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Prototype of a Heme Chaperone 
Essential for Cytochrome c 

Maturation 
Henk Schulz, Hauke Hennecke, Linda Thony-Meyer" 

Heme, the iron-containing cofactor essential for the activity of many enzymes, 
is incorporated into its target proteins by unknown mechanisms. Here, an 
Escherichia coli hemoprotein, CcmE, was shown to bind heme in the bacterial 
periplasm by way of a single covalent bond to a histidine. The heme was then 
released and delivered to  apocytochrome c. Thus, CcmE can be viewed as a heme 
chaperone guiding heme to its appropriate biological partner and preventing 
illegitimate complex formation. 

In c-type cytochromes, heme is bound co- codons (Ile3 to ( l o ) ,  was unable to 
valently by way of two thioether bonds to the produce mature c-type cytochromes (Fig. 
conseived CXXCH motif of the apoprotein in 1A). When ccmE was expressed in the 
a posttranslational process referred to as cy- AccnzE background from the arabinose-in- 
tochrome c maturation (1-3). Heme synthesis 
in the mitochondria1 matrix (4) or bacterial 
cytoplasm (2) ,  and the stereospecific, cova- 
lent heme attachment in the intermembrane 
space (3) or periplasm (5,  6) are spatially 
separated processes requiring heme traffick- 
ing. Heme addition in mitochondria has been 
attributed to the enzyme cytochrome c heme 
lyase (3, 7) :  although neither the mode of 
heme binding to that enzyme nor the mech- 
anism of the ligation reaction has been eluci- 
dated. In Eschevickia coli, eight ccnz genes 
encode membrane proteins that are essential 
for cytochrome c maturation (8 ,  9). 

Eschevichia coli genes ccnzABCDEFGH 
were overexpressed from a plasmid to stim- 
ulate cytochrome c maturation. Analysis of 
the membrane fraction by SDS-polyaciylam- 
ide gel electrophoresis (SDS-PAGE) revealed 

ducible promoter pa,, (11): membranes of the 
complementing strain contained both endog- 
enous holocytochromes c and high levels of 
proposed heme-binding CcmE (Fig. lA), as 
confirmed by immunoblot (Fig. 1B). The 
heme-protein association was SDS-resistant, 
as demonstrated by labeling ccmE-expressing 
E. coli cells with the heme precursor [14C]- 
6-aminolevulinic acid (6-ALA) followed by 
SDS-PAGE of trichloroacetic acid (TCA)- 
precipitated cell extracts (12). Cells express- 
ing the eight ccnz genes plus the two naturally 
adjacent structural genes for the endogenous 
c-type cytochromes NapB and NapC on a 
multicopy plasmid (6) were transformed with 
a second plasmid containing an additional, 
arabinose-inducible ccmE gene and analyzed 
for heme-binding proteins (Fig. 1C). When 
ccnzE expression from p,,, was repressed by 

an 18-kD protein that retained peroxidase the addition of glucose,~~~~dogenous E. coli 
activity of c-type cytochromes with co- c-type cytochromes such as NapB and NapC 
valently bound heme. However, the size of and the 18-kD CcmE protein were labeled to 
this protein corresponded best to one of the a similar extent. When ccmE was overex- 
products of the ccnz genes. CcmE. A chromo- pressed by arabinose induction, however, 
soma1 in-frame deletion mutant, which was most of the [14C] label was incorporated into 
constructed by removing 92 ccmE-internal the 18-kD protein, confirming that CcmE 

contains a covalentlv bound tetraovrrole. We . , 
Mikrobiologisches Institut, Eidgenossische Technische 

conclude that the peroxidase activity (Fig. 
Hochschule, Schrnelzbergstrasse 7, CH-8092 Ziirich, 1A) resulted from the presence of bound 
Switzerland. heme. 
*To w h o m  correspondence should be addressed. E- Next we characterized the s~ectroscopic 
mail: Ithoeny@micro.biol.ethz.ch features of the 18-kD hemoprotein. A hexa- 
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histidine tag (H,) was fused to the NH,- 
terminus of CcmE. The protein was overex- 
pressed in a AccmE background and purified 
from membranes (13). Pure CcmE-H, protein 
migrated as a prominent 20-kD heme-stain- 
ing band (Fig. 1, A and B). Visual light 
spectroscopy of dithionite-reduced and am- 
monium persulfate-oxidized CcmE-H, pro- 
tein was performed and the difference spec- 
trum recorded (Fig. 2A). Maxima of a, P, and 
y peaks were detected at 554.5, 524.5, and 
426.5 nm, respectively, which is characteris- 
tic of c-type cytochromes (14). The pyridine 
hernochrome spectrum (14) showed peaks at 
550.5, 520, and 420.5 nm, again typical for 
covalently bound heme. A stoichiometry of 
one molecule heme per three molecules 
CcmE polypeptide was calculated. This sug- 
gested that possibly not every CcmE mole- 
cule was charged with heme. After classical 
heme extraction with acidic acetone (14), no 
heme was detected in the organic solvent. 
Neither boiling of the protein for 30 min in 
2% SDS and 6 M urea, nor overnight treat- 
ment with 50 mM HgC12-6 M urea (pH 2) 
removed heme from the polypeptide. Thus, 
heme appeared to be bound covalently to the 
CcmE polypeptide. 

