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Heme is the redox-active cofactor of cytochromes involved in
respiratory and photosynthetic electron transfer, the prosthetic group

y
V2
of numerous proteins, like hemoglobins, catalases, peroxidases, 1H | T IT | :A| Dec. |A: |T T
guanylate cyclase, and NO synthdsa, the sensor of regulatory ! y i w

1

pathways for @, CO-, or NO-dependent gene expression.

Transport and delivery of heme to the proteins that carry it are 13C I T I T T IT
scarcely understood. Recently, it was found that a bacterial heme

chaperone, CcmE, binds heme in the periplasm and delivers it to !
cytochromes of the type? It thus acts as an intermediate of a 15N I t I
heme delivery pathway during cytochrombiogenesis. It has also

been shown that CcmE forms an unusual transient, yet covalent, Gy Gs
bond between an essential histidine, H130, and HeMereover, G, G, Gy Gy
the solution structure of the soluble domain of apo-CcmE in PFQG |'| [ |—| I_I

combination with site-directed mutagenesis revealedahydrophobicF, . Pul b for the TROSY-HCN to establish sin topol
surf.a.ce as the putative heme binding 5”‘*’“‘3“ heme was inl%llfar.]d CLlj-isgerc?Spg.n}ieor;diﬁ frequency pulsgs?;ﬂal%? ar?giQN 21?2 v
positioned optimally to that surface, the 2-vinyl of heme was within - applied at 4.7, 100, 205 ppm, respectively. Narrow and wide bars stand for
binding distance to H130. Here, we report on the discovery of the nonselective pulses. The line marked PFG indicates the duration and strength
chemical structure of this bond by NMR, where the heme 2-vinyl of pulsed field gradients applied along thexis: G 500us, 50 G/cm; G

or 4-vinyl is cross-linked at thg carbon to the Rt of H130. 500 us, 80 G/em; G 500 us, 70 Giem; G 500 us, 60 G/cm. GARP

. . . decoupling ort3C was used during the acquisition. The delays 1.3 ms

A C'term'na”y _trunc?-tEd version of soluble CcmE 'aCk_'”Q the  andT = 7.14 ms were adjusted for optimal sensitivity. For the CH and
last 19 amino acid residues still bound heme at levels similar to CH, group selection experiment, the delaywas selected to 1/(2Jct)
those of wild-type CcmE. This version, CcmE30-140, was histidine- and 1/(4%Jcy) for the CH and CHgroup selections, respectively, in addition
tagged with six C-terminal histidines. A quantity of 28 mg of apo-/ ;0 DIP?I-Z dr;a'c_:'ouplmg C;:‘l'('j' TFhor tL‘e TROISY':rCN {eXpe”me”tr}the

) e 15N . ecoupling ontH was omitted. The phase cycles a@e={y,y, -y, —V},
holo-CcmE was purlfled from 215C, N_ Iabe_led ce_alls grown in = (% —x}, 2 = {X —X, —% x}, and{x} otherwise. Quadrature detection
Celtone CN medium (Martek). After digestion with trypsin, the  in the15N(ty) dimension is achieved by the Stat€EPPI method applied to
peptide heme-HDENYTPPEVEHHHHHH with a mass of 2925.45  the phasep:.

