Trebst, 1972) was determined with 5 or 10 pg of chloro-
phyll per sample in the presence of 50 um DCMU, 2 mm
methyl viologen, 1 mMm 3,6-diaminodurene, and 1 mm
ascorbic acid. These values were then converted to the rate
of oxygen evolution or consumption per milligram of tis-
sue using the total chlorophyll concentration data from
Table I, and expressed as a percent of control. Statistical
significance was determined with a nonpaired, two-tailed
Student’s ¢ test.

Rates of Fd-mediated NADP " photoreduction were mea-
sured as the rate of change in the absorption of NADPH at
340 nm. We found measurements to be consistent when
using Cyt ¢, as an artificial electron donor. Reductase ac-
tivity was determined in a 700-uL volume using membrane
homogenate containing 7 ug of chlorophyll. Reactions
were performed in the presence of 0.8 mm NADP", 5 um
Fd, 0.8 um Fd-NADP" reductase, 2.5 mm Cyt ¢i, 50 mm
Tricine, 10 mm MgCl,, 0.1% (v/v) B-mercaptoethanol, 6
mM sodium ascorbate, and 0.05% (w/v) n-dodecyl
B-maltoside. The rates were determined using a spectro-
photometer (model UV160U, Shimadzu, Columbia, MD)
fitted with a narrow-band interference filter attached to the
surface of the photomultiplier. The sample was illuminated
using high-intensity LEDs (LS1, Hansatech). The light in-
tensity was saturating at the chlorophyll concentrations
used.

Analytical Gel Electrophoresis and Immunodetection

Whole membrane preparations were denatured at 37°C
for 1 h in 40% (w/v) glycerol, 10% (w/v) SDS, 9.3% (w/v)
DTT, and bromphenol blue dye in upper reservoir buffer.
Samples were fractionated by SDS-PAGE using a running

Table 1. Primer pairs used for RT-PCR and optimal annealing temperature

Forward and reverse primers are listed in the 5’ to 3’ direction with their optimal annealing

temperature (T,).

Fragment Forward Primer Reverse Primer Ta

°C
psaC TCATTGTGTACGAGCTTGCC AAGATAGAGCCATGCTGCG 58
psaD TCATTGTGTACGAGCTTGCC AAGATAGAGCCATGCTGCG 60
psak AGTCCTACTGGTACAACGG CGTAGTTGTTGGTCGACAC 51
actin TGGCATTGTCAACAACTGG TCATTAGGTGGTCGGTGAGG 53
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gel containing 14% (w/v) acrylamide and 6 M urea with an
upper reservoir buffer of 1.0 m Tris, 1.0 M Tricine, and 1.0%
(w/v) SDS (pH approximately 8.2) and a lower reservoir
buffer of 2 m Tris (pH 8.9) (Xu et al.,, 1994). For visual
inspection, gels were silver-stained or stained with Coo-
massie Blue. For immunodetection, proteins were electro-
transferred to PVDF membranes (Immobilon-P, Millipore),
and the antibody-antigen interaction was detected by en-
hanced chemiluminescence (Amersham).

RNA Analysis by RT-PCR

Total RNA was isolated using the phenol-SDS method
(Ausubel et al., 1988). Leaf tissue (approximately 200 mg)
was disrupted with a mortar and pestle in liquid nitrogen.
The tissue was then added to a warm emulsion (65°C) of 10
mL of phenol plus 12 mL of extraction buffer (100 mm Tris,
pH 8.0, 50 mm EDTA, pH 8.0, 500 mm NaCl, 10 mm
B-mercaptoethanol, and 0.4% [w/v] SDS). Tissue was
stirred in emulsion for 5 min, after which time 10 mL of
chloroform:isoamylalcohol (24:1) was added and stirred for
another 5 min. The suspension was centrifuged at 12,000¢
for 10 min at room temperature. The aqueous phase was
collected and transferred to a new tube with 10 mL of
chloroform:isoamylalcohol (24:1), mixed, and centrifuged
again at 12,000¢ for 10 min. The aqueous phase was again
taken and adjusted to 2 M ammonium acetate and precip-
itated with 1 volume of isopropanol. RNA was pelleted at
12,000¢ for 15 min and resuspended in RNase-free water.

