
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Biochemical and genetic aspects of mevalonate kinase and its deficiency

Houten, S.M.

Publication date
2002

Link to publication

Citation for published version (APA):
Houten, S. M. (2002). Biochemical and genetic aspects of mevalonate kinase and its
deficiency. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/biochemical-and-genetic-aspects-of-mevalonate-kinase-and-its-deficiency(d1b99aaa-629a-4cf3-b352-7d719b5ceece).html


Chapterr  8 

Temperaturee dependency of mevalonate kinase 

enzymee activity is a pathogenic factor in Hyper-IgD 

andd periodic fever syndrome 

Sanderr  M. Houten, Joost Frenkel, Ger  T. Rijkers, Ronald J.A. Wanders, 

Wietsee Kuis and Hanss R. Waterham. 

Submittedd to The Journal of Clinical Investigation. 





Temperaturee affects MK activity in HIPS 

Hyper-IgDD and periodic fever  syndrome (HIDS) and mevalonic aciduria (MA) are 
autosomall  recessive disorders characterized by recurrent episodes of fever  and 
generalizedd inflammation. Both syndromes are caused by specific mutations in the gene 
encodingg mevalonate kinase (MK) , resulting in a depressed enzymatic activity mainly 
duee to reduced protein levels. We studied the effect of temperature on the activity of 
wildtyp ee and several mutant MK s in fibroblasts. All fibroblast cell lines originating 
fromm HIDS patients and harboring the common V377I  MVK allele, displayed 
substantiallyy higher  MK activities at 30°C as compared to 37°C. As shown by 
temperaturee inactivation experiments this resulted in a protein nearly as stable as in 
controll  cell lines, indicating that primaril y the maturation of the protein is affected. 
Accordingly,, when HIDS cell lines were cultured at 39°C, MK activity decreased 
further .. This triggered a compensatory increase in 3-hydroxy-3-methylglutaryl-CoA 
reductasee activity indicating that MK becomes progressively rate-limiting . A similar 
phenomenonn occurs in vivo. MK activity in peripheral blood mononuclear  cells drops 
2-6-foldd when HIDS patients experience febrile attacks. Thus, minor  elevations in 
temperature,, can set off a chain of events, with MK becoming progressively rate-
limiting ,, leading to a temporary deficiency of isoprenoid end-products, followed by 
inflammationn and fever. 

Introductio n n 
Recurrentt fever and generalized inflammation are the hallmarks of auto-inflammatory 
diseases,, which include the hereditary periodic fever syndromes such as familial 
Mediterraneann fever, TNF-receptor associated periodic syndromes, hyper-IgD and periodic 
feverr syndrome (HIDS, MIM 260920) and mevalonic aciduria (MA, MIM 251170)[1]. HIDS 
andd MA are relatively rare autosomal recessive diseases and are caused by a depressed 
activityy of the enzyme mevalonate kinase (MK, EC 2.7.1.36)[2-4]. In both MA and the more 
benignn HIDS, patients suffer from recurrent fever episodes associated with lymphadenopathy, 
arthralgiaŝ^ vomiting, diarrhea and skin rash [5, 6]. Fever episodes can be triggered by minor 
infections,, physical and emotional stress, and childhood immunizations. However, most 
attackss occur without a clear precipitating event [5]. Inflammation in MA may be more 
severe,, since it has been fatal in some cases [6]. In addition to the fever episodes, MA patients 
havee variable degrees of psychomotor retardation, facial dysmorphy, failure to thrive, 
hepatosplenomegaly,, and anemia [6]. 

Inn MA, MK enzyme activity in patient cells is usually virtually undetectable [6, 7]. In 
HIDS,, however, residual MK activity is measurable, and varies between 1% and 7% in 
culturedd skin fibroblasts and lymphocytes [3, 8]. MK deficiency in both MA and HIDS is 
causedd by mutations in the MVK gene which encodes MK [2-4, 7-11]. One particular 
missensee mutation has been identified exclusively in HIDS. This mutation, 1129 G>A, leads 
too the substitution of the valine at position 377 for an isoleucine (V377I) and has been found 
inn "-90% of HIDS patients analyzed so far [8, 11]. Most HIDS patients are compound 
heterozygotess for this mutation and a second missense mutation. The second mutation often is 
onee that has been identified also in MA, implying that it results in a non-functional enzyme. 
Thiss indicates that the V377I substitution is responsible for the HIDS phenotype. 