In order to overproduce CcmE in its 
natural cellular compartment, we first ex- 
amined its topology by CcmE-PhoA fusion 
analysis (15). Alkaline phosphatase lacking 
its own signal sequence was fused to the 
last amino acid of CcmE. PhoA activity 
was expected only if CcmE was able to 
translocate the fused PhoA reporter to the 
periplasm. Cells containing the CcmE,,,- 
PhoA fusion plasmid produced 2 16.2 + 0.4 
phosphatase units, compared with 0.6 units 
of control cells containing the same plas- 
mid lacking the phoA coding sequence. 
Thus, CcmE was anchored in the membrane 
by a hydrophobic, NH2-terminal domain and its 

bulk was oriented toward the periplasm. 
A soluble, H,-tagged CcmE was produced 

as both a cytoplasmic (c-CcmE-H,) and a 
periplasmic (p-CcmE-H,) protein (Fig. 1B) 
(16) and tested for heme binding (Fig. 1A). 
Only the periplasmic version was heme stain- 
able, suggesting that heme binding occurs in 
the periplasm. 

The soluble p-CcrnE-Hq protein was pu- 
rified (13), then digested with trypsin, and a 
heme-binding peptide with an a absorption 
peak at 554 nm was isolated (17). Edman 

4 0 0 4 5 0 5 0 0 5 5 0 w a  
Wavekngth (nm) 

the first four amino acids of the tryptic pep- 
tide. Consistent with the Edman degrada- 
tion data we inferred that HisI3O of CcmE is 
the residue that is derivatized with co- 
valently bound heme. To confirm this, we 
changed His130 to alanine by site-directed 
mutagenesis. The mutated CcmE protein 
was produced in the AccmE strain and test- 
ed for heme binding. As expected, only 

Fig. 2. Spectroscopic characterization of CcmE. 
(A) Dithionite-reduced minus ammonium per- 
sulfate-oxidized difference spectrum of puri- 
fied, H6-tagged CcmE (0.6 mg ml-'). (B) Tan- 
dem mass spectrum of the parent ion (mlz = 
1038; z = 2) from the tryptic CcmE heme 
peptide. The recorded masses are indicated on 
the right, the charges on the left of the peaks. 

apo-CcmE was detected, and cytochrome c 
maturation was not restored. Therefore, 
HisI3O is essential for both heme binding 
and cytochrome c maturation. It resides 
near the center of a seven-amino acid 
stretch (VLAKHDE) that is strictly con- 
served in all CcmE-like proteins (2) and 

degradation resulted in the amino acid se- 
quence XDENYTPPEVEZ (18) that matched 
the tryptic peptide HDENYTPPEVEK, ex- 
cept at the first position (X), where an ex- 
tremely hydrophobic, nonidentifiable residue 
was found, and at the last position (Z), which 
is not conserved in the known CcmE ho- 
mologs (2) and, therefore, is not likely the 
heme-binding residue. To unambiguously 
characterize the heme-bound tryptic peptide, 
we performed ion spray mass spectrometry 
(19) and obtained a molecular weight of 
2073. This corresponded well to the sum of 
the theoretical molecular weights of the 
HDENYTPPEVEK peptide (1457.65) plus 
heme (6 16.55). Tandem mass spectrometry 
(MSMS) of the parent ion [mass-to-charge 
ratio (mlz) = 1038; z = 21 resulted in two 
dominant daughter ions with molecular 
weights of 617 and 1459 corresponding to 
heme and the tryptic peptide, respectively 
(Fig. 2B). Various minor daughter ions were 
also obtained, among them ions with molec- 
ular weights of 11 12, 1275, and 1377 corre- 
sponding to heme-HDEN, heme-HDENY, 
and heme-HDENYT, respectively. This re- 
sult implied that heme was bound to one of 