Total RNA was reverse-transcribed into ¢cDNA using
random hexamer reverse transcription of RNA with a PCR
kit (GeneAmp, Perkin-Elmer). PCR amplification of PsaC,
PsaD, PsaE, and actin target cDNAs using the primer pairs
shown in Table I was optimized for the proper amount of
cDNA template to be added and the number of PCR cycles
to be performed according to the method of Gause and
Adamovicz (1995). PCR amplification of target cDNAs
from wild-type and mutant seedling RNA was then per-
formed within the linear range of product amplification.
PCR products were transferred to nylon membranes by
Southern blotting for hybridizing with **P-labeled probes.
Probe DNA was generated by PCR using primer pairs to
obtain PsaC, PsaD, PsaE, and actin fragments from maize
genomic DNA. Probe DNA was labeled with a random-
primer labeling kit (Decaprime, Ambion, Austin, TX), us-
ing [a-**P]dCTP (ICN).

RESULTS
Leaf Fluorescence of Mutants Is Sustained at Peak Levels

Variable fluorescence is a simple and reliable measure of
photosynthetic activity in maize. Using a kinetic fluores-
cence camera, whole-leaf fluorescence of wild-type and
mutant hicf seedlings was recorded (Fig. 1), and is repre-
sentative of both hcf44 and hcf47 wild-type and mutant
seedlings. Wild-type seedlings exhibit a typical pattern of
fluorescence marked by a fluorescence peak (F,) that is
followed by a slow decline in fluorescence to a semi steady-
state (F,). This slow decline in fluorescence is due to normal
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Figure 1. Fluorescence measurements of hcf44 and hcf47 seedlings.
Wild-type and mutant seedlings were grown under high-intensity
(335 wmol m~2 s7'), medium-intensity (180 pumol m~2 s7'), or
low-intensity (8.75 umol m~2 s™") light conditions and used for
fluorescence induction measurements. The graph qualitatively rep-
resents both hcf44 and hcf47 mutant (top line) and wild-type (bottom
line) seedlings grown under all three light conditions. A quantitative
assessment of peak fluorescence for wild-type and mutant seedlings
grown under high, medium, or low light intensity is presented in
Figure 2.

electron transport on the reducing side of PSI (Miles, 1980).
In contrast, fluorescence is sustained at peak levels in the
mutant seedlings, which is consistent with the notion that
these mutants are unable to perform electron transport
through PSI.

Because photochemical quenching of light energy does
not occur in the mutants, we wanted to measure the effects
of different light intensities on seedling growth and viabil-
ity. We examined the fluorescence of seedlings subjected to
high-intensity (335 pmol m™? s '), medium-intensity (180
pmol m ™2 s~ "), or low-intensity (8.75 umol m™~? s~ ') light
(Fig. 2). Wild-type plants grown under high light had
reduced growth compared with the other wild-type plants
but otherwise appeared normal. Mutant plants grown un-
der high light were pale yellow and dying, whereas the
mutant plants grown under medium and low light were
light green and more vigorous. This pattern of growth was
similar between the two lines, however, the mutant hcf47
plants exhibited a more severe phenotype (data not
shown).