Itt is unclear how mevalonate kinase deficiency leads to inflammation. Neither is it 
clear,, why this inflammation is episodic rather than continuous. Previously, we and others 
demonstratedd that heterologous expression of the V377I mutant MK protein in Escherichia 

95 5 



Chapterr 8 

colicoli yielded considerable residual enzyme activity [3, 12]. In contrast, cultured human skin 
fibroblastss homozygous for this mutation showed less than 8% residual enzyme activity. 
Furthermore,, upon immunoblotting, hardly any MK protein could be detected [3], while 
Northernn blot analysis demonstrated that this was not due to lowered MVK gene expression 
[8].. Together, this suggested that the V377I mutation affects the stability and/or maturation of 
thee mutant MK. 

Wee now report that the common V377I mutation and a second mutation found in a 
patientt with HIDS indeed affect the stability and/or maturation of MK in patient cells in a 
temperaturee sensitive manner. The decrease in MK activity occurring at elevated temperatures 
mayy provide an explanation for the episodic nature of the fever episodes in HIDS. 

Patientss and Methods 
PatientPatient cell lines and cells 
Afterr approval by the institutional ethical review board and written informed consent by the 
patients'' parents, skin fibroblasts were obtained by skin biopsy and/or blood was drawn by 
venipuncturee in sterile pyrogen-free heparinized plastic tubes. Peripheral blood mononuclear 
cellss (PBMC) were isolated by ficoll hypaque (Amersham Pharmacia Biotech, Uppsala, 
Sweden)) density gradient centrifugation, washed twice with phosphate buffered saline (PBS), 
snapp frozen in liquid nitrogen in aliquots of 3-10 xlO6 PBMC and stored at -80CC until assay. 

Fibroblastt cell lines were cultured in Nutrient Mixture Ham's F-10 with L-glutamine 
andd 25 mM HEPES (Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% Fetal Calf 
Serumm (Gibco) at the temperatures indicated. For enzyme and immunoblot analysis cells were 
harvestedd and washed twice with PBS after trypsinization, and either used directly or snap-
frozenn in liquid nitrogen and stored at -80°C until use. 

Al ll  patients and patient cell lines had low MK enzyme activity in combination with 
mutationss in the encoding MVK gene. 

MKMK and 3-hydroxy-3-methylglutaryl-CoA reductase enzyme analysis 
MKK activity was measured radiochemical̂ in cell lysates using 14C-labeled mevalonate 
(NEN,, Perkin Elmer Life Sciences, Boston, MA)[13]. 3-hydroxy-3-methylglutaryl-CoA 
reductasee (HMGR) was measured radiochemically in cell lysates using I4C-labeled 
3-hydroxy-3-methylglutaryI-CoAA (Amersham Pharmacia Biotech, HMG-CoA)[14]. When 
necessary,, the obtained batch of  I4C-HMG-CoA was further purified by cellulose thin layer 
chromatographyy using as solvent system 1-butanol: acetic acid : water ( 5 : 2: 3). Cell pellets 
weree lysed by sonication (twice, 40 J at 8 W output, with cooling between the pulse periods). 
Thiss was done in PBS when only MK was assayed or in HMGR assay buffer [14] when both 
HMGRR and MK were measured simultaneously. In the latter case, extra MgCh (12.7 mM 
insteadd of 6 mM) was added to assay MK in order to compensate for the EDTA and EGTA 
presentt in the HMGR assay buffer. The thermal inactivation experiments were performed in 
PBSS containing 10 mM dithiothreitol (DTT) in order to prevent inactivation of MK due to 
oxidationn [15]. Samples were removed on time points indicated and assayed for activity. In 
everyy sample the activity of MK and/or HMGR was determined in duplicate. 

ImmunoblotImmunoblot analysis 
Immunoblott analysis was performed in the same samples used for MK enzyme analysis. 
Antibodiess were generated as described in Hogenboom et al. [14]. Detection by 
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chemiluminescencee was performed using the Western Light system (Tropix, Applied 
Biosystems,, Foster City, CA) or the enhanced chemiluminescence kit (ECL, Amersham 
Pharmaciaa Biotech). 

StatisticalStatistical methods 
Thee medians were compared by either an unpaired two tailed Mann-Whitney test, or a 
Kruskal-Walliss nonparametric ANOVA test followed by Dunn's multiple comparisons test. A 
p-value<0.055 was considered significant. The mean values are displayed  the standard 
deviation. . 