Fig. 1. Identification of CcmE as a heme-binding protein. A nwmbrenes vrMedwn B membrsnes purMedpmeln c 
(A) Heme stain of proteins separated bv 15% SDS-PAGE. r I I r I I 

F& membrane frakions, we applied (fiom left to  right) UI UI 
Anbhoss - + 

150, 150, and 50 p g  of membrane proteins from cells 
grown anaerobically in the presence of 5 mM nitrite for 
expression of endogenous c-type cytochromes: wild-type 
(WT) cointegrate (ccmABCDEFGH+), AccmE mutant 
cointegrate, and AccmE mutant cointegrate complement- 
ed with ccmE overexpressed on a plasmid. The endogenous 47.5 

c-type cytochromes of 18 and 24 kD are most likely the 32.5 25 - 
NrfB and NapC proteins, respectively (9). Wild-type CcmE 25 
migrates slightly faster than NrfB. For purified proteins, 8, 

165 - - CcmE 
10, and 10 p g  of purified. histidine-tagged CcmE deriva- i62.5 
tives were loaded. Membrane-bound CcmE-H migrates at 
-20 kD; the soluble. H6-tagged periplasmic rp-ccm~-~,) and cytoplas- an arabinose-inducible ccmE gene on a second plasmid. Whole cells 
mic (c-CcmE-H,) versions of CcmE have apparent molecular masses of labeled with 42.9 p M  ['4C]-S-ALA for 1 hour (72) in the presence of 
15 kD. Molecular size standards are indicated on the left. (B) Protein either glucose or arabinose (repressing or inducing ccmE expression from 
immunoblot of a gel similar to  that in (A) developed with anti-CcmE (77, pa,, respectively) were precipitated with TCA, and proteins were sepa- 
23). For membrane fractions, lanes were loaded with (from left to  right) rated by 15% SDS-PACE. Radiolabeled proteins were visualized on a 
20, 20, and 3 p g  of protein, and for purified proteins. 1. 10, and 10 pg. Phosphorlmager. Expression of the ccm genes from pEC66 resulted in 
Migration of heme-charged p-CcmE-H, and heme-free c-CcmE-H was four major labeled bands corresponding t o  the NrfA (50 kD), NapC (24 
indistinguishable in the gel. (C) Radiolabeling of CcmE with the &erne kD), NrfBICcmE (18 kD), and NapB (16 kD) c-type cytochromes (9). Upon 
precursor [14C]-6-ALA. The AccmA-H strain EC06 was complemented addition of 0.8% arabinose, cells overexpressed CcmE into which most of 
with plasmid pEC66 carrying the napBCccmABCDEFGH genes (6,8) plus the radiolabel was incorporated. 
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may thus represent a previously unde- 
scribed heme-binding motif. 

Does the cytochrome c maturation path- 
way in E. coli involve a step where CcmE 
binds heme tightly and transfers it subse- 
quently to the apocytochrome c? An E. coli 
strain was constructed that expressed ccmE 
constitutively from a plasmid carrying all 
of the ccm genes downstream of a tet 
promoter. In addition, the Bradyrhizobium 
japonicum cycA gene encoding the soluble 
B. japonicum cytochrome c,,, was ex- 
pressed from the inducible promoter 
(20). Figure 3A shows the kinetics of holo- 
CcmE and holocytochrome c,,, formation 
upon induction of apocytochrome c,,, ex- 
pression. Although CcmE contained heme 
by the time of induction, the signal inten- 
sity decreased with time. Holocytochrome 
c,,, appeared 2 to 3 min after induction 
and accumulated at later time points. Im- 
munoblotting of parallel samples demon- 
strated that they all contained constant 
amounts of CcmE polypeptide throughout 
the experiment (Fig. 3B). When expression 
of a heme-binding site mutant apocyto- 
chrome c (CLASH instead of the wild-type 
CLACH) (20) was induced in the presence 
of CcmE, heme remained bound to CcmE, 
which indicated that only wild-type apo- 
cytochrome c was able to trigger the re- 
lease of heme from CcmE (Fig. 3C, upper 
and middle panels). Likewise, release of 
heme from CcmE was blocked in the ab- 
sence of the CcmFGH proteins (Fig. 3C, 
lower panel), indicating that transfer of 
heme from CcmE to apocytochrome c re- 
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quires at least one of these proteins. 
CcmE represents a prototype of hemo- 

protein that binds heme covalently by a 
single bond to a histidine. Our MS data 
suggest that this binding does not involve a 
major loss of atoms from either the porphy- 
rin or the histidine, which is likely due to 
an addition of the histidine imidazole to the 
double bond of one of the vinyl side chains 
of heme. The chemical nature of the bond 
may have implications for the precise 
mechanism of heme attachment to apocy- - - 
tochrome c. 