The fluorescence pattern was unchanged for the wild-
type and mutant seedlings under all conditions of light;
however, F, varied for the mutant seedlings under differ-
ent light intensities (Fig. 2). For the hcf44 mutant seedlings,
F, was significantly greater for seedlings that had been
grown under medium and low light intensities (P < 0.0001)
(Fig. 2a). Mutant seedlings grown under low light intensity
had a F, of 42.9 = 2.1 arbitrary units, which is approxi-
mately 2-fold greater than that in the wild-type seedlings.
Mutant seedlings grown under high-intensity light had
peak fluorescence measurements similar to those of wild-
type seedlings. For the hcfd7 mutant seedlings, F, was also
significantly increased in seedlings grown under medium
and low light intensities (P < 0.0001) (Fig. 2b). Interest-
ingly, mutant seedlings grown under high light intensity
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Figure 2. Peak fluorescence for wild-type and mutant seedlings
grown under high, medium, and low light intensity and measured for
peak fluorescence (using arbitrary units [a.u.]) at different stages of
development. a, Average peak fluorescence for wild-type and mutant
hcfa4 seedlings; b, average peak fluorescence for wild-type and
mutant hcf47 seedlings. Each bar represents the average * st of four
to 44 independent measurements. Statistical significance was deter-
mined using a two-tailed, nonpaired Student’s t test. *, P < 0.0001;
** P <0.01.

had peak fluorescence measurements that were slightly but
significantly reduced from those of wild-type seedlings
(P < 0.01).

Mutants Contain Reduced Chlorophyll Concentrations

Visibly, the hcf44 and hcf47 mutants were pale-green to
yellow-green in color. Chlorophyll analysis of seedlings
grown at medium light intensity shows a significant reduc-
tion in total chlorophyll content per milligram of tissue for
both the hcf44 and hcf47 mutants compared with wild-type
seedlings (P < 0.001) (Table II). Field-grown mutant seed-
lings under full sun had chlorophyll concentrations less
than 10% of their wild-type siblings (data not shown). The
chlorophyll a/b ratio for both mutant seedlings was also
significantly reduced (P < 0.01), suggesting a greater loss
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of PSI reaction centers, which contain predominantly
chlorophyll a.

PSI and PSII Reaction Center Activities Are
Reduced in the Mutants

To determine the integrity of the PSI and PSII reaction
centers, reaction center functionality was tested individu-
ally according to the Hill reactions describing oxygen
evolution (PSII) and oxygen uptake (PSI) (Table III)
(Trebst, 1972; Hipkins and Baker, 1986). PSII function
was measured as the rate of oxygen evolution using
p-phenylenediamine as the electron donor and potassium
ferricyanide as the electron acceptor. Using membrane ho-
mogenates containing equal amounts of chlorophyll, oxygen
evolution for the mutant hcf44 seedlings was not signifi-
cantly different than that observed for the wild-type seed-
lings. However, since the chlorophyll content per milligram
of leaf tissue for the mutant seedlings was only 35% of
wild-type seedlings (when calculated on an equal-tissue ba-
sis), oxygen evolution for the mutant seedlings was only
45% of control (Table III). Oxygen evolution measured from
membrane homogenates of the mutant hcf47 seedling was
only 6.0 = 3.0 pmol O, mg ™' chlorophyll h™", significantly
less than that of the wild-type seedlings (P < 0.001). On an
equal-tissue basis, this translates to a rate of oxygen evolu-
tion for mutant seedlings of only 5% of control (Table III).

The function of PSI reaction centers was measured as the
rate of oxygen uptake using 3,6-diaminodurene and ascor-
bate as electron donors and methyl viologen as the electron
acceptor. Using membrane homogenates containing equal
amounts of chlorophyll, the rate of oxygen uptake for both
hcf44 and hcf47 mutant seedlings was similar to the rate of
oxygen uptake for the wild-type seedlings. On an equal-
tissue basis, this translates to a rate of oxygen uptake that
was 44% of wild-type seedlings for the hcf44 mutants and
14% of wild-type seedlings for the hcf47 mutants (Table III).
The reductase activity of PSI was measured by determining
the rate of NADP" photoreduction with Fd-NADP" oxi-
doreductase mediated through Fd. The rates obtained for
wild-type membrane homogenates were comparable to

Table 1. Total chlorophyll content and chlorophyll a/b ratio for
hcf44 and hcf47 wild-type and mutant seedlings

Total chlorophyll content and chlorophyll a/b ratios were deter-
mined for wild-type and mutant seedlings grown under medium light
intensity. Total chlorophyll content of mutant seedlings is also ex-
pressed as a percentage of the chlorophyll content for wild-type
seedlings. Statistical significance was determined using a two-tailed,
nonpaired Student’s t test (*, P < 0.001; **, P < 0.01).