Results s 
TheThe V377I mutation affects MK activity in a temperature sensitive manner 
Sincee episodic fever is a prominent symptom of HIDS and MA, we studied whether 
temperaturee has an effect on MK enzyme activity. To this end, skin fibroblast cell lines of 
controll  subjects, MA and HIDS patients with different genotypes were cultured at 30°C, 37°C 
orr 40°C for 3 days. The HIDS cell lines used for this study were from patients who are 
compoundd heterozygous for the V377I and either the H20P mutation or the I268T mutation. 
Thee H20P mutation has been shown to result in an unstable and fully inactive protein and the 
I268TT mutation in homozygous state results in MA [7, 10]. The MA cell lines were from 
patientss which are homozygous for the I268T and for a V310M mutation and compound 
heterozygouss for a H20P and an A334T mutation [7, 9, 10]. Enzyme analysis in the various 
celll  lines revealed that the residual MK enzyme activity in the HIDS cells cultured at 37°C 
variedd between 1.1% and 3.0%, whereas the residual activity in the MA cells was virtually 
undetectablee (figure 1). When the same cells were cultured at 30°C, the residual MK enzyme 
activityy in the HIDS cells increased up to 9%, whereas the activity in these cells grown at 
40°CC became virtually undetectable. No change in the residual MK enzyme activities in the 
MAA cells was detected. Although the MK activity in the control cells also increased at 30°C 
andd decreased at 40°C, these differences were smaller titan inthe-HIDS cell lines. 

Too determine whether the increase in MK activity at lower temperatures is due to an 
increasee in MK protein levels we performed immunoblot analysis with an MK-specific 
antibodyy (figure 1). This revealed that immunoreactive material in lysates of the HDDS cells 
grownn at 30°C becomes readily detectable, while hardly any MK protein is detected in HIDS 
cellss grown at 37°C. When grown at 40°C immunoreactive material is undetectable (figure 1). 
MKK protein levels in the MA cells are very low but detectable and do not change with 
temperature.. Taken together, these results indicate that all mutations tested result in unstable 
proteinss with very low steady-state levels of active and properly folded MK protein. In the 
casee of the V377I allele, however, the levels appear to be dependent on the culturing 
temperature. . 

Too study this phenomenon in more detail, we transferred control, HDDS (H20P, 
V377I)) and MA (I268T) fibroblast cell lines from 37°C to 30°C and measured MK activity 
afterr 24, 48, 96 and 144 hours of culture. Again the activity of MK in the MA cell line 
remainedd virtually undetectable at all time points, whereas the activity in the HIDS cell line 
increasedd to even 45% after 144 hours (figure 2a). Since this HIDS cell line is heterozygous 
forr the V377I allele and the fully inactive H20P allele, enzyme activity is expected to increase 
noo further than 50%. These results imply that the V377I allele produces a fully stable protein 
att 30°C. 
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Figuree 1. Relative enzyme activities of MK in fibroblast lysates and immunoblot analysis of MK in the 

correspondingg samples after 3 days of culture at the indicated temperature. The specific activity of the control 

fibroblastt cell line grown at 37°C (598 pmol/min/mg protein) is used as the 100% value. For immunoblot 

analysis,, equal amounts of protein (45 ng) were separated by 10% SDS-PAGE and analyzed on immunoblot 

withh MK-specific antibodies. As a control for equal loading, the blot was analyzed with actin-specific 

antibodies.. The figure includes a control cell line (C), two MA cell lines (Ml , I268T; M2, V310M) and three 

HIDSS cell lines (HI, H20P/V377I; H2, H20P/V377I; H3, H20P/V377I). The results for the HIDS and MA cell 

linee with the I268T/V377I and H20P/A334T genotypes are not shown. 
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Figuree 2. a. Relative enzyme activities in fibroblast lysates of control, HIDS (H20P/V377I) and MA (I268T) 

celll  lines after the indicated time grown at 30°C. The specific activity of the WT cell line after 1 day at 30°C 

(3499 pmol/min/mg protein) is used as the 100% value, b. Thermal inactivation of MK enzyme activity in WT 

andd HIDS cell lysates at 50°C. c. Thermal inactivation of MK enzyme activity in WT and HIDS cell lysates at 

37°C. . 
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Too study the stability of the matured enzymes, we performed thermal inactivation 
experimentss with MK in control and HIDS fibroblast lysates at 50°C and 37°C. The 
inactivationn process followed first order kinetics and was significantly faster in HIDS cell 
lysatess at both temperatures, although the difference was only 1.3-fold (p<0.05, figure 2b and 
2c).. This shows that the mutant V377I protein, after it has reached the active and properly 
foldedd conformation, is almost as stable as the WT protein. Moreover, it shows that the V377I 
mutationn primarily affects its maturation and not the stability per se. 