(m/2), suggesting that isotope labeling had occurred to 96%
(calculated mass 0N, 13C-doubly labeled heme-CcmE peptide To identify the nature of the covalent bond, the 2D TROSY-
is 2931 Da), was purified by nickel affinity chromatography and HCN?!2spectra of the hemeCcmE peptide complex were measured
its mass confirmed by MALDI-TOF mass spectroscopy (Applied (Figure 1A). In the experiment, one and up to three cross-peaks
Biosystems Voyager-DE Elite). The isolated histidine-tagged heme corresponding to N—C¢H, N<2—C%H, and N1—C<!H connec-
peptide was stable after formation of a cyanide complex and was tivities are expected, depending on the tautomeric states of the
thus suitable for NMR analysis, whereas the dithionite-reduced histidine side chaif? In addition to the signals from the histidine
peptide formed aggregated. side chain, an upfield cross-peak was observed, suggesting an
All NMR measurements were recorded on a Bruker DRX 600 additional covalent connection {Nto aliphatic carbon), in agree-
spectrometer with Cryo Probe equipped with shielded z-gradient ment with the formation of a bond with the modified heme vinyl
coils at 25°C and pH 7.2. A comparison of théH,**C] HSQC group. In principle, both ther and 8 carbons of the heme vinyl
spectra of the biscyano hem€cmE peptide complex and biscyano  could form a bond with the & of H130 of the CcmE peptide. The
complex of free iror-protoporphyrin IX” demonstrates chemical  two possibilities can be distinguished because in one case the
modifications of one of two vinyl groups in the hempeptide carbon becomes a CH group and thearbon into a Ckigroup,
which is recruited for the covalent bond with the H130 of CcmE. \yhereas in the other case, both carbons becomeg@ips. Since
The resolved heme methyl resonances in the hepeptide are  the magnetization transfer frofAC to 'H in a CH group is twice
shifted compared to those in bis-[CN] ireprotoporphyrin IX (see a5 fast as that in a CH group, the isomers can be easily distinguished
Supporting Information), which might indicate some other coor- i, the 2D TROSY-HCN experiment by choosing the different
dination rather than bis-[CR}'* and calling for a complete  {ansfer time The one-bond scalar coupling between @ and
assignment of the whole peptide. This task is compounded by thei of the vinyl was determined with the 2D TROSY-HCN

problem of unusually fast transverse relaxation of all spins in the experiment by omittingC decoupling during the acquisition period
heme-peptide, both problems are probably due to the presence of (Nen = 140 Hz).

the His-tag and are relegated to future work. For distinguishing CH/Chiisomers, the conventional 2D TROSY-
HCN experiment was modified with an additional magnetization
Ihaslgﬁ)&?éog &ficF;g%is(ilcgéyChemistry. transfer period, in which the antiphase magnetization3f
§ Present address: NCI-Frederick, NIH, Frederick, MD 21702. refocuses to the in-phase magnetization with the transfer rate
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Figure 2. (A) Two-dimensional TROSY-HCN spectra of the covalent
CcmE-heme complex. Connectivities suggesting the covalent bonding are
indicated. (B) One-dimensional traces of 2D TROSY-HCN spectra with
the selection of CH (upper) and GKlower) groups, showing that the
carbon of the modified heme 2-vinyl is attached to the histidine side chain
of CcmE.

depending on the number of attached protons. By choosing this
transfer time to 1/(2Jcy), only the CH group is expected to give

a signal, while the square root and one-half of signal intensity for
CH and CH groups, respectively, are expected when setting the
transfer time to 1/(4Jcy). The results show that an upfield cross-
peak is present only in the GHgroup selection but not in the CH
group selection (Figure 2B). Thus, tfecarbon of the heme vinyl
group makes a covalent bond wittf the histidine, representing

a novel type of hemehistidine complex (Scheme 1).

The involvement of a heme vinyl group in the formation of the
covalent hemehistidine complex was postulated previough#>
Normally, covalent heme adducts are formed at thearbon
according to the Markovnikov rule by an electrophilic addition
to the vinyl group. For a covalent bond with tRecarbon, radicals
are involved in the reaction mechanism following the anti-
Markovnikov rule!® Thus, the formation of the CcmEheme adduct
may require a radical mechanism. Recently, a covalent heme
histidine complex was found in a cyanobacterial hemoglobin;
however, in that case, theNof the histidine was bound to the
carbon of the heme 2-vinyl. The novel heme derivative presented
here has unique features that apparently allow the formation of a

transient and yet covalent complex with the CcmE heme chaperone.

Our work reveals proof of the covalent nature of the he#d&30

Scheme 1. Possible Chemical Structures of the Heme—Histidine
Bond
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Supporting Information Available: One-dimensional spectra of
free heme and hem#histidine complex. This material is available free
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