Percentage of Chlorophyll

Phenotype Total Chlorophyll Control /b Ratio n
ng/mg tissue
hcf44
Wild type 2.78 £ 0.13 100 3.92 £ 0.07 5
Mutant 0.96 £ 0.17* 35 2.85 = 0.15** 4
hcf47
Wild type 2.64 = 0.25 100 3.65 £0.10 5
Mutant 0.42 £ 0.08* 16 2.64 £ 0.22*%* 3
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Table I1l. Rates of oxygen evolution (PSIl) and uptake (PSI) for hcf44 and hcf47 wild-type and mutant seedlings

The rates of oxygen evolution and consumption per milligram of chlorophyll were obtained using tissue homogenate containing 30 ug of
chlorophyll for oxygen evolution and 5 ug of chlorophyll for oxygen uptake. These values were then converted to the amount of oxygen evolved
or consumed per milligram of tissue using the data from Table Il and expressed as a percentage of wild-type membrane homogenate (control).
Statistical significance was determined using a two-tailed, nonpaired Student’s t test (*, P < 0.001; **, P < 0.05; ***, P = 0.07 with 2 d.f.).

O, Evolution O, Uptake
Phenotype n n
O, evolved O, evolved Percentag(ae of O, consumed Percentag(: of
control control
pmol O, mg™'! nmol O, mg™' pmol O, mg™'! nmol O, mg™'
chlorophyll h™! tissue h™' chlorophyll h™! tissue h™'
hcf44
Wild type 203 £3.0 56 = 8 100 5 154 £ 13 427 £ 37 100 4
Mutant 28.3 £ 6.0 27 £ 6%* 49 3 169 = 22 162 = 21* 44 4
hcf47
Wild type 242 £ 1.5 64 = 4 100 5 127 £ 30 335*79 100 2
Mutant 6.0 = 3.0* 3E£1* 4 4 114 =9 48 £ 4rxx 14 2
? Based on O, evolved or consumed per milligram of tissue.
previously published rates for maize thylakoids (He and
Malkin, 1992). We could not detect NADP™" photoreduction
activity when mutant /icf44 or hcf47 membranes were used
in the assay (Table IV).
The hcfi4 and hcf4d7 Mutants Are Missing PSI and PSII -
Reaction Center Subunits i
. . . g
We used western analysis to examine the relative abun- =

dance of some of the major proteins of PSI and PSII (Fig. 3).
Western analysis of hcf44 mutant membranes (Fig. 3, lane 2)
showed that the PsaA-PsaB proteins accumulated to the
same level as the wild type (Fig. 3, lane 1), whereas the
PsaD subunit was in reduced amounts and the PsaC and
PsaE subunits were missing entirely. In contrast, the LHCI
complex and the two PSII polypeptide subunits, D1-D2 and
PsbO, were present at similar levels in the mutant and
wild-type membranes. The /icf47 mutant membranes exhib-
ited a more general deficiency in photosystem subunit
composition, which is consistent with the greater loss of
electron transport observed for this mutant shown in Table
III. The mutant membranes (Fig. 3, lane 4) had reduced
amounts of the PsaA-PsaB proteins and were lacking PsaC,

Table IV. Rate of NADP* photoreduction in wild-type and mutant
hcf44 and hcf47 seedlings

The rate of NADP* photoreduction was determined for wild-type
and mutant seedlings grown under medium light intensity. Mem-
brane homogenate containing 7 pg of chlorophyll per sample was
used for each determination.