TemperatureTemperature sensitivity in another HIDS causing mutation 
Althoughh the vast majority of HIDS patients carry the V377I allele, at least three additional 
mutationss appear specific for HIDS as well: A148T (442 G>A), P167L (500 C>T), and 
T209AA (625 A>G)[2, 3, 8, 16]. In order to study whether temperature sensitivity of the MK 
proteinn could be a common characteristic for HIDS, we tested a cell line heterozygous for the 
A148TT allele and the I268T allele [8]. To this end, this cell line, a control cell line and a 
HIDSS cell line containing the V377I allele were cultured at 30°C and 37°C for 6 days. 
Residuall  activity of MK in the HIDS cell line containing the V377I increased 9-fold, and in 
thee HIDS cell line with the A148T mutation the residual activity increased 8-fold, which 
indicatess that the two mutant alleles produce MKs with similar temperature sensitivity 
(figuree 3). 

C C 37°C C 

Controll  A148T. 

I268T T 

Controll  A148T, H20P, 
I268TT V377I 

Figuree 3. Relative enzyme activities of one control, one HIDS cell line with V377I (H20P/V377I) and one 

HIDSHIDS cell line without V377I (A148T/I268T) after 6 days of culture at 30°C. The specific activity of the control 

fibroblastfibroblast cell line grown at 37°C (543 pmol/min/mg protein) is used as the 100% value. 

TemperatureTemperature elevation induces increased HMGR activity in HIDS fibroblasts 
HMGRR is among the most tightly regulated enzymes in nature and is the rate-limiting enzyme 
stepp in isoprenoid biosynthesis [17]. As previously reported by Gibson et al. [18], we 
observedd an increased HMGR activity in cultured skin fibroblasts of MA patients (table 1). In 
fibroblastss of HIDS patients, however, HMGR activity was within the normal range. Since we 
foundd that MK activity is temperature-sensitive in HIDS cells, we investigated whether an 
increasedd temperature induces an increase in HMGR activity. Indeed, when switched to 39°C 
aa marked difference between HIDS and control fibroblasts was observed (table 2). After 
66 hours there was a decrease in MK activity and an increase in HMGR activity in most HIDS 
cells,, whereas this did not occur in control cells. After 24 hours this effect was even more 
pronounced,, which is reflected clearly in the 4 to 7-fold decrease in MK/HMGR ratio 
(tablee 2). 

99 9 



Chapterr 8 

Tablee 1. HMGR 
MAA patients. 

Controls s 
HIDS S 
MA A 

enzymee activity in fibroblasts and PBMCs from controls subjects, HIDS and 

Fibroblasts s 
22 (24; 5) 

$$ (19; 7) 
**  (26; 5) 

PBMCs s 
11 (20; 10) 

""  (15; 7) 
40(1;; 1) 

Valuess are expressed as pmol/min.mg protein. 
$p=0.5,, ns 
***p<0-001 1 
Thee number of samples and different subjects, respectively, are displayed in parentheses. 

Tablee 2. MK activity, HMGR activity and the MK/HMGR ratio in 
fibroblastsfibroblasts of control and HIDS patients cultured at different temperatures. 
Subject t 

CI I 
CI I 
CI I 
C2 2 
C2 2 
C2 2 
C2 2 
C2 2 
C2 2 
HI I 
HI I 
HI I 
H2 2 
H2 2 
H2 2 
H3 3 
H3 3 
H3 3 
H4 4 
H4 4 
H4 4 

Condition n 

37°C C 
39°C,, 6h 
39°C,23h h 
37°C C 
39°C,, 7h 
39°C,25h h 
37°C C 
39°C,, 7h 
39°C,, 24h 
37°C C 
39°C,, 6h 
39°C,, 23h 
37°C C 
39°C,, 6h 
39°C,23h h 
37°C C 
39°C,, 7h 
39°C,, 25h 
37°C C 
39°C,, 7h 
39°C,, 24h 