CcmE appears to capture heme in the 
periplasm and promote transfer to newly 
synthesized apocytochrome c. The binding 
of heme to CcmE is a prerequisite for the 
subsequent heme ligation. CcmE may serve 
as periplasmic heme chaperone by (i) pre- 
venting heme from precipitation, (ii) hin- 
dering its nonspecific association with the 
membrane owing to its high hydrophobici- 
ty, (iii) presenting it in a sterically suitable 
conformation to the apocytochrome, or (iv) 
activating it for subsequent attachment to 
apocytochrome. 

A ccmE gene has so far been identified 
only in representatives of the a and y subdi- 
visions of proteobacteria (2) and in the Ara- 
bidopsis plant (21). Other cytochrome c- 
forming organisms (for example, yeast, Ba- 
cillus subtilis, Helicobacter pylori, Synecho- 
cystis sp., Archaeoglobus fulgidus) seem to 
use a ccm-independent mechanism (22). Per- 
haps distinct types of heme chaperones will 
be identified in alternative cytochrome c mat- 
uration pathways. 

c, precursor 
c, mature - 

C t (min) 0 1 5 15 

8 50 CcmE -1 1 
c,, precursor 

111 0 c, mature 

2 0 5 10 15 

Time after induction (rnin) 
t (min) 0 5 15 
CcmE f* - 

Fig. 3. Heme transfer from CcmE to  apocytochrome c 
(A) ['4C]-S-ALA-labeled cells (72) expressing ccmE con- 
stitutively were induced for expression of the B. japoni- 
I 

cum apocytochrome c,,,. Samples (0.5 ml) were pre- 
cipitated with TCA. Proteins were separated by 15% 
SDS-PAGE and visualized after 2 weeks of exposure on 
a Phosphorlmager. The faint band migrating above ho- 
locytochrome c represents most likely the uncleaved, 
heme-binding precursor-cytochrome c, supporting the finding that cleavage of the signal sequence 
from the precursor is not obligate before heme attachment (6). The signal intensities were 
quantified by equalizing them such that the counts of each lane added up to  100%. (A) CcmE, (0) 
unprocessed cytochrome c,, precursor, and (e) mature cytochrome c, , (8) lmmunoblot of a gel 
similar to  that in (A) developed with anti-CcmE immunoglobulins. f i ~ )  Heme stains of TCA- 
precipitated samples prepared as in (A) except that cells were not labeled. (Top) Induction was 
performed in the presence of all ccm genes. (Middle) A heme-binding site mutant (20) of 
cytochrome c,,, was expressed. (Bottom) Wild-type apocytochrome c,,, was expressed in the 
presence of ccmABCDE, but in the absence of ccmFGH (24). 
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Determinants of Kinesin Motor 
Polarity 

Sharyn A. Endow* and Kimberly W. Waligora 

The kinesin motor protein family members move along microtubules with 
characteristic polarity. Chimeric motors containing the stalk and neck of the 
minus-end-directed motor, Ncd, fused to the motor domain of plus-end-di- 
rected kinesin were analyzed. The Ncd stalk and neck reversed kinesin motor 
polarity, but mutation of the Ncd neck reverted the chimeric motor to plus-end 
movement. Thus, residues or regions contributing to motor polarity must be 
present in both the Ncd neck and the kinesin motor core. The neck-motor 
junction was critical for Ncd minus-end movement; attachment of the neck to 
the stalk may also play a role. 

Most kinesins ( I )  move toward the unstable 
plus ends of their filamentous tracks, the 
microtubules; but some move toward the 
more stable minus ends. What is the molec- 
ular basis of directionality of plus- and mi- 
nus-end kinesin movement? Chimeric motor 
proteins consisting of the Ncd motor domain, 
the region of the protein that binds nucleotide 
and microtubules, joined to the neck and stalk 
of kinesin heavy chain (KHC) move toward 
microtubule plus ends, reversing the polarity 
of Ncd (2, 3). This finding raises several 
important questioils about the kinesin motors. 
Foremost, can the Ncd stalk and neck change 
the direction of KHC movement? What are 
the determinants of motor directionality? 
Residues or regions of the protein must exist 
that contribute to or define the direction of 
motor movement. We examined the basis of 
kinesin motor polarity by constructing chi- 
meric motors consisting of the Ncd stalk and 
neck joined to a KHC motor domain. The 
chimeric proteins were expressed in bacteria 
and assayed in vitro for directionality of 
movement on microtubules. 