Percentage of

. .
Phenotype NADP™ Reduction Contral n
pmol NADPH mg™'
chlorophyll h~'
hcf44
Wild type 13.6 = 1.9 100 4
Mutant 0 0 3
hcf47
Wild type 93 1.0 100 4
Mutant 0 0 5
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Figure 3. Western analysis of PSI and PSII polypeptides. Membrane
homogenates from wild-type or mutant hcf44 and hcf47 seedlings
containing equal amounts of chlorophyll (5 or 10 ug) were electro-
phoresed using SDS-PAGE. Samples were then electroblotted onto
PVDF membranes for immunodetection. Lanes 1 and 3 contain
wild-type samples and lanes 2 and 4 contain mutant samples. The
figure is representative of two or three determinations per antibody.
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Figure 4. Determination of mRNA levels for the PsaC, PsaD, and
PsaE polypeptide subunits using RT-PCR. Total RNA (3 ug) from
wild-type and mutant hcf44 and hcf47 seedlings was isolated for
reverse transcription of mMRNA transcripts. Resultant cDNA was then
used for PCR using the maize actin gene as an internal control.
Southern analysis was performed using *?P-labeled probes. For the
PCR reaction, lanes 1, 3, 5, and 7 were loaded with 0.5 uL of cDNA
sample in duplicate, and lanes 2, 4, 6, and 8 were loaded with 1.0 uL
of cDNA sample in duplicate. Lanes 1 and 2 are to be compared with
lanes 3 and 4, and lanes 5 and 6 are to be compared to lanes 7 and
8. The actin gene was used as a positive control. Each figure is
representative of two independent determinations.

actin J -

[ -

PsaD, PsaE, and LHCI proteins compared with wild type
(Fig. 3, lane 3). In addition, the PSII subunits D1-D2 and
PsbO were present in reduced amounts (Fig. 3). BtpA,
a novel protein involved in the stable assembly of PSI
(Bartsevich and Pakrasi, 1997), was increased in the hcf44
membranes and unchanged in hcf47 membranes.

Figure 3 shows that the hcf44 and hcf47 mutants were
missing (or nearly missing) the PsaC, PsaD, and PsaE sub-
units. We wanted to determine whether the loss of these
subunits was occurring through a loss of transcription or
through a posttranscriptional event. RT-PCR was used to
determine if the level of mRNA for these subunits was
different in the mutant seedlings (Fig. 4). Equal amounts of
total RNA were reverse-transcribed and used for PCR am-
plification using 0.5 uL of cDNA (Fig. 4, lanes 1, 3, 5, and
7) or 1 uL of cDNA (Fig. 4, lanes 2, 4, 6, and 8) in duplicate.
Using the maize actin gene to control for sample variabil-
ity, no significant loss of mRNA occurred in any of the
genes tested, and an increase in mRNA from the psaD and
psaE genes may have occurred for the hcf44 mutant. These
results suggest that the loss of the PsaC, PsaD, and PsaE
subunits occurred at a posttranscriptional step, perhaps at
the level of translation, protein targeting, or protein stability.

DISCUSSION

The biosynthesis and maintenance of the PSI complex
encompasses the coordination of various processes with
the potential for many levels of regulation. Assembly in-
volves the expression of chloroplast and nuclear genes, the
targeting of subunits to their proper locations within the
chloroplast, and the proper organization and assembly of
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the subunits and cofactors into functional complexes (Bou-
dreau et al., 1997). A disruption at any one of these stages
can have a detrimental effect on the whole organism. The
evaluation of the functional activities and subunit compo-
sition of the maize photosynthetic mutants hcf44 and hcf47
presented here allows for a more definitive postulation of
the defective nature of these mutants.