MK K 
pmol/min.mg g 

9 9 
0 0 
4 4 
8 8 
2 2 
0 0 
0 0 
8 8 
4 4 
2 2 

9 9 
9 9 
8 8 
1 1 
3 3 

211 6 
2 2 

5 5 
6 6 
3 3 
9 9 

HMGR R 
pmol/min.mg g 

1 1 
1 1 
4 4 
4 4 
5 5 
5 5 
6 6 
5 5 
0 0 
4 4 
6 6 
3 3 
5 5 
0 0 
2 2 
5 5 
5 5 
2 2 

lQtl.0 0 
7 7 
3 3 

MK/HMGR R 

64 4 
59 9 
43 3 
77 7 
87 7 
48 8 
57 7 
51 1 
27 7 
2.6 6 
0.72 2 
0.47 7 
2.7 7 
0.87 7 
0.39 9 
4.7 7 
2.4 4 
0.46 6 
4.3 3 
0.77 7 
1.62 2 

Thee presented data in the table are derived from three independent 
experiments.. The control cell lines are denoted as C, the HIDS cell lines as 
HII  (I268T/V377I), H2 (H20P/V377I), H3 (H20P/V377I) and H4 
(I268T/V377I). . 

DecreaseDecrease ofMK activity in HIDS PBMCs during fever 
Too investigate whether temperature also affects in vivo MK activity in patients, we analyzed 
MKK and HMGR activity in PBMCs obtained from four HIDS patients during and between 
feverr attacks. From HIDS patient A (table 3, figure 4), we obtained PBMCs on the first and 
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secondd day of a fever attack and twice after recovery. The generalized inflammation during 
thee fever attack was reflected by neutrophil leukocytosis and elevated C-reactive protein 
(CRP)) levels. We measured MK and HMGR activity in all samples. As shown in figure 4, in 
thiss patient the MK activity of ~14 pmol/min.mg (6% of the control value) between fever 
episodess decreases 3-fold during fever (~5 pmol/min.mg). In patient B and patient C the drop 
inn MK activity during fever was even higher: six- and seven-fold respectively. Finally, in one 
clinicallyy severely affected patient, MK activity showed no response to the fever and 
remainedd low whether or not fever was present. Overall, in the 4 HIDS patients, MK activity 
duringg fever episodes was significantly lower than at normal temperature (p<0.05). 

dayy 1 2 
CRP(mq/l)) 76 139 

ANCC (109/l) 14.9 12.6 

7 7 

19 9 
3.2 2 

14 4 

5 5 
3.4 4 

Figuree 4. A fever episode in a HIDS patient (I268T/V377I). The figure displays body temperature, MK activity, 
C-reactivee protein (CRP) and absolute neutrophil count (ANC) at the indicated time-points during the fever 
episode. . 

Tablee 3. MK activity, HMGR activity and the MK/HMGR ratio in PBMCs of 
HIDSS patients during and in between fever episodes. 

Patient t Condition n MK K 
pmol/min.mg g 

HMGR R 
pmol/min.mg g 

MK7HMGR R 

A A 
A A 
B B 
B B 
C C 
C C 
D D 
D D 

Fever r 
Nonn febrile 
Fever r 
Nonn febrile 
Fever r 
Nonn febrile 
Fever r 
Nonn febrile 

5 5 
14 4 
1 1 
6 6 
1 1 
7 7 
2 2 
3 3 

12 2 
15 5 
20 0 
8 8 
16 6 
9 9 
14 4 
9 9 

0.38 8 
0.95 5 
0.07 7 
0.74 4 
0.07 7 
0.82 2 
0.12 2 
0.31 1 

Thee mean MK and HMGR values in controls are 1 and 1 
pmol/min.mg,, respectively. Al l patients had the same genotype, I268T/V377I. 
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Inn general, the HMGR activities measured in the PBMCs from the HIDS patients appeared 
significantlyy elevated compared to controls, although less than in PBMCs of an MA patient. 
Analysiss of the HMGR enzyme activity in the samples obtained from the four HDDS patients 
duringg and between fever attacks revealed a 2-fold rise in HMGR activity during fever in 
patientss B and C, whereas in patients A and D mere was only a modest response to fever or 
nonee at all. Thus, the patients who showed the most pronounced difference in MK activity 
alsoo displayed the greatest difference in HMGR enzyme activity. Overall, however, the 
differencee between HMGR activity during and between fever episodes was not significant 
(p<0.1). . 