The design of the chimeric NcdKHC pro- 
teins analyzed in this study was guided by the 
crystal stiuctures of the Ncd and KHC motor 
domains (4). The motor core (3, 5) refers to 
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the region of the motor domain coilsenred 
between Ncd and KHC, extending from the 
start of strand p1 at the NH,-teiminus to the 
end of helix a 6  at the COOH-teiminus (4) 
(Fig. 1). The neck of Ncd (residues 329 to 
348) is defined as the region between the end 
of the predicted a-helical coiled-coil stalk (6 )  
and the stai-t of the first conserved structural 
element, strand p l ,  of the Ncd motor core 
(Fig. 1) (5). The neck of Drosophila KHC 
(residues 327 to 337) is defined as the region 
between the end of the last coilselved stl-uc- 
tural element, helix a6:  of the KHC motor 
core and the beginning of the predicted 
coiled-coil stalk (Fig. 1) (5 ) .  This definition 
of the KHC neck differs from those of others 
(7, 8), but it provides a working definition 
that can be tested experimentally. 

We coilstructed six chimeric proteins for 
analysis, NcdKHC1-6 (Fig. 1) (9, 10) and 
tested lysates containing the induced chi- 
meric proteins in microtubule gliding as- 
says for their ability to bind microtubules to 
the cover slip surface and support micro- 
tubule gliding (11). All the chimeric pro- 
teins except NcdKHC3 showed this capa- 
bility. NcdKHC3 bundled microtubules in 
solution but did not bind microtubules to 
the glass surface, which indicates that the 
region missing from the chimeric protein: 
the Ncd COOH-terminus, was needed for 
this function. The Ncd COOH-terminus 
was thus included in the other chimeric 
constructs analyzed in this study, except 
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NcdKHC6: in which the Ncd COOH-termi- 
nus was replaced by the KHC neck. 

Polarity assays to determine directionality 
of motor movement on microtubules were 
carried out using axoneme-microtubule com- 
plexes consisting of a microtubule with a 
cunred axoneme fragment at the minus end 
(12). NcdKHCl showed minus-end-directed 
movement (n = 42) (Fig. 2) with a velocity of 
1.4 i 0.18 ym'min (mean i SE; n = 26) 
(Table 1). Controls with the same prepara- 
tions of axoneme-microtubule complexes 
showed only minus-end movement for Ncd 
(GST-MC1) (13) and plus-end movement for 
kinesin. Thus, the Ncd stalk and neck re- 
versed the polarity of movement of KHC. 
The gliding velocity of NcdKHCl was about 
10-fold slower than Ncd (Table 1). 

In contrast to NcdKHC1: NcdKHC2 in po- 
larity assays moved only toward microtubule 
plus ends (n = 10) with a velocity of 0.23 i 
0.04 y d m i n  (mean i SE; n = 10) (Table 1). 
Changing three amino acids in the neck of 
NcdKHCl thus reversed the minus-end direc- 
tionality of the motor and caused the mutant 
motor to move with the same polarity as KHC. 
A control with the same preparation of axon- 
eme-microtubule complex showed only minus- 
end movement of Ncd (GST-MC1). The glid- 
ing velocity of NcdKHC2 was slow, > 100-fold 
slower than kinesin and about 6-fold slower 
than NcdKHCl (Table 1). 

Like NcdKHC 1, NcdKHC4 showed minus- 
end movement on microtubules (n = 23) but 
with a velocity of 0.57 i 0.08 ymlmin (mean 
i SE; n = 11) (Table 1). NcdKHC4 differs 
from NcdKHCl by only a single amino acid 
residue, Leu345 to Ala (L345A). The L345A 
mutation in the Ncd neck reduced motor veloc- 
ity two- to threefold compared with NcdKHC 1, 
but it did not alter the ability of the Ncd stalk 
and neck to reverse the polarity of KHC move- 
ment. In contrast to NcdKHC4, NcdKHC5 
moved toward microtubule plus ends [n = 22; 
velocity = 0.23 +. 0.04 ~ d m i n  (mean i SE; 
n = 9) (Table I)]. The two-residue shift alone 
at the neck-motor junction of NcdKHC5 
thus reverted the minus-end movement of 
NcdKHCl to plus-end movement. 

Polarity assays of NcdKHC6 showed mi- 
nus-end movement of the chimeric motor on 
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