The rate of oxygen uptake for the hcf47 mutant seedlings
was similar to that of the wild-type seedlings when mea-
sured with equal amounts of chlorophyll. Given the re-
duced abundance of the PsaA-PsaB core subunits, this may
either reflect a limiting factor in our assay for oxygen
uptake or the existence of a functional reserve of PSI core
complexes. Full activity in the presence of reduced PsaA-
PsaB core subunits has been observed before with the hcf2
and hcf38 mutants of maize (Barkan et al., 1986). The rate of
oxygen evolution for the hcf47 mutant seedlings was sig-
nificantly less than wild type when using equal amounts of
chlorophyll. When calculated for equal amounts of tissue,
PSII activity was only 5% of wild type. Western analysis
showed that the hef47 mutant was missing or nearly miss-
ing every photosystem subunit tested, including the PSII
subunits D1-D2 and PsbO. With the reduction of these
subunits, the PSII complex had no functional reserve like
that of the PSI complex. Western analysis also showed
equal amounts of BtpA protein when samples were loaded
with equal amounts of chlorophyll. When compared on an
equal-tissue basis, this would represent about a 7-fold re-
duction in the amount of BtpA in the mutant seedlings. It
is not known, however, whether this loss of BtpA is di-
rectly responsible for the loss of PSI subunits, as other
photosystem subunits are missing as well.

These observations demonstrate that the hcf47 mutants
have a more general defect in chloroplast membrane struc-
ture, suggesting a possible disruption in protein assembly
or targeting to the thylakoid membrane. Protein targeting
consists of a small number of highly conserved pathways:
SecA-dependent translocation, SRP (signal recognition par-
ticle) protein-facilitated targeting, and a pathway depen-
dent on the proton concentration difference across the thy-
lakoid membrane (A-pH). The maize genes have been
cloned and characterized for two of these pathways, licf106
(Settles et al., 1997) and thal (Voelker and Barkan, 1995).
Both mutations result in the loss of photosynthetic com-
plexes by disrupting either the A-pH pathway (hcf106) or
the SecA-dependent pathway (thal) of protein targeting.
Specifically, the PsaA, PsaD, PsaF, and D2 in addition to
other photosystem subunits are reduced or missing in
these mutants.

Other genes have been characterized that affect the sta-
bility of the PSI complex: bfpA (Bartsevich and Pakrasi,
1997), ycf3 and ycf4 (Boudreau et al., 1997), and pmgA
(Hihara et al., 1998). These lesions specifically affect the
concentration of the PSI complex, with little effect on other
photosystems, and therefore may not be a likely explana-
tion for the mutant /icf47 phenotype. The hcf47 mutant may
therefore arise from a general defect similar to the hcf106
and thal mutations.

The PSI complex is composed of at least 11 different
polypeptides that are believed to be present as one copy
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per P700 reaction center (Xu et al., 1995; Chitnis, 1996). In
addition, the PSI complex contains approximately 100 chlo-
rophyll a molecules, several B-carotene molecules, two
phylloquinone molecules, and three [4Fe-4S] clusters. In
plants and green algae, PSI is composed of at least 13
different polypeptides and is associated with multiple
membrane-embedded light harvesting complexes, which
serve as accessory antennas for harvesting light energy and
directing it to the PSI reaction center.

The hcf44 mutants may have a specific defect in the
assembly of functional PSI complexes. The rates of oxygen
evolution and uptake were similar for the icf44 mutant and
wild-type membranes when using equal amounts of chlo-
rophyll, but were less when calculated on an equal-tissue
basis. These data suggest that electron flow through the
PSII and PSI reaction centers in the mutant seedlings was
intact, but that fewer fully functional reaction centers exist
in the mutants. This is supported by the observation that
the core PsaA-PsaB complex was present, which may allow
initial charge separation in the P700 reaction center to
occur. This has been shown in various model systems
where specific PSI polypeptides have been deleted without
having a significant effect on charge separation (Mannan et
al., 1991; Xu et al., 1994; Yu et al., 1995). Although charge
separation is able to occur in mutant membranes, the ab-
sence of the peripheral PsaD subunit, the Fd-docking
polypeptide (Xu et al., 1994), and PsaE, also involved in
photoreduction (Rousseau et al., 1993), would prevent Fd-
mediated NADP" photoreduction. Table III shows that
NADP™ photoreduction was completely absent in the mu-
tant membranes, suggesting that electron flow may be
intact through core subunits but is not sufficient for the
reduction of NADP™.