Takenn together, these results indicate that although MK activity is lowered at all times 
inn PBMCs from HIDS patients, this deficiency becomes more prominent during fever. 

Discussion n 
Threee years after the identification of the genetic defect in HIDS, the pathogenesis of the 
feverr attacks that characterize the disease remains elusive. It is not known how the metabolic 
defectt leads to inflammation. Neither is it known why inflammation is episodic rather than 
continuous.. Patients often report attacks after trivial events such as minor infections, 
vaccinationss or vigorous exercise, events that also in otherwise healthy individuals 
temporarilyy raise body temperature. We hypothesized that such an increase in temperature 
mayy be involved in triggering the attacks. Since most MVK mutations result in deficient MK 
activityy mainly due to reduced protein levels, we studied the effect of changes in temperature 
onn the activity of normal and mutant mevalonate kinase. 

Wee found that two MVK alleles exclusively associated with HIDS (V377I and A148T) 
displayy temperature sensitivity with respect to MK activity. For mutant alleles found in MA 
wee did not observe such temperature sensitivity. When grown at 30°C the residual MK 
activityy in cultured HIDS fibroblasts increases much more than in control cells, whereas at 
40°CC the residual activity diminishes. Importantly, this change in enzyme-activity correlates 
nicelyy with similar changes in the MK protein-levels as determined by immunoblotting. Since 
thermall  inactivation of the mutant MK protein appears comparable with the WT protein, the 
observedd low steady-state protein level in cells of HIDS patients is most probably due to 
inefficientt or incorrect folding of the mutant protein at 37 °C leading to its degradation. 

Recently,, Rios et al [12] characterized the V377I mutant protein expressed in E. coli. 
Theyy found only modest kinetic differences in comparison with the WT enzyme (6-fold 
inflationn of the Km for mevalonate) and, as we did in patient fibroblast cell lines, normal 
thermall  inactivation of the mutant protein. From these results these authors concluded that the 
V377II  mutation is unlikely to provide an explanation for the observed depressed MK protein 
levelss and catalytic activity in HIDS. However, our results with the fibroblast lysates show 
thatt the V377I allele encodes a polypeptide that apparently is not capable of folding in the 
correctt conformation at higher temperatures and subsequently undergoes degradation. These 
resultss together with all the genetic evidence such as the occurrence of this specific mutation 
inn the vast majority of HIDS patients [8, 11], its absence in control subjects [2], the results of 
linkagee analysis [2] and the autosomal recessive mode of inheritance, unequivocally 
demonstratee that the V377I allele is the cause of the depressed MK activity in HDDS. 

Whenn we measured HMGR enzyme activity in cultured HIDS and MA fibroblasts, we 
foundd the activity elevated in MA fibroblasts as previously reported by Gibson at al. [18], 
whereass in HIDS cells, it was within the normal range. These results indicate that under the 
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testedd culture conditions MA cells compensate for their reduced MK activity, whereas in 
HIDSS cells no compensation occurs. When HIDS fibroblasts are cultured at 39°C, however, 
thee decrease in the enzymatic activity of MK is associated with an increased HMGR activity, 
inn contrast to the control cells. This indicates that due to the increase in culture temperature 
MKK becomes progressively rate-limiting, resulting in an increased HMGR enzyme activity in 
orderr to compensate for the decrease in MK activity. These results thus provide an 
explanationn for the observed increase in mevalonate excretion during fever episodes in HIDS 
[19].. Together with the reported difference in mevalonate excretion in urine between HIDS 
andd MA [3, 6, 19], these observations also imply that in MA, MK performs the rate-limiting 
stepp instead of HMGR, whereas in HIDS the control of the pathway, at least at normal 
temperatures,, remains at the level of HMGR. 

Wee investigated whether the thermosensitivity of MK activity observed in vitro also 
playss a role in HIDS patients during and between fever episodes. Therefore we analyzed MK 
andd HMGR activity in PBMCs obtained from four HIDS patients during and between fever 
attacks.. We observed that MK enzyme activity drops 2-6-fold when HIDS patients experience 
febrilee attacks. In contrast to the normal HMGR enzyme activity in fibroblasts from HIDS 
patients,, we observed an elevated HMGR enzyme activity in PBMCs from these patients. 
Althoughh this elevation was not as high as in a sample obtained from an MA patient, it 
indicatess that there is a derangement in isoprenoid biosynthesis in PBMCs from HIDS 
patients.. No significant difference was observed in HMGR enzyme activity during and 
betweenn a fever episode. However, the two patients who showed the most pronounced 
differencee in MK activity also displayed an additional elevation in HMGR enzyme activity 
duringg fever. This could suggest that an elevation in HMGR enzyme activity may be missed 
inn the other patients due to a delay between the onset of the attack and sampling. Our results 
showw that during fever, MK deficiency in PBMCs from HIDS patients becomes even more 
prominent.. From our in vitro data we conclude that this is caused by the impaired maturation 
off  MK especially at higher temperatures. 

Theree are several indications that isoprenoid biosynthesis plays a role in inflammation. 
Forr example, it has been reported that administration of LPS, TNF-a, or IL-lp*  to Syrian 
hamsterss triggers a rapid upregulation of hepatic HMGR and a downregulation of squalene 
synthase,, the enzyme catalyzing the first committed enzyme step of sterol biosynthesis [20-
22].. These observations suggest a higher demand for non-sterol isoprenoids during 
inflammation.. Examples of non-sterol isoprenoids are the farnesyl- and geranylgeranyl-
groupss used for protein isoprenylation, isopentenyl tRNAs, dolichol, ubiquinone-10, and 
hemee A. Furthermore, statins, a class of lipid-lowering drugs that are competitive inhibitors of 
HMGRR and accordingly lead to decreased production of isoprenoids, have been reported to 
havee both anti-inflammatory [23-26] and pro-inflammatory effects [27-29]. Our data reported 
heree suggest that in HIDS patients, the fever that accompanies inflammation enhances the 
MKK deficiency, which will result in a temporary reduction in non-sterol isoprenoid 
production.. This will affect especially isoprenoids with a high turnover, such as ubiquinone-
100 in plasma, which is decreased in most MA patients [30], prenylated small G-proteins like 
Rhoo [31], which are involved in multiple cellular processes like signal transduction or 
cytoskeletall  organization, and the prenylated guanylate-binding proteins (GBP) which are 
specificallyy synthesized in response to IFN-yand LPS [32]. It is conceivable that this shortage 
off  non-sterol isoprenoids is responsible for the pro-inflammatory phenotype of HIDS and 
MA.. Thus, even minor elevations in temperature, due to exercise or infections could set off a 
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chainn of events, with MK becoming progressively rate limiting, leading to a temporary 
deficiencyy of anti-inflammatory isoprenoids, followed by inflammation and fever. 

Strongg support for this hypothesis is provided by the negative outcome of a therapeutic 
triall  in which two MA patients were treated with low doses of lovastatin in order to block the 
productionn of mevalonate (speculated to be pathogenic). This trial had to be stopped because 
off  the development of severe clinical crises [6]. The outcome of this trial strongly suggests 
thatt the symptoms of MA are not caused by an excess of mevalonate but by a shortage of 
isoprenoidd endproducts. The enormous difference in urinary mevalonate excretion in HIDS 
andd MA patients also argues against a causative role of mevalonate in the pathogenesis of the 
clinicall  crises. MA patients have much higher mevalonate levels, but fever episodes occur as 
frequentlyy as in HIDS. 

Thee observed differences in stability and temperature sensitivity of mutant MKs may 
explainn why HIDS patients display episodic fever. Since such fever episodes are prominent 
nott only in HIDS but also in MA, the same may be true for MA. Indeed, the fact that 
mevalonatee excretion in urine of both HIDS and MA patients correlates with disease severity 
pointss to a similar mechanism [6, 19]. Unfortunately, the extremely low and already hardly 
detectablee MK activity levels in MA cells do not allow the demonstration of a similar 
temperaturee sensitive phenomenon. However, the finding that the increase in temperature 
doess not only affect the mutant MKs, but also the wild-type MK activity renders it highly 
plausible.. Even a small additional decrease in the already extremely low MK activity in MA 
cellss may have far-reaching consequences. Since HMGR already appears maximally induced 
too compensate for the MK deficiency, a further induction to establish even higher mevalonate 
levelss may not be possible. Furthermore, in MA cells the MK enzyme will be saturated 
already,, thus an additional increase in the mevalonate concentration will have no effect on the 
fluxx through the pathway. These reasons may provide an explanation for the reported fatal 
outcomee of a fever episode in several MA patients [6]. 
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