Western analysis showed a specific loss of the PsaC,
PsaD, and PsaE subunits from the hcf44 mutant mem-
branes. Inactivation of the psaC gene product can affect the
assembly and function of the PSI complex and specifically
the PsaD subunit in many organisms (Mannan et al., 1991,
1994; Takahashi et al., 1991; Yu et al., 1995). Given the
absence of PsaD and PsaE from the hcf44 mutants, one
might suggest a possible defect in the production of the
PsaC subunit or its stable integration into the PSI complex.
Either situation may exist, since electron flow through the
core complex was intact. The absence of a functional PsaC
subunit would then explain the absence of the Fd-docking
subunit PsaD, since the PsaC subunit is required for the
stable integration of PsaD (Yu et al., 1995). The PsaD sub-
unit is also required for the stable assembly of the PsaE
subunit (Chitnis and Nelson, 1992), explaining the absence
of this subunit in the hcf44 mutant membranes.

The hcf44 and hcf47 mutants have been mapped to the
long arm of chromosome 1 (hcf44) and the short arm of
chromosome 10 (hcf47) (Miles et al., 1985). Therefore, a
specific lesion in the psaC gene, a plastid-encoded gene, is
probably not responsible for creating the hcf44 mutant.
However, hcfl09, a nuclear photosynthetic mutant of Ara-
bidopsis in which a trans-regulatory factor controlling the
stability of the ndhH operon is suspected of disrupting
transcription of the psaC gene, has been characterized
(Meurer et al., 1996). Other hcf mutants of Arabidopsis,

such as hef5 (Dinkins et al., 1997), and hcf2 (Dinkins et al.,
1994), are believed to affect plastid gene expression. There
are non-hcf genes that affect plastid gene expression as well
(Bartsevich and Pakrasi, 1997; Boudreau et al., 1997; Ruf et
al., 1997). RT-PCR for the hcf44 mutant showed that the
level of psaC mRNA was similar to that of wild type,
suggesting that the transcription of the psaC gene was not
affected. Therefore, the hcf44 mutant represents a lesion in
some other nuclear-encoded gene whose gene product spe-
cifically affects the synthesis and/or stable integration of
the PsaC polypeptide or of the [4Fe-4S] clusters within the
PsaC protein.

The loss of photosynthetic capabilities has left the hcf44
and hcf47 mutants susceptible to light-induced damage.
This was especially evident under high light intensity,
where mutant seedlings were visually lighter in color, less
vigorous, and more susceptible to an earlier death than
mutant seedlings grown under medium or low light inten-
sities. Because of the inability of light energy to be dissi-
pated through photochemical quenching, icf mutants may
be more susceptible to photooxidative damage. Therefore,
the increase in peak fluorescence for mutant seedlings
grown under low light intensity may reflect healthier tissue
from a reduction in light-induced photooxidative damage
compared with seedlings grown under high light intensity.

Much information has been obtained about the process
of PSI subunit assembly and function from studying pro-
karyotic organisms such as Synechocystis sp. PCC 6803. The
hcf44 mutant of maize was similar to the PsaC-less strain of
Synechocystis sp. PCC 6803 and may arise from a defect in
the assembly and/or function of the PsaC subunit. RT-PCR
showed that this defect occurred beyond the transcription
of the plastid psaC gene. The hcf47 mutant had a more
general defect in photosynthesis. Western analysis re-
vealed the deficiency or absence of many PSI and PSII
proteins from these membranes, suggesting a general de-
fect in chloroplast membrane biogenesis or the assembly
and/or transport of membrane-bound photosynthetic
polypeptides. Because of the lack of electron transport,
both mutants are susceptible to photooxidative damage
under high light stress. Collectively, these observations
demonstrate the coordinated assembly of the peripheral
proteins into PSI and demonstrate the in vivo requirements
of the PsaC, PsaD, and PsaE subunits for the function of PSI
in higher plants